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Abstract

Dye-decolorizing Peroxidases (DyP) are recently discovered heme-containing
enzymes that share no similarity with classical peroxidases in terms of their sequence
or structure. DyPs couple the reduction of hydrogen peroxide (H202) with the oxidation
of structurally different substrates, including synthetic azo and anthraquinone dyes,
phenolic and nonphenolic lignin units, and kraft lignin, among others. Due to their
catalytic properties, ease of production, and stability, these enzymes have great
potential for biotechnological applications, e.g., biocatalysts in electrochemical
biosensors for H.O. detection or dye remediation of wastewater generated by

industries.

This thesis describes the construction of third-generation electrochemical H;O:
biosensors based on immobilized DyPs. The herein developed DyP-constructs are
characterized through an approach that we term rational design, in which we employ
spectroelectrochemistry to monitor the immobilized enzymes along the biosensor
construction and fine-tune the process. In parallel, we also developed DyP-constructs
following an empirical approach, using a trial-and-error strategy that provides no
structural insights into the immobilized enzymes. We evaluated the analytical

performance of all constructs and selected the best performing one.

To identify potential biocatalyst candidates, we explore wild-type (WT) DyPs from
various organisms, including Streptomyces coelicolor (ScoDyP), Thermobifida fusca
(TfuDyP), Cellulomonas bogoriensis (CboDyP), Saccharomonospora viridis
(SviDyP), Escherichia coli (Yfex), Thermobifida cellulosilytica (TceDyP), and
Pseudomonas putida (PpDyP). Additionally, we also evaluate several variants,
including in silico developed variants of PpDyP (FireProt and PROSS), generated for
improved thermal stability properties in solution and distal variants for PpDyP and
CboDyP (R214W/1 and R307W/I, respectively) designed by point mutations to target
a reduction potential upshift. Resonance Raman (RR) spectroscopy and UV-visible
(UV-vis) absorption spectroelectrochemistry were used to investigate structural and

redox properties of DyPs in solution, which critically define their possible application




Vi

in biotechnology. We demonstrated that the reduction potential of the different WT
DyPs is comparable and that the substitution of the highly conserved arginine in the
distal side of the heme pocket in the so-called distal variants influences the reduction
potential in a case-dependent manner. RR spectroscopy demonstrated that SviDyP,
ScoDyP, CboDyP, PpDyP, the distal variants of CboDyP, PpDyP (R214W), and in
silico PpDyP variants are, as judged by their solution properties, the most promising
candidates. This conclusion is mainly based on the analysis of the RR spectra of each
DyP in physiological conditions, which reveals that these enzymes show a catalytically

competent active site structure.

To construct a functional third-generation biosensor, it is important that the enzymes
preserve their native solution properties upon immobilization on the electrode surface.
In this work, the most promising enzymes, identified by solution properties, are
immobilized on biocompatible silver electrodes functionalized with alkanethiol self-
assembled monolayers (SAM). Structural and redox properties of the immobilized
enzymes are evaluated by surface-enhanced RR (SERR) spectroscopy and their
electrocatalytic properties by electrochemistry. Among the studied electrode/DyP
constructs, only WT CboDyP and WT PpDyP, together with PpDyP in silico variants,
show preserved native structure upon attachment to the electrode. However, only WT
PpDyP and its in silico variants reveal preserved redox properties and electrocatalytic
activity for H.O- in the immobilized state. The PpDyP in silico variant-based constructs
are exceptionally fit for the development of H.O- biosensors since they exhibit a good
dynamic range (1 - 275 uM), short response times (< 3 s) and superior sensitivity
(1,150 - 1,420 mA-M-'-cm?). Their performance is comparable to that of our previously
developed biodevice based on WT PpDyP. Moreover, the PpDyP in silico variant-
based constructs show improved long-term stability compared to the previously

reported device.

Following the empirical approach, WT PpDyP and WT CboDyP are also immobilized
onto different carbon nanotube-modified glassy carbon electrodes. The only modified

electrode that shows activity towards H.O. among all tested nanotubes is the



construct developed using single-walled nanotubes-ink. Although these devices can
be considered for developing H20. biosensors, they reveal almost half of the
sensitivity compared to those that resulted from the rational design approach, which
made us discard the constructs characterized through the empirical strategy in the

subsequent work.

Next, we set to translate the bulk silver electrode-based constructs into compact,
disposable, and user-friendly devices using WT PpDyP immobilized on nanostructure-
modified screen-printed electrodes (SPEs). To increase enzyme loading, metal
nanostructures, including gold nanoparticles (AuNP), silver nanopillars (AgNPi), and
silver nanoparticles (AgNP), are electrodeposited or drop-casted onto commercial
carbon (C-SPE) and gold (Au-SPE) electrodes. The enzyme structure is further
analyzed by RR spectroscopy, while electrocatalytic activity is evaluated using
electrochemical methods. Among all configurations tested, the PpDyP/SAM/AuNP/C-
SPE shows the best performance, with a dynamic range of 30 - 475 uM H>O, and a
sensitivity of 230 mA-M~"-cm™ in open-air conditions. Devices incorporating PpDyP
PROSS also exhibited comparable analytical performance. All these devices are
suitable for on-site H-O, detection in air-exposed samples, such as physiological
fluids. In terms of analytical performance, i.e., sensitivity, dynamic range response,
and LOD, the WT PpDyP and PpDyP PROSS biosensors outperform HRP/SPE-
based devices and several other sensors constructed using artificial peroxidases
reported in the literature. The PpDyP-based devices stand out for the simplicity of
fabrication and measuring setup, as they allow the determination of H.O, in air-
exposed samples. Additionally, the constructs’ design allows customization to
enhance specific traits, like sensitivity, thermal stability, or resistance to substrate
inhibition, due to the ease of producing and genetic modification of the DyP
biocatalyst. Taken together, we demonstrate that the best-performing devices
developed in this work, i.e., PpDyP/SAM/AuNP/C-SPE (for a miniaturized format) or
PpDyP in silico variants/SAM/Ag (for a bulk format), can be a valuable alternative to
devices for H,O, detection and quantification that rely on HRP. Moreover, DyP-based

devices could be interesting for detecting other small hydroperoxides.
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Resumo

Dye-decolorizing peroxidases (DyPs) sao enzimas hémicas descobertas ha
relativamente pouco tempo que se diferem das peroxidases classicas a nivel da sua
sequéncia e estrutura. As DyPs acoplam a reducao de peroxido de hidrogénio (H20-)
com a oxidacdo de diferentes compostos incluindo corantes sintéticos azo e
antraquinénicos, unidades fendlicas e ndo fendlicas de lignina, kraft lignin, entre
outros. Devido as suas propriedades cataliticas e de estabilidade, estas enzimas tém
um grande potencial para serem usadas em aplicagcbes biotecnologicas como, por
exemplo, biocatalizadores em biossensores eletroquimicos para a detegao de H2O>
ou para serem usadas na remogao de corantes téxicos das aguas residuais

produzidas por diferentes industrias (e.g., téxtil, papel, farmacéutica, entre outras).

Esta tese descreve a construgdo de um biossensor de terceira geracdo para a
detecao de H»O; desenvolvido usando DyPs imobilizadas em elétrodos modificados.
Os bio-dispositivos desenvolvidos aqui sdo caracterizados por uma abordagem a que
designamos rational design, em que a espectroeletroquimica € usada para
monitorizar as caracteristicas redox e estruturais das DyPs imobilizadas no decorrer
da construgdo do biossensor. Em paralelo, outros bio-dispositivos foram
caracterizados usando uma emprical approach, i.e. uma estratégia de tentativa-e-
erro, em que as técnicas espectroscopicas ndo se conseguem realizar a0 mesmo
tempo que as técnicas de eletroquimica e como resultado nao se obtém informagéao
estrutural das proteinas imobilizadas. O desempenho analitico de todos os bio-
dispositivos foi avaliado por eletroquimica e aquele que demostrou melhor

desempenho para a detegéo de H.O- foi o dispositivo escolhido para estudos futuros.

Para identificar o melhor biocatalizador, exploramos as enzimas nativas [wild-type
(WT)] de diferentes organismos, sendo esses Streptomyces coelicolor (ScoDyP),
Thermobifida  fusca (TfuDyP), Cellulomonas  bogoriensis ~ (CboDyP),
Saccharomonospora viridis (SviDyP), Escherichia coli (Yfex), Thermobifida
cellulosilytica (TceDyP) e Pseudomonas putida (PpDyP). Ao mesmo tempo

averiguamos também diferentes variantes, incluindo variantes geradas in silico da




PpDyP (FireProt e PROSS), para terem uma estabilidade térmica em solugéo
melhorada e também variantes distais da PpDyP e CboDyP (R214W/I e R307W/I)
que foram especificamente desenhadas para terem um potencial de redugao mais
positivo. A espectroscopia de ressonancia de Raman (RR) e a espectroeletroquimica
de UV-vis foram usadas para estudar as propriedades estruturais e redox em solugao
das enzimas. O estudo destas propriedades & importante uma vez que estas tém
uma grande influéncia sobre a utilizagcao de DyPs em aplicagdes biotecnoldgicas.
Neste trabalho demostramos que os potenciais de redugdo das DyPs estudadas
apresentam valores muito comparaveis entre si. Também observamos que a
substituicdo da Arg, que é conservada no lado distal do hemo (variantes distais),
influencia o potencial redox de maneiras diferentes dependendo da enzima a ser
estudada. Pela espectroscopia de RR identificamos que os candidatos mais
promissores para aplicacbes biotecnolégicas sdo WT: SviDyP, ScoDyP, CboDyP,
PpDyP, os variantes distais da CboDyP, assim como o PpDyP R214W, e também as
variantes in silico da PpDyP. Estas enzimas foram escolhidas uma vez que, em
condigbes fisiologicas identificamos maioritariamente a presenga de espécies

cataliticamente ativas nos seus espectros.

De modo a desenvolver um biossensor funcional de terceira geragao, é crucial que
as enzimas aquando da sua imobilizacdo na superficie do elétrodo preservem as
suas caracteristicas nativas observadas em solugdo, nomeadamente propriedades
cataliticas e estruturais. Os biocatalizadores identificados como sendo os mais
promissores foram imobilizados em elétrodos de prata funcionalizados com
monocamadas auto-montadas (SAM) de alcanotidis de modo criar um ambiente
compativel para a imobilizagdo das enzimas no seu estado nativo (igual ao seu
estado em solugao). Neste caso, as propriedades estruturais e redox das enzimas
imobilizadas foram avaliadas por espectroscopia de ressonancia de Raman
amplificada por superficie (SERR), e as propriedades electrocataliticas por
eletroquimica. Entre os dispositivos enzima/elétrodo produzidos, os unicos que
mantiveram a sua estrutura nativa quando imobilizados foram: WT CboDyP, WT

PpDyP, PpDyP R214W e as variantes in silico da PpDyP. Destes dispositivos, apenas



os da WT PpDyP e as suas variantes in silico demostraram preservagao das
propriedades redox e atividade electrocatalitica para H2O,. Os variantes in silico da
PpDyP sdo excelentes candidatos para a produc¢ao de biossensores para H>O; pois,
da sua avaliacdo de desempenho, observamos que os bio-dispositivos tém uma boa
gama linear (1 - 275 yM), um tempo curto de resposta (< 3 s) e uma sensibilidade
elevada (1 150 - 1 420 mA-M"-cm?) para o H2O.. Apesar do seu desempenho idéntico
ao dispositivo previamente fabricado usando a WT PpDyP, os dispositivos aqui

desenvolvidos apresentam uma maior estabilidade de armazenamento.

Em paralelo, as enzimas WT PpDyP e WT CboDyP foram também imobilizadas na
superficie de elétrodos de carbono vitreo modificados com diferentes nanotubos de
carbono. De todas as configuragdes testadas apenas as preparadas com single-
walled nanotubes ink apresentaram atividade catalitica. Tendo em conta que o seu
desempenho analitico relativamente a sensibilidade € menos de metade da
sensibilidade detectada nos dispositivos acima referidos que sao caracterizados pelo
rational design, os elétrodos modificados com DyP/nanotubos de carbono nao foram

considerados para os futuros estudos.

De seguida, o dispositivo em que a WT PpDyP foi imobilizada em electrodos de prata
funcionalizados com SAM que foi desenvolvido no que designamos de elétrodo de
laboratdrio, foi convertido num formato compacto, descartavel e simples de usar. Para
tal, a WT PpDyP foi imobilizada em screen-printed electrodes (SPE) modificados
previamente com nanoestruturas, que foram usadas para aumentar a quantidade de
enzima imobilizada na superficie do elétrodo. Para tal foram usadas nanoparticulas
de ouro (AuNP), nanopilares de prata (AgNPi) e nanoparticulas de prata (AgNP) que
foram (electro)depositadas na superficie de elétrodos de carbono (C-SPE) ou ouro
(Au-SPE). Em paralelo, tal como para os elétrodos de laboratério, a estrutura da
enzima foi estudada por espectroscopia de RR, enquanto a atividade electrocatalitica
foi estudada por métodos eletroquimicos. De todas as configuragbes testadas, a
PpDyP/SAM/AuNP/C-SPE apresentou o melhor desempenho, tendo inclusive feito a

detecdo de H20O, em amostras expostas ao ar, com uma gama linear de 30 - 475 uM

Xi
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H.O. e uma sensibilidade de 230 mA:-M~"-cm™. Quando a PpDyP PROSS foi usada
em vez da WT PpDyP, os dispositivos relevaram um desempenho analitico
comparavel. No que toca ao seu desempenho analitico, os dispositivos produzidos
neste estudo sdo melhores que dispositivos reportados na literatura desenvolvidos
com horseradish peroxidase (HRP)/SPE e outros sensores fabricados com
peroxidases artificiais, e ao contrario destes dispositivos, o biossensor desenvolvido
com a PpDyP (PROSS) ndo implica a alteragdo das amostras em estudo. Neste
estudo confirmamos também que os nossos dispositivos podem ser usados em
amostras complexas como fluidos corporais. Os biosensores produzidos neste
estudo tém ainda a vantagem de permitirem a sua personalizagdo para um obijetivo
especifico, como maior sensibilidade, a estabilidade térmica, bem como a resisténcia
a inibicdo pelo substrato, uma vez que as DyPs tém uma producao facil e séo
passiveis a uma rapida e facil modificacdo genética. No final deste trabalho
conseguimos demonstrar que os dispositivos aqui desenvolvidos tém um otimo
desempenho analitico seja no formato miniaturizado, PpDyP
(PROSS)/SAM/AuNP/C-SPE ou no formato de laboratério, PpDyP in silico/SAM/Ag,

e que podem ser alternativas a bio-dispositivos que sao fabricados com a HRP.

Palavras chave: Dye decolorizing Peroxidases; Biossensores de Terceira Geragao;
Peréxido de Hidrogénio; Ressonancia de Raman; Ressonéncia de Raman
amplificada por Superficie; Transferéncia Eletrénica; Enzimas Imobilizadas; Screen-

printed Electrodes
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Chapter 1

1.1. Heme Peroxidases

Metalloporphyrins are dispersed throughout the biosphere, playing crucial roles in the
most fundamental biological processes [1-2]. Notably, they are involved in
photosynthesis (chlorophyll), oxygen transport and storage (globins), electron
transport (cytochrome) and catalysis (e.g., peroxidases) [1-2]. As a result, heme (iron
protoporphyrin IX) is one of the most abundant and widely used cofactors. Its structure
comprises the porphyrin rings connected by methine bridges, in which the central iron
is coordinated by four pyrrole nitrogen atoms (Figure 1.1 A-B). Either one or both of
the remaining two axial coordination sites can be occupied by an amino acid side
chain, leading to five-coordinated (5c) or six-coordinated (6¢) iron (Figure 1.1 C),

respectively [1].

A B

c;"\,) ,J/\ Fe (Il)

5cHS 6¢cHS 6¢cLS

Figure 1.1 - Structure of heme b. Representation of (A) ferric Fe(lll) and (B) ferrous Fe(ll). (C) Types of
coordination of the heme b. 5 coordinated high spin (5¢cHS, one proximal axial ligand), 6¢cHS (proximal
axial ligand and a weak distal ligand in the 6" position) or 6¢ low spin (6¢LS, proximal axial ligand and a
distal strong ligand in the 6" position) state. The purple ball represents the iron ion, while X represents

an axial ligand: blue - proximal, black- strong distal ligand, and light green - weak distal.
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Heme-containing proteins perform a plethora of distinct functions due to their tenable
redox chemistry. It is well known that the structure of the heme cofactor and its
surroundings are important features that define the protein’s reactivity and function
[2,3]. Peroxidases are heme-containing enzymes that catalyze the reduction of H20O;
to H>O coupled with the oxidation of a variety of structurally different substrates. They
can be found in bacteria, fungi, plants and animals. Based on sequence similarity,
heme peroxidases are grouped into two superfamilies: one includes the enzymes of
fungal, plant and bacterial origin, and the other vertebrate enzymes belong to the
peroxidase-cyclooxygenase superfamily [2,4-7]. Among the former, plant
peroxidases, which will be hereinafter referred to as classical plant peroxidases,
include some of the most extensively studied enzymes [4-7], e.g., horseradish
peroxide (HRP). The classical plant peroxidases in the resting state configuration
most commonly have a single type-b heme in a 5c high spin (5¢cHS) Fe(lll)
configuration. In the proximal site, they house a histidine axial ligand, whose imidazole

ring is approximately perpendicular to the porphyrin plane (Figure 1.2 A) [4,5,8].

Figure 1.2 - Representation of
the structure of a classical
peroxidase. (A) Heme
environment architecture in HRP
C and (B) cartoon representation
of-HRP C ( Protein data bank
(PDB) code: 1ATJ) crystal
structure. The heme cofactor and
the surronding amino acids Arg
38, Phe 41, His 42, His 170, Phe
221, and Asp 247 are

\r N O represented as sticks. Image
AV

~ -

His170Mh oo
e
Asp 247 \\

> generated using Chimera X.

Although classical plant peroxidases present low sequence homology among each
other (usually lower than 20%), according to their extensively characterized crystal

structures [4-8], they reveal a conserved folding and secondary structure. Two distinct
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structural domains are formed around the heme, placing the heme in a crevice formed
by two antiparallel a-helices (Figure 1.2 B) [4,7]. Additionally, some peroxidases
contain an aromatic residue (either a Trp or a Phe) in the proximal side parallel to the
imidazole ring of the proximal His, and in van der Waals contact with it. On the distal
side of the heme, classical plant peroxidases contain a conserved His and Arg, which
are crucial for the catalytic mechanism and being involved in the heterolytic cleavage
of the peroxidic bond in H20,. These amino acids are separated by a conserved

residue with an aromatic side chain (Phe or a Trp) (Figure 1.2 A) [9].

The catalytic cycle of heme peroxidases involves several steps and the formation of
two highly oxidized intermediates, Compound | (Cpd 1) and Compound Il (Cpd II)
(Figure 1.3). In the first step of the catalytic mechanism, the ferric [Fe(lll)] ion of the
heme interacts with one molecule of H,O, forming the transient intermediate ferric
hydroperoxide [Compound 0, Cpd 0, Fe(ll1)-O-O-Ha, Figure 1.3 2] that is the precursor
for the oxyferryl porphyrin radical, Cpd |, (Fe(IV)=0)**. Protonation of the distal oxygen
of Cpd 0 is necessary for converting it to Cpd |, as it helps breaking of the O-O bond
to form Cpd | (Figure 1.3 3). The subsequent reduction of Cpd | by one substrate
molecule results in the formation of Cpd Il - reduced Cpd | oxyferryl iron, Fe(IV)=0
(Figure 1.3 4), where the porphyrin radical is extinguished. Finally, Cpd Il is reduced
back to the resting ferric state with the concomitant one-electron oxidation of a second

substrate molecule [4,5,7,9—11].

The thermodynamics and kinetics of the peroxidases’ catalytic cycle are strongly
influenced by the reduction potential (E®) of the three redox couples, namely Cpd | /
Fe(lll), Cpd I/ Cpd Il and Cpd 11/ Fe(lll) [9,12,13]. It is known that the oxidative power
of heme peroxidases depends on the (high) reduction potentials of the latter two
couples, meaning that they strongly influence the possible range of oxidizable
substrates by the ferric enzyme. With the help of enzyme engineering, it is possible
to fine-tune the reduction potentials of the catalytic redox couples to create variants

that present higher specificity for target molecules [9,12].
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OH Figure 1.3 - The catalytic cycle of

/ .
HOOH 0 heme peroxidases. In the presence

! H* |
Fe (Il )j Fe (lI1) of H202 the ferric Fe(lll)-enzyme (1)
1. >—\’:\l’_’“ 2. >—\_;; N

/g : forms a transient reversible adduct,

o
} the ferric hydroperoxide Cpd 0 (2) ;
Ferric Heme Compound 0

protonation of Cpd 0 results in its
Resting State breakdown which leads to the

H.O0 W formation of Cpd | (oxyferryl
2
porphyrin cation-radical) (3).
& i e He Reduction of Cpd | by one equivalent
(0]

?"" of an electron-rich substrate (RH2)

|
\ Fe (IV) )_\_\)-\! Fe“(IV) generates the Cpd Il (reduced
LA % TRk ® oxyferryl porphyrin) (4); afterwards a
} Sk ,/g second equivalent of RH2 reacts with

Cpd Il to regenerate (1) the resting

®

Compound II Compound | ferric enzyme.

However, measuring the E® of the high-potential redox couples is a complex
experimental challenge due to their instability, side reactions that can occur easily
because of their high reactivity, and the small number of suitable one-electron donor
reactants [9,14]. Thus, the available information regarding the reduction potential of
Cpd | / Fe(lll), Cpd | / Cpd Il and Cpd Il / Fe (lll) is still fairly limited. Existing data
include those on HRP [15-18], Arthromyces ramosus peroxidase [15,19], ascorbate
peroxidase [20], and cytochrome ¢ peroxidase [14,21], with E® values of Cpd | / Fe(lIl),
Cpd I/ Cpd Il,and Cpd | / Cpd Il ranging from 883 - 954 mV, 886 -1156 mV, and
752 - 982 mV, respectively [14-21].

More information is available on the E® of Fe(lll) / Fe(ll) (E%re)/ reqry) couple, which,
although not directly involved in the catalytic cycle, can influence the in vivo
functionality of the peroxidases [9]. Actually, the fast H.O,-mediated two-electron
oxidation of peroxidases to form Cpd | requires a stable ferric [Fe(lll)] state in
physiological conditions that depends on the reduction potential of the Fe(lll) / Fe(ll)

couple [9,13,22]. Moreover, it is known that the molecular factors determinant for the
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E%ean / Feqry also influence the catalytically relevant redox couples [9,23,24]. The
E%reqny / Feqy Of heme peroxidases usually has a negative value, which indicates that
the ferric state is stable under physiological conditions. This is an important requisite
for the in vivo functionality of these enzymes because only those that have a stable
Fe(Ill) form can be efficiently oxidized by H.O2 to Cpd I. The E% values of Fe(lll) / Fe(ll)
in different heme peroxidases span a range from -28 mV to —320 mV [9,25]. This high
variability indicates that many factors can affect the redox properties of the heme,
which include the first and second coordination spheres, and the complete heme
pocket. The first coordination sphere of the heme is reflected by the axial ligands that
coordinate the iron center. The second coordination sphere of the heme accounts for
the electrostatic interactions between the redox center, solvent, the polar and charged
residues in the proximal site, as well as the solvation of the heme group. Lastly, the
overall heme pocket environment takes into consideration the effects of the protein
folding around the heme pocket. Understanding the molecular factors that influence
the E® of peroxidases is important to enhance our knowledge of these proteins, and

envision their possible biotechnological applications [9,13,23,25].

1.1.1. Peroxidases as biocatalysts

Classical plant peroxidases are a well-studied group of enzymes that are seen as
attractive biocatalysts due to their broad substrate range, neutral pH optimum (pHopt)
and ability to catalyze different reactions such as halogenation, epoxidation,
hydroxylation, and enantioselective oxidation with good yields [6,27-29]. However,
their use in biotechnological applications is hampered by difficulties in their
heterologous expression and limited stability [6,27—29]. Despite these drawbacks,
they are used in clinical biochemistry and enzyme immunoassays [e.g., enzyme-
linked immunosorbent assay (ELISA)] [28], as well as analytical systems, e.g.,
enzyme-based electrochemical biosensors, for the determination of H.O», organic
hydroperoxides and phenols, among others [28-30]. Among the plant peroxidases,
HRP is probably the most commonly employed enzyme for practical analytical

applications (as immobilized biocatalyst) in enzyme-based electrochemical
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biosensors or as a reporter in enzyme immunoassays (enzyme-labeled antibody).
However, analytical systems employing other heme peroxidases from, e.g., soybean,

tobacco (TOP), peanut, or sweet potato, have also been reported [29,30].

1.2. Dye-decolorizing peroxidases: a new class of

enzymes

Dye-decolorizing peroxidases (DyPs) represent a relatively new member of a family
of heme b-containing peroxidases [31-35]. They were first identified in 1999 in a
basidiomycetous fungus and were named after their ability to efficiently degrade a
wide range of synthetic dyes, including azo and anthraquinone dyes [36,37]. The DyP
family was formally proposed in 2007, and so far, more than 50 DyP enzymes (Figure

1.4) have been characterized in bacteria, fungi, and eukarya [32].

The physiological role of DyPs is still unclear. Specific roles have been postulated for
several enzymes. Streptomyces lividans DyP (DtpA) is thought to oxidize Cu(l) to
Cu(ll) so that the latter binds to the copper oxidase GIxA, which could indicate that
this DyP is essential for the formation of aerial hyphae [38]. This hypothesis is based
on the observation that aerial hyphae formation depends on a morphogenetic
pathway involving DtpA and a radical GIxA. DtpA appears to be essential for the
maturation of GIxA. This suggests that the formation of a cross-linked tyrosylcysteine
cofactor is essential for its enzymatic activity [38]. The DyP from the human pathogen
Mycobacterium tuberculosis, MtDyP, is considered a cargo of encapsulins [39]. These
are conserved prokaryotic proteinaceous nanocompartments that allow for the local
increase of functionally related enzymes while at the same time confining unstable
reaction intermediates within the cell. The encapsulins can resist oxidative stress in
low-pH environments, and due to that, it is thought that MtDyP contributes to the
pathogenicity of the microorganism by helping to evade the host immune system [39].
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VNGO798H Halobacterium sp.

DyPA Pseudomonas fluorescens
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BsDyP Bacillus subtilis
_  YwbN Bacillus subtilis
w FepB Staphylococcus aureus v
® DtpAa Streptomyces lividans =
O DyPA Rhodococcus jostii -
TfuDyP Thermobifida fusca
DtpA Streptomyces lividans
TcDyP Thermomonospora curvata
SviDyP Saccharomonospora viridis
CboDyP Cellulomonas bogoriensis
DyPPa Pseudomonas aeruginosa
PpDyP Pseudomonas putida
DyP1B Pseudomonas fluorescens
VcDyP Vibrio cholerae
DyPA Dictyostelium discoideum
YfeX Escherichia coli
EIDyP Enterobacter lignolyticus @
% KpDyP Klebsiella pneumoniae
g TyrA Shewanella oneidensis
o BtDyP Bacteroides thetaiotaomicron
PfDyP B2 Pseudomonas fluorescens
DyP2B Pseudomonas fluorescens
DyPB Rhodococcus jostii
DyP marine actinoabcteria P1116C02
MtDyP Mycobacterium tuberculosis
MsDyP Mycobacterium smegmatis
DtpB Streptomyces lividans
AnaPX Anabaena sp.
DyP2 Amycolatopsis sp.
Pleos-DyP4  Pleurotus ostreatus
PsaPOX Pleurotus sapidus
Ftr-DyP Coriolopsis (Funalia) trogii =
XgrDyP Xylaria grammica ‘
DyP Bjerkandera adusta
> AauDyP1 Auricularia auricula-judae
3 Pleos-DyP1  Pleurotus ostreatus
& PsaDyP Pleurotus sapidus
O EgIDyP Exidia glandulosa
1IDyP4 Irpex lacteus
TAP Termitomyces albuminosus
MsP1 Marasmius scorodonius
MsP2 Marasmius scorodonius
MepDyP Mycena epipterygia
SaDyP2 Streptomyces avermitilis
SaDyP1 Streptomyces avermitilis

Figure 1.4 - List of the known DyPs (name and organism) and representative structures of Class I,
BsDyP (PDB code: 7PKX); Class P, PpDyP (PDB code: 7QYQ) and Class V, AncDyPD-b (PDB code:
7ANV). Structure images generated using Chimera X, Adapted from [32].
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The DyP from a parasitic fungus Bjerkandera adusta Dec 1, can efficiently oxidize the
natural antifungal anthraquinone compound alizalin, produced by plants [40]. This

suggests that this DyP could be involved in promoting parasitism in plants.

The DyP from Halobacterium salinarum is thought to provide additional protection to
the cell against H2O2, when its concentration exceeds the detoxification capability of
other peroxidases [41]. Based on studies using DyPs from Exidia glandulosa, Mycena
epipterygia and Mycetinis scorodonius, it appears that DyPs may have a role as
ligninolytic enzymes. They can oxidize several lignin-related and lignin model
compounds [42]. Moreover, a transcriptomic and proteomic study of the DyP from
Enterobacter lignolyticus showed its up-regulation when the sole carbon source was
lignin [43], indicating a link between DyPs and lignin depolymerization. Nevertheless,
although the physiological role is still poorly understood, it is well established that
DyPs from different sources can catalyze the reduction of H»O; coupled to the
oxidation of structurally diverse substrates, e.g., anthraquinone-based and azo dyes,
carotenoids, phenols, non-phenolic methylated aromatics, metal ions and lignin-
related compounds, including phenols, kraft lignin and lignin models [31,33,35,42,44],

most commonly at low pH values (3 - 5).

DyPs have been initially sub-classified into four phylogenetically distinct Classes: A,
B, C and D [31]. Phylogenetic analysis has revealed that enzymes belonging to Class
A contain a Tat-dependent signal sequence, which may indicate that their
physiological role is outside of the cytoplasm or extracellular. According to the
phylogenetic analysis, the ancestor DyP belongs to Class A. The bacterial enzymes
belonging to Classes B and C are putative cytoplasmatic enzymes. Class D contains
primarily fungal enzymes. A reclassification of DyPs was proposed in 2015 [33], on
the grounds of structure-based sequence alignments where Classes P (primitive) and
| (intermediate) replace Classes B and A, respectively. Class V (advanced) is a fusion
of Class C and D (Figure 1.4). The members of Class P have the smallest molecular
size, while Class V members have the largest size and higher catalytic efficiencies
[33].
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Nevertheless, this analysis was based on only 12 structures available at the time [32].
In 2023, the same authors revalidated their results by performing a phylogenetic
analysis using all available sequences in the InterPro. They confirmed their previous

results and further proposed dividing each Class into four subclasses (Figure 1.5).

Figure 1.5 - DyPs phylogenetic tree showing the subclasses. Classes P (primitive - blue), | (intermediate
- yellow) and V (advance-pink) with their respective subclasses P1 - P4, |11 - 14 and V1 - V4. Adapted
from [32].

1.2.1. Structural properties of DyPs
DyPs lack sequence homology and have a different overall structure compared to
classical peroxidases, which are rich in a-helixes [31-33,35]. Unlike classical

peroxidases (cf. Figure 1.2), all solved DyPs structures reveal a conserved structure
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comprising two domains that contain a-helices and anti-parallel B-sheets that adopt a
ferredoxin-like fold, which results in a buried heme cofactor within the folded a-helices
and B-sheets (Figure 1.6) [31-33,35].

Figure 1.6 - Cartoon representation of
PpDyP (PDB code: 7QYQ) monomer,
with the a-helices colored in blue (a1
and a3), cyan (02), green (a4), light
green (a5 and a6), yellow (a7 and a8)
and orange (a9) and the pB-sheets
colored in dark blue (1), light blue (B2
and B3), cyan (p4), light green (B5),
yellow (6) and orange (37). The image

is generated using Chimera X.

DyPs typically form dimers in bacteria [45—-47], while in fungi they are exclusively
monomers [34,48,49]. Sequence analysis of fungal DyPs revealed that these
enzymes have various C-terminated insertion sequences, which are believed to
prevent enzyme dimerization. In bacterial DyPs, the dimerization is commonly due to
the hydrophobic interaction between the monomers. Additionally, it has been
proposed that radical formation at the protein surface may result in oligomerization as
shown in the reaction of Vibrio coloere DyP with H,O5; the substitution of two Tyr

residues at the dimer interface disrupted this oligomerization [50].

1.2.2. Active site structure

At the distal heme site, DyPs contain a unigue GXXDG motif that lacks the highly
conserved His of classical peroxidases, which acts as an acid-base catalyst in the
catalytic mechanism of classical peroxidases. Instead, the currently available
structures and models reveal that at the distal side, DyPs have an Asp (or Glu), an
Arg, and a peripheral Phe and Asn (Ser or Gly), Figure 1.7 [31-33,35,51]. Like
classical peroxidases, DyPs have a highly conserved His coordinating the iron at the
proximal heme site [31-33,35,51].

11
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Asn

Asp/Glu ‘ !\I

Figure 1.7- Representation of the overlaid active site
of CboDyP (PDB code: 6QZ0O), PpDyP (PDB code:
7QYQ), TfuDyP (PDB code: 5FW4 ) and VcDyP (PDB
code: 5DEOQ). This figure shows the proximal His and
the conserved distal residues Asp/Glu, Asn, and Arg.
Reprinted form [51].

The proposed catalytic mechanism of DyPs is based on the classical peroxidases,
involving the formation of Cpd | and Cpd Il (cf. Figure 1.3) [34,52—54]. However, the
conserved Asp or Arg's role in the formation of Cpd | is still unanswered. Deprotonated
Asp and Arg are weak bases, but they are still capable of H.O, deprotonation due to
the lowering of its pKa upon binding to the heme. The Asp, which replaces the His
conserved in classical peroxidases and is part of the GXXDG motif, was proposed as
the key residue in the heterolytic cleavage of O-O bond by DyPs [34]. However,
mutagenesis studies revealed that this is not always the case and that this residue is
not crucial for activity of, e.g., B. subtillis BsDyP [55], P. putida PpDyP [56], R. josttii
DyPB [57], and in the two enzymes identified in S. lividans (DtpA and DtpAa) [58,59].
The substitution of the conserved Arg results in a significant decrease in activity for
some DyPs, e.g., DyPB [57], PpDyP [56] and S. lividans Dtp B [53]. For V. cholerae
VcDyP, it appears that both Asp and Arg are catalytically relevant [50], while for
BsDyP, none of the residues is individually essential for its peroxidase activity [55]. It
is crucial to unravel the molecular factors that regulate the formation of Cpd | in DyPs
to better understand these enzymes and their possible physiological roles that will

accelerate their use in biotechnological applications.

1.2.3. Applications in biotechnology
As classical plant peroxidases, DyPs are versatile enzymes that can oxidize many

structurally different substrates [35,44,60], which makes them promising biocatalyst
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for biotechnological applications [44]. On the contrary to classical plant peroxidases,
DyPs appear to be highly robust, with an added advantage of being easily expressed
heterologously in E. coliin the case of bacterial DyPs [35,61-63]. In particulary, these
enzymes are considered promising biocatalysts for a variety of industrial applications
due to their catalytic ability to degrade synthetic dyes and lignin-related products
[44,50,60-69], which indicates that DyPs can be used for bioremediation of dye-
contaminated wastewater. Another application includes the biodegradation and/or
valorization of lignocellulosic material that tends to be quite resistant to (bio)chemical
degradation. Moreover, lignin is the second most abundant biopolymer (carbon
source) and the largest source of natural phenolic compounds on Earth [44], which
suggests that DyPs could have commercial value for lignin degradation. DyPs can
also be useful in the food industry [61,70-72], especially in vanilla production [61,72],
since there is a high demand for this flavor, which is challenging to produce in

laboratories at large scale.

Additionally, some fungal DyPs are reported to be able to bleach B-carotene [70],
which is sought after in the process of whitening of whey-containing foods and
beverages. A recent study demonstrates that bacterial DyPs can also degrade
different mycotoxins, sometimes present in animal feed and food [66]. If left untreated,
these toxins can threaten the health of animals and humans, leading to significant
economic losses. The potential use of bacterial DyPs in industrial applications is
nowadays even more overreaching. These enzymes are easily genetically modifiable
and many molecular tools are available for enzyme engineering, making it possible to
obtain custom-tailored DyPs. This allows for the creation of highly efficient and stable
biocatalysts that, depending on the envisioned application, can be further improved
in terms of thermostability, resistance to organic solvents, increase/decrease pHqpt for
enzymatic activity, or reduce substrate inhibition. Indeed, several DyPs were
successfully engineered towards improved thermostability, enhanced H20:
resistance, increased catalytic efficiency for target substrates or a shifted acidic pHopt
to a neutral one [45,64,73—79].

13
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To further broaden the use of DyPs in biotechnological applications, we need to
consider another important factor which is theirimmobilization. Diverse immobilization
strategies have been developed to improve enzyme stability, activity and bypass the
use of co-substrates. Immobilization of the biocatalyst also offers the possibility to
reuse the respective enzyme with the added advantage of easy separation of the
biocatalyst and products, which is crucial for enzymatic industrial processes. So far,
only a few immobilized DyPs have been tested for biotechnological applications (Table
1.1), particularly for dye-bioremediation [80-84]. DyP from B. amyloliquefaciens
(BaDyP) has been immobilized in dopamine-modified porous microspheres of
halloysite nanotubes [80]. Compared to solution assays, immobilized BaDyP showed
better stability across a wide range of pH values and temperatures. Moreover, the
reusability of BaDyP is also enhanced by immobilization, showing that the enzyme
can retain ~58% of the initial decolorizing activity after six recycling batches.
Additionally, this study showed that the treatment of dyeing effluent with immobilized
BaDyP reduces bacterial growth, implying that, after the treatment, the dyeing effluent
is less toxic [80]. Entrapment of DyPs from P. fluorescens Pf-01 or Pf-5 (PfDyP B2
and Pf-5 DyP1B) in calcium-alginate beads was shown to be beneficial for their
activity and stability [81,82], as in the case of BaDyP. The optimal activity of
immobilized Pf-5 DyP1B shifted from pH 5.5 and 30 °C to pH 7 and 40 °C. The
reusability studies demonstrated that, after five cycles, the system retained 58% of its
initial activity. Another immobilization strategy took advantage of the fact that DyPs
are physiologic cargo proteins of encapsulin [83]. In this study, DyP from
Saccharomonospora viridis (SviDyP) was packed in the encapsulin from the
mesothermophile bacterium Mycolicibacterium hassiacum. The packed DyP had
comparable activity with the enzyme in solution but higher thermostability at 40 °C,
which is 50 times better than the free enzyme. All these studies demonstrate how
beneficial immobilization of DyPs can be for the bioremediation of dyes. However, in
all tested applications, H2O; had to be added for enzymatic activity, which could affect

the overall cost of the industrial enzymatic process.
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Table 1.1 - Biotechnological applications of immobilized DyPs.

Enzyme? Immobilization Biotechnological application Ref.

Decolorizing activity for ABTS as for a

dye mixture consisting of azo dye, [80]
triphenylmethane dye, anthraquinone

dye, and anionic dye

Dopamine-modified porous
BaDyP microspheres of halloysite
nanotubes

PfDyP B2 Ent.rapment in calcium-
alginate beads
Pf-5 DyP1B Entrapment in magnetic
calcium-alginate beads
SviDyP Entrapmgnt inan
encapsulin

Decolorizing activity for ABTS [81]

Decolorizing activity for reactive Blue 5 [82]

Decolorizing activity for ABTS [83]

Decolorizing activity for ABTS, Reactive
Covalent attachment to i
. ) Blue 19, Reactive Black 5, and
BsDyP biocompatible coated gold ) . [84]
electrodes triarylmethane dye malachite green.
Oxidation of 2,6-dimethoxyphenol

Adsorption onto
PpDyP biocompatible silver H202 biosensor [85]
electrodes
a- BaDyP - B. amyloliquefaciens; PfDyP B2 - P. fluorescens Pf-01; Pf-5-DyP1B - P. fluorescens Pf-5;
SviDyP - S. viridis; BsDyP - B. subtillis and PpDyP - P. putida.

Recently, it was shown that BsDyP covalently attached to biocompatible gold coated
electrodes showed dye-decoloring activity without adding H2O; [84]. Instead, the
immobilized enzyme is electrochemically activated and shows higher catalytic
performance than the soluble enzyme towards a variety of dyes. Additionally, the
enzyme shows broader pH activity profiles, with the acidic pH shifting towards more

neutral and alkaline pH [84].

Similarly to classical peroxidases, DyPs can also be used as immobilized biocatalysts
for biosensing applications. Our group was the first to explore DyP from P. putida
MET94, PpDyP, as an immobilized biocatalyst in H.O, biosensors, which was
evaluated by immobilizing the enzyme onto self-assembled monolayer (SAM) coated
Ag electrodes [85]. We demonstrated that immobilized PpDyP showed good stability,
shorter response times and higher sensitivity compared to other H.O biosensors
reported in the literature, which use HRP as the biocatalyst [85]. Optimization was
attempted to further improve the constructed biodevice, using enzyme variants

obtained through directed evolution, displaying increased resistance to H:0O.
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inactivation in solution. The biosensor based on a variant harboring two mutations at
the second shell of the heme cavity showed improved storage stability compared with
the WT PpDyP [85].

1.3. Amperometric enzyme biosensors

A biosensor is an analytical device that can detect and quantify the presence of a
target analyte in complex matrices, in situ and preferably without sample preparation.
The device consists of a biological component (e.g., antibody, cell, DNA, enzyme,
tissue), specific for the analyte, in direct contact with a physicochemical transducer
(e.g. electrochemical, magnetic, optical, piezoelectric, thermal), which translates the
signal obtained through the bio-recognition of the biological component with its target
analyte, into a measurable signal (Figure 1.8) [30,86,87]. Due to their diversity of
potential targets, sensitive quantification, and ease of use, biosensors are highly

sought in, e.g., medicine, industry, and agriculture.

Enzyme-based electrochemical biosensors are the most widespread. These devices
combine enzyme’s selectivity and high turnover rates with the advantages of
electroanalytic methods, such as high sensitivity, simplicity, low cost, the potential for
miniaturization, and portability of devices [30,87-93]. Depending on the
physicochemical signal that is generated by the bio-recognition reaction,
electrochemical biosensors can be classified as (i) potentiometric, which detect
charge accumulation or cell potential; (ii) conductometric, which monitor conductivity
changes; (iii) impedimetric, which probe resistance and capacitance variations; or (iv)
amperometric, which monitor the current variation when a fixed potential is applied
[87,90,93,94]. Enzyme-based amperometric biosensors have been widely explored
over the last few decades [88,95] and are the focus of this thesis. They are robust,
easy to miniaturize, and operate with small sample volumes of rather complex
matrices. A typical enzyme-based amperometric biosensor consists of a thin layer of
enzyme immobilized on the surface of a conductive material such as platinum, silver,

gold, or carbon (e.g., graphite - G, glassy carbon - GC, carbon nanotubes - CNTs),
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which acts as the working electrode (WE) and ensures the enzyme’s connection to

the electrochemical transducer.
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Figure 1.8 - Schematic representation of the working principle of biosensors.

The choice of the WE is important since the electrochemical measurements often
depend on the used material [87-90,93,96]. The attachment of the enzyme to the
electrode can be achieved through a variety of immobilization methods.
Immobilization is a crucial step in biosensor development since analyte detection,
efficient signal transduction, and reusability of the biocatalyst depend on efficient
enzyme immobilization. Nevertheless, this process may cause undesirable structural

changes to the biocatalyst affecting its catalytic activity (cf. Chapter 1.4).

1.3.1. Amperometric enzyme biosensors

Amperometric enzyme biosensors can be of the first-, second- or third-generation
based on the mode of electron transfer (ET) between the enzyme and the electrode
(Figure 1.9) [88,93,95,97,98]:

(i) In First-generation biosensors, the substrate or the product of the enzymatic
reaction is directly measured electrochemically. This class of biosensors is mainly

based on Oz-dependent enzymes, particularly oxygenases and oxidases

17
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[88,95,99,100]. The latter can monitor either the production of H,O, by applying a
fixed anodic potential (+500 mV vs. NHE) or the oxygen consumption by applying a
fixed cathodic potential (-500 mV vs. NHE). Although the detection mode is quite
simple, they have some drawbacks, such as the need for an abundant amount of O,
to ensure that enzyme activity is not limited by the lack of the co-substrate or by its
variation in the sample, which can impair the sensor’s response and reproducibility.
In addition, since high operation potentials are employed, the oxidation of interfering
species present in the sample can also occur, which may result in low sensitivity
[88,94,99,100].

1stgeneration
Electrode .- Electrode

e
e

H,0, 02 H,0, H0

2nd generation

o Med, 4 Product
s

5 e

@

w \ Med,

Substrate

Electrode

3rd generation

Figure 1.9 - Schematic representation of different ET modes in amperometric enzyme biosensors. In
first-generation biosensors (yellow), the co-substrate (O2) or product (H202) of the enzymatic reaction
are detected directly at the electrode. In second-generation biosensors (green), the amperometric signal
arises from the reduction of the mediator following ET to the enzyme. Third-generation biosensors (blue)
measure the direct reduction of the enzyme redox center by the electrode. Med-mediator; Red-reduced;
Ox-oxidized; DET-direct ET.

(i) Second-generation biosensors use mediators for the ET (MET-mediated ET),
enabling the detection of the target analyte at low potentials without oxygen

dependence [88,95]. This broadens the range of applicable enzymes and measurable
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analytes compared to first-generation biosensors. Mediators facilitate reversible
electrochemistry and efficient ET between the enzyme and electrode, which
generates a current proportional to the analyte concentration [93,94,98]. Common
mediators include quinone derivates, ferrocene and ferricyanide [101]. Some ET
proteins like cytochromes can also be used, potentially improving the selectivity of the
device when they are the immobilized biocatalyst’s physiological partner [102]. The
mediators can be added to the sample or immobilized on the electrode surface. In the
latter case, the mediator must be entrapped close to the enzyme. However, a common
issue is mediator leakage, which limits continuous use and reusability [93,98,101].
This problem can be overcome by the use of redox polymers, amd modified enzymes
(e.g., ferrocene-modified glucose oxidase), or by reconstituted enzymes on
functionalized electrodes, which, although reducing or even eliminating mediator

leakage, may affect enzyme activity [93,98,101].

(iii) Third-generation biosensors rely on the bioelectrocatalysis that results from the
direct ET (DET) between the enzyme and the electrochemical transducer upon the
interaction of the enzyme with its substrate. For this reason, these devices have a
simplified design as redox mediators or co-substrates are not required
[11,88,91,93,95,98,103,104]. Third-generation biosensors usually also offer superior
selectivity. However, the establishment of DET is not always straightforward. The
redox centers can be buried in the enzyme matrix making the ET with the electrode
difficult or, the enzyme matrix may act like an isolating barrier hindering the ET
process with the electrode. Moreover, direct contact with the electrode may change
the enzyme's conformation, causing denaturation and activity loss [93,98,104].
Despite these concerns, several oxidoreductases, e.g, laccases, peroxidases, alcohol
and cellobiose dehydrogenases [88,93,105,106], display efficient DET upon
immobilization on electrode surfaces. Recently, third-generation biosensors have
gained popularity due to the latest advancements in material science and protein
engineering techniques. Novel conductive nanomaterials that can facilitate interfacial
ET and provide high-surface-area electrodes are being developed, resulting in higher

enzyme loading, which leads to the improvement of the overall sensitivity of the
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biosensor [93,107,108] (cf. Chapter 1.4). Additionally, protein engineering targeting (i)
improved biomolecular recognition of the substrate, (ii) increased rate of
heterogeneous ET, and (iii) enhanced stability of the enzyme upon immobilization
[93,109] have revealed beneficial for the biosensor development by increasing

selectivity, sensitivity, and the overall stability of the device.

1.3.2. Peroxidase-based amperometric biosensors

In the past 30 years, peroxidase-based biosensors have been widely used for the
detection of H,O- in physiological and food samples, while at the same time, many of
them have also been proposed for detecting organic hydroperoxides, phenols,
aromatic amides, and non-typical peroxidase substrates, such as uric acid,
trichloroacetic acid (TCA), and nitrite or hazardous compounds (e.g., potassium
cyanide) [29,30,104]. In most cases, the electrocatalytic activity (Figure 1.10) is
monitored through MET or DET (in second- or third-generation biosensors,
respectively) via an increase of cathodic current, which is related to the substrate

concentration in solution.

H,0,

1. 2,
v
(Fe‘”) (Fe )+e  Figure 1.10 - Reaction scheme of
resting state 3. RH Compound | ,eroxidase-based electrochemical
\

h ’

AR o NI biosensors (solid lines) and of the native
catalytic cycle (dashed lines), with the
following designations: RH - substrate; R° -

product; Medox - oxidized mediator; Medred -

3.MET A2¢ reduced mediator; DET - direct electron
Electrode transfer; MET - mediated electron transfer.

The most frequently employed enzymes for the construction of peroxide-based

biodevices are plant peroxidases, in particular HRP and TOP, as well as barley,
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peanut, guinea grass and soybean peroxidases. HRP is one of the most explored
enzymes for the development of amperometric biosensors due to (i) commercial
availability, (ii) low production cost, (iii) high stability under standard conditions, (iv)
high activity towards H.O» and a broad range of phenolic compounds as aromatic
amines, and (v) well understood catalytic and structural properties [30,110-112].
Nevertheless, there are some drawbacks to using HRP in amperometric biosensors,
which are related to substrate inhibition (H.0O2) and to the high level of enzyme
glycosylation. Around 25% of the HRP molecular weight is associated with the
carbohydrates present on its surface. Glycosylation can affect the binding and
electronic wiring of the enzyme to the electrode and DET [6,113]. In recent years,
natural and synthetic materials with peroxidase-like activity have been explored in
search for alternatives to classical plant peroxidases. For instance, globins and
microperoxidases that, under certain conditions, display peroxidase-like activity have
also been explored for biosensing applications [114—116]. Moreover, an increasing
trend is the use of nanostructured materials with peroxidase-like activity, called
artificial peroxidases, such as metal oxide nanoparticles. Nevertheless, these
materials still face a challenge regarding their low selectivity compared to natural
enzymes [29,117-119].

1.3.2.1 H20; detection

H20: is a small inorganic molecule with strong oxidizing properties and is commonly
used in pharmaceutical, clinical, environmental, mining, textile, and food
manufacturing applications [120—-124], especially for whitening or sterilization
purposes [120-124]. In humans, this reactive oxygen species is present throughout
the body and has a variety of roles in physiological processes such as cellular
signaling, through which it can regulate cell growth, immune activation, and apoptosis.
In breath and body fluids such as urine and blood plasma, H2O, concentrations can
indicate metabolic disorders associated with diabetes, pulmonary diseases, or other
health conditions [122,123]. The safe concentration range of H>O. for biological

entities, in general, depends not only on the media but also on cellular metabolism
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and/or method of exposure, which can span from ~100 nm for seawater to ~1 mM for

the aquaculture industry (Figure 1.11) [123].
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Figure 1.11 - Relevant concentration range of H202 in environmental, biomedical and food samples. The
black bars refer to safe ranges, red bars represent the hazardous ranges (i.e., any value inside these
ranges is indicative of condition or a disease. Levels for diabetes refer to concentration in blood. COPD
stands for “Chronic Obstructive Pulmonary Disease”. MPL stands for “Maximum Permitted Level”. For

MPL and wine treatment, the maximum permitted level is indicated. Reprinted from [123].

Given the importance of H>O- in industrial and biological processes, a variety of
methods for its detection and quantification have been in use for many years,
including colorimetric titration, chromatography, and light detection (fluorimetry,
chemiluminescence, fluorescence or spectrophotometry). However, these
conventional techniques are complex, costly and time-consuming [123]. In
comparison, electrochemical (bio)sensors can offer simple, rapid, sensitive and cost-
effective ways of detecting H>O, [121,123,124]. The discussion in this thesis will focus

on DET biosensors that employ peroxidase-based amperometric constructs.

1.3.2.2. H20; peroxidase-based biosensors

The simplest third-generation plant peroxidase-based biosensors are made by the
direct adsorption of the peroxidase on the electrode interface. The electrocatalytic
activity of the immobilized enzyme has been observed in materials like modified
graphite [113,125-127], graphene thick films [128], and gold [129-131] (Table 1.2).
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However, this strategy is commonly linked with slow ET rates because of (i) the deeply
buried heme in the enzyme matrix, (ii) the presence of a high percentage of non-active
enzyme population due to sub-optimal orientation and/or altered conformation
structure, and (iii) the high glycosylation [132]. The presence of the carbohydrates on
the enzyme surface not only forms an insulating barrier but also increases the
distance between the electrode and the heme site, reducing the ET efficiency [113].
One way to overcome this problem is by using recombinant non-glycosylated HRP
and TOP that favor the adsorption and uniform orientation on the carbon electrode
surface, resulting in improved ET rates and overall bioelectrode performance
[113,127,129,130]. However, the production of recombinant plant peroxidases is

neither straightforward nor consistently successful [113,127,129,130].

To facilitate the electron exchange between plant peroxidases and electrodes, the use
of conducting and non-conducting polymers, detergents, SAMs, ionic liquids and

nanomaterials, among others, has been tested (Table 1.2) [93,120,124].

Classical plant peroxidases have been physically entrapped or chemically attached
to polymer films that can mimic the interactions in the physiological environment,
promoting the native configuration of the enzyme [93]. In these cases, the redox
polymer has a dual role since it physically and electrically connects the enzyme to the
electrode. Both single polymeric materials and composite matrices incorporating
carbon nanotubes have been explored, demonstrating that favorable electrostatic
interactions between the HRP and the polymer films are important for the performance

of the biosensors [93].

Cytochrome ¢ peroxidase is another peroxidase whose electrochemical response
towards H202 was demonstrated at pyrolytic graphite (PG) and Au surfaces [143—
146]. However, these enzymes are less sought after for biosensing applications due
to their complex activation mechanisms and limited substrate range compared to plant
peroxidases [146]. As mentioned in Chapter 1.2.3. PpDyP was also used by our group
to develop a DET-based H,O. biosensor by attaching the bacterial DyP enzyme onto

biocompatible SAM-coated Ag electrodes [85].
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Table 1.2 - Peroxidase-based biosensors for H2O2 detection.

Electron
Enzyme Electrode modification Ref.
Transfer
PNM/GC [133]
MTAuU/GC [134]
HA-HRP-CdS-IL/CILE [135]
DNA-SWCNT/GC [136]
DET
AuNPs [137]
HRP Pan/MWCNTCOOQOH/Au [138]
G [126]
AuNPs/CESM/GC [139]
GNP-TNT/HIL/GC [140]
MET Nano-Au/CCE/GC [141]
Os(dmp)PVI]*2 + PEGDGE/G [142]
TOP MET Os(dmp)PVI]*2 + PEGDGE/G [142]
Cytochrome ¢ AUME [143]
DET
peroxidase PGE [144]
DyP DET SAM/Ag [85]

AuNPs - gold nanoparticles; CCE - carbon ceramic electrode; MWCNTs-COOH - carboxy-functionalized
multiwalled carbon nanotubes; nano-Au - nano-scaled particulate gold; AUME - Gold membrane
electrode; CESM - Carbonized chicken eggshell membrane; G - graphite electrode; GC - glassy carbon;
HIL - hydrophobic ionic liquid; MTAu - multiwalled carbon nanotube/thionine/Au; NP-TNT - gold
nanoparticle dotted TiO2 nanotubes; Os(dmp)PVI]*?2 - osmium redox polymer; PEGDGE -
poly(ethyleneglycol) diglycidyl ether; PGE - pyrolytic grafide electrode; PNM - N-isopropylacyamide-co-
3-methacryloxy-propyltrimethoxysilane; SAM - Self assembled monolayers; SWCNT - single walled
carbon nanotubes.

The mechanistic pathway in all the examples given above (Table 1.2) proceeds by the
following steps: the ferric [Fe(lll)] resting state peroxidase is first oxidized by H2O»,
leading to the formation of Cpd | (cf. Figure 1.10, solid line). The intermediate Cpd |
is then reduced, and the ferric enzyme is restored via heterogeneous ET directly from
the electrode. Typically, the catalytic currents are measured by amperometric

methods at working potentials between +150 and +500 mV (vs. NHE), due to the high
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E® of the catalytic redox couples [Fe(lll) / Cpd I, Cpd | / Cpll, Cpd Il / Fe (lll)]
[134,147,148]. Nevertheless, the cathodic currents are often observed at much lower
potentials, consistent with the Fe(lll) / Fe(ll) redox transition [9]. This likely occurs
since H>05 reduction may follow an alternative non-native route that goes through the
formation of the ferrous [Fe(ll)] enzyme. This “low potential cycle” of peroxidase
electrocatalysis has been associated with a non-native enzyme state and transient
formation of inactive catalytic intermediates, as for example, Fe(ll)-O2, which can also
be formed in the presence of high concentrations of H»02[9,11,142,149]. Due to the
very efficient redox chemistry of the heme, it was proposed that this non-physiological
process can be the cause of the electrocatalytic response of different heme-based
electrodes [150-152]. Various DET mechanisms are proposed to rationalize these
experimental findings [149]; we highlight one that postulates that the alternative
electrocatalytic reaction follows a catalase-like mechanism, where H>O; acts as an
oxidant and a reductant. According to this scenario, the generated Cpd | can be
reduced by H,O, returning the peroxidase to the Fe(lll) state and producing O
(Equation 1.1). After the reduction of the Fe(lll) enzyme at the electrode (Equation
1.2), O2 reacts with the ferrous peroxidase (Equation 1.3) to form Fe(ll)-O2 oxy-
peroxidase, which in turn undergoes electrochemical reduction at the electrode
(Equation 1.4), at the potential of Fe (lIl) / Fe(ll) reduction.

Cpd | + H,O,—Fe(lll) + O,+ H,0 (1.1)
Fe(ll)+ H + e+ H,O0—Fe(ll), at electrode (1.2)
Fe(ll) + O,—Fe(I)-0, (1.3)

Fe(ll)-O, + 2H"+ 2e"—Fe(ll) + H,0,, at electrode (1.4)

1.3.2.3. Other substrates

Peroxidase-based biosensors are also employed for the detection of organic
hydroperoxides, enzyme-reducing substrates, including numerous phenolic
compounds, and aromatic amines, as well as non-typical substrates such as uric acid,
TCA and nitrite. The electrocatalytic activity of the immobilized enzyme is monitored
either by MET [125,154—156] or DET [135,157—-159].
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1.4. Biosensor construction: empirical vs. rational design

The most common methods for enzyme immobilization are physical adsorption,
encapsulation (behind or within a porous membrane, polymer, clay paste or ink) and
chemical binding, especially covalent coupling and cross-linking (Figure 1.12)
[87,93,96].

The best immobilization strategy for a particular enzyme often results from the
combination of several of these methods. Covalent attachment is known to be the
most stable. However, the formation of the covalent link often damages the native
configuration of the enzyme, which affects both stability and catalytic activity
[87,93,96].

Physical adsorption based on weak non-specific forces, such as van der Waals
bonds, hydrophobic interactions, hydrogen bonds or electrostatic interactions
between the enzyme and the electrode is the simplest method for enzyme
immobilization. However, this approach may lead to enzyme denaturation upon
contact with metal or carbon surfaces [87,93,96]. This strategy also often results in
bioelectrodes prone to leaching, detachment of the enzyme from the electrode, and
fouling, that may occur when proteins non-uniformly aggregate on the electrode

surface, which can partially block the electrode.

The encapsulation/entrapment of the enzyme into a porous matrix is also an attractive
approach, as it can retain the biomolecules on the electrode support while ideally still
allowing substrate access to the enzyme. In this manner, the stability and lifetime of
the biosensor can usually be increased due to the reduced leakage of enzymes and

the prevention of non-specific adsorption of fouling agents.

Overall, the enzyme immobilization strategy chosen for the construction of a third-
generation biosensor should guarantee biocompatibility, efficient electrical contact
between the enzyme and the electrode, and preservation of the enzyme's catalytic

activity.
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Figure 1.12 - Enzyme immobilization methods. (A) Adsorption onto a multi-walled carbon nanotubes
(MWCNTSs)/thionine/Au nanoparticles (NPs) composite film on glassy carbon (GC) [134]; (B) covalent
binding onto functionalized MWCNTs deposited on GC [160]; (C) entrapment of chemically modified
enzyme within a positively charged redox hydrogel deposited on Au coated with a negatively charged
SAM [161]; (D) glutaraldehyde cross-linking of enzyme and bovine serum albumin (BSA) on a silica-
dextran nanocomposite sol-gel deposited on GC [162]. HRP - horseradish peroxidase. HRP structure -

image generated using Chimera X.
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There is a continuous research effort dedicated to parallel investigations of (i) novel
immobilization materials and matrices, including biocompatible coatings, (ii)
methodologies for sensitive monitoring of the immobilization process at different levels
(e.g. solid support, coating, enzyme orientation, enzyme structure) and (iii) design of

robust biocatalysts.

1.4.1. Nanomaterials and coatings for surface modification in third-

generation biosensors

Nanostructure development and applications represent a part of many fields of
fundamental and applied science, and we will only mention those relevant to the work
described in this thesis. In the development of biosensors, the use of different
nanostructures, such as NP, nanotubes, nanowires or nanorods, that are commonly
deposited on the electrode surface has significantly contributed to the improvement
and creation of new electrode interfaces. Moreover, their use usually results in a
biodevice with increased enzyme surface coverage compared with non-modified
surfaces [88,91,93,108]. This usually leads to an improved overall electrochemical
analytical performance of the modified biosensor [88,91,93,108]. Moreover, some
nanostructures offer the added advantage of allowing for the coupling of
electrochemistry with spectroscopy, which can provide valuable information about the

structure of the adsorbed biocatalyst on the electrode surface [1,163].

Noble metal nanostructures have unique optical properties, including the capacity to
create localized plasmon resonances upon illumination. These nanostructures allow
us to study biocatalysts adsorbed on the electrode surface by surface-enhanced (SE)
spectroscopies [1,163]. The most commonly used bulk surfaces are silver (Ag) and
gold (Au), whose specific plasmonic properties can be created by electrochemical
roughening or electrodeposition [1,163]. These surfaces can simultaneously work as
electrodes and provide SE effect of the spectroscopic signal of the attached species.
For protein immobilization, the metal surface needs to be biocompatible which can be
achieved by coating it with, e.g., alkanethiol SAMs (Figure 1.13) [1,163]. This has

been one of the most common strategies for modification of Au, Ag or platinum



General Introduction

surfaces [93,108], since the thiol group of the alkanethiols has a high affinity for
metals, which will ensure covalent binding, while the head group (carrying e.g., thiols,
disulphides, amines, acids or silanes) promotes the anchoring of the enzyme to the
modified electrode [1,163]. Modifying metallic surfaces with SAMs has made an
important contribution to the direct electrochemistry of enzymes. This results mainly
from the optimization of DET routes by making the enzyme adopt a favorable and
uniform orientation and adjusting the distance between the enzyme and the electrode
[93,108], by selecting the length of the spacer group (Figure 1.13). The properties of
the modified surface can be tailored to match the enzyme surface charge distribution
by employing the head groups of different SAMs. The enzymes can be bound to the
modified metal surfaces by adsorption based on weak non-specific forces or
covalently [93,108]. The latter ensures a robust enzyme immobilization but may result
in altered native conformation. On the other hand, attachment of the biocatalyst
through weak forces is less likely to lead to structural disruption of the immobilized
enzyme [93,108].
Spacer Group (C,)

Figure 1.13 - Schematic representation of a

@ » -CHy .
Head -OH metal surface covered with SAMs. The number

S - rou N o
\)Q/Q\O/O\O/ o d 383 (n) of CH2 in the spacer group can vary most

commonly between 2 and 16.
J J O

Despite the above-mentioned advantages of metal nanostructures, carbon-based
nanostructures are more frequently chosen for electrode modification due to their
large surface area, chemical inertness, and electrical conductivity [108,164,165].
Modification of the electrode with carbon-based nanoparticles increases the surface
area for enzyme loading, and due to their high conductivity, facilitates the DET

between the enzyme and the electrode surface [108,164,165].

1.4.2. Characterization of biosensor surface morphology

Characterization of the electrode's surface morphology can provide important

information related to the homogeneity and reproducibility of the method used for
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surface modification. The most widely used techniques are atomic force and scanning
electron microscopies (AFM and SEM, respectively) that provide information on
enzyme distribution on the electrode and the homogeneity of the films [165-167].
Additionally, surface-enhanced Raman (SER) spectroscopy can be used to identify

functional groups present on the surface [167—169].

1.4.3. Structural characterization of immobilized heme enzymes

Electrochemical biosensors are in the majority of cases constructed by a trial-and-
error strategy that is based on probing different parameters to find the best
combination of electrode support, immobilization method, and enzyme. In this
manner, the performance of the biodevice is assessed using typically either
voltammetry or chronoamperometry, that reveal which construct shows the best
bioelectrochemical response [93]. This strategy is hereinafter called the empirical
approach. These methods allow for the in situ monitoring of the redox process
occurring at the electrode surface, as well as the electrochemical system
responsiveness and reaction reversibility [30,93,94]. However, using only
electrochemical methods for the biosensor characterization does not provide a
complete picture of the enzyme-electrode interface since no structural information
about the immobilized enzyme can be obtained. Moreover, because the structural
features of the immobilized enzyme influence the analytical and kinetic performance
of the biosensor, it is crucial to gain information about enzyme loading, structure of
the electroactive species and conformation in the immobilized state, which can be
achieved by coupling spectroscopy with electrochemistry. This strategy, which is
hereinafter referred to as the rational design approach, is the main tool of choice in

the work presented in this thesis and will be explained in more detail below.

1.4.3.1. Rational design approaches - structural and redox properties of the
immobilized enzyme

Spectroscopic techniques can reveal insights into the enzyme-electrode interface at
a molecular level. For heme enzymes, usually UV-Vis absorption, resonance Raman

(RR) and Surface-enhanced RR (SERR) spectroscopies are used to probe the heme
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active site [167], while circular dichroism (CD) and Fourier-transform infrared
spectroscopies give information about the enzyme secondary structure upon
immobilization [170]. A transparent electrode needs to be used for CD and UV-vis
absorption, which limits the choice of the electrode material. Among the above listed
techniques, SERR spectroelectrochemistry, which couples electrochemistry with
SERR spectroscopy, is the only experimental approach that allows for the
simultaneous structural characterization and E° determination of the immobilized
heme enzyme in situ [1]. The requirement of a plasmonic electrode surface limits the
application of SERR spectroscopy of heme enzymes to nanostructured Ag electrodes
[1] since this technique combines the SE effect with the RR spectroscopy. The latter
is a powerful tool to probe the structure of heme enzymes [1,8]. The RR spectra
obtained by excitation in resonance with the Soret band of the heme display core-size
marker bands (va, vs, v2, vi0), with their frequencies being indicative of the redox, spin
and coordination state of the heme, Figure 1.4 [1,8]. SERR spectroscopy selectively
enhances the RR signal of the heme-containing enzyme (Figure 1.14) attached in
close proximity of the plasmonic Ag surface, making this technique extremely
sensitive [1]. Comparison of the RR spectra of the enzyme in solution with the SERR
spectra of the immobilized enzyme provides information about the possible effects of
the immobilization on the structural features of the heme group [171,172]. In this
manner, we can disclose fine details of eventual active site alterations upon
immobilization, which can influence the catalytic and thermodynamic properties of
immobilized heme proteins [171-173]. Simultaneously, the catalytic performance of
the immobilized enzyme can be monitored by electrochemistry since the SERR active
substrate simultaneously acts as an electrode. SERR spectroelectrochemistry has
been used to study membrane proteins in a physiological-like environment, e.g.,
oxygen and nitrite reductases, among many others [174-176]. Moreover, it has been
applied to evaluate the potential of several heme enzymes for the development of
biotechnological applications that rely on immobilized biocatalysts such as
cytochrome P450 (P450), microperoxidases, and more recently, DyPs [85,172,177-
178].
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Figure 1.14 - Resonance Raman (RR) spectra of cytochrome c in different oxidation, spin, and
coordination states with depicted marker bands (black trace line), left, and corresponding heme
configurations, right. (A) Ferrous (Fe(ll)) heme in 6¢cLS state, coordinated by distal Met and proximal His.
(B) Ferric (Fe(lll)) heme in 6¢LS state, coordinated by distal Met and proximal His. (C) Ferric heme in a
5cHS state, coordinated by proximal His and vacant 6th axial position. (D) Ferric heme in 6¢HS state,

coordinated by a distal water molecule and proximal His.

1.5. Biosensor Performance

Enzyme-based amperometric biosensors are devices that detect the target analyte,
typically the enzyme's substrate, by measuring the current generated by the oxidation
or reduction of the enzyme, which allows the detection and quantification of the
analyte present in the sample. To fully evaluate the biodevice, it is necessary to
understand the analytical and kinetic parameters that influence its performance. The
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most commonly used methods for obtaining these parameters and measuring the
electrochemical response of the immobilized enzyme are chronoamperometry (cAmp)
or potential scanning techniques, such as cyclic, differential pulse and square-wave

voltammetry.

In chronoamperometric detection, the electrode is poised at a fixed potential (the
working potential of the biosensor), and the current observed upon injection of the
analyte is monitored over time. The current change is proportional to the analyte
concentration in the solution. This technique is the most used in practical applications
due to its simplicity, low background signals and detection limits [93]. In voltammetric
detection, the potential is scanned over a specific range while the current obtained
upon injection of the analyte is measured as a function of the applied potential.
Usually, the catalytic current response is a peak or a plateau that is proportional to the
concentration of the analyte [93,105,179]. The cyclic voltammetry (CV), in particular,
is very useful in the development stage of the biosensors, due to its simplicity and
well-known theoretical framework [93,105,179]. Furthermore, if enzyme DET
response (cf. Chapter 1.3.1.) is observed in the absence of analyte, i.e., the non-
catalytic signal can be measured, the E® of the immobilized enzyme (E%mm) can be
determined by CV [105,180]. Note that the E%mm could differ from the E° of the enzyme
in solution (E%s0), which may suggest that the electrocatalytic response can be due to
possibly denatured enzyme species. The comparison of the E%mm with the E% is a
reliable indicator of immobilization-induced alteration of the enzyme. Nonetheless,
spectroscopy/structural characterization of the immobilized enzyme (cf. section

1.4.3.1) allows for an accurate identification of non-native states.

The kinetic parameters of the biosensor can be estimated if the enzyme reaction at
the electrode surface follows a Michaelis-Menten-type kinetic behavior
[93,105,179,181]. In this case, the catalytic currents are fitted by a modified Michaelis-

Menten equation (Equation 1.5):

_ Ilmax*[S] (1.5)
Kii" +[S]

cat
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lecat is the catalytic current, Inax is the maximum l.a: observed at enzyme saturating
conditions, [S] is the target analyte concentration, and Ky?? is the apparent Michaelis-
Menten constant. The value of Ky®P can be determined by taking the concentration
value corresponding to half of the maximum current. A low Ky value indicates a high
affinity between the enzyme and the analyte, leading to a higher reaction rate, while
a high Ky value can indicate a lower affinity for the substrate and/or that there is a
significant analyte diffusion barrier between the electrode and the enzyme
[93,105,179,181]. This can be caused by restricted access of the analyte to the active
site of the enzyme due to the low permeability of the biosensor film and/or unfavorable
orientation of the enzyme on the electrode surface. Additionally, the eventual
immobilization-induced conformation changes can decrease the enzyme affinity
towards the substrate (increasing Km®P) or cause partial or total inactivation
(decreased Imax) [93,105,179,181].

The performance of the biosensor is evaluated by a series of analytical parameters:
sensitivity, linear concentration range, the limit of detection (LOD), reproducibility,

selectivity/response to interferences, stability and response time [182].

The slope of the calibration curve (Al.a/A[S]) at first-order kinetics represents the
sensitivity of the biosensor, expressed in A-M™" or A-M~'-cm™ [182]. This is the most

common parameter to evaluate and compare performances of different biosensors.

The linear range is the range of analyte concentrations in which the biosensor shows
a linear response. This parameter corresponds to the concentration values (maximum
and minimum) used to calculate the calibration curve. Ideally, a biosensor should have

a wide linear working range to avoid sample dilution or pre-concentration steps [182].

The limit of detection (LOD) is defined as the minimum analyte concentration detected
but not necessarily quantified by the biosensor. According to IUPAC, the LOD of an
analytical method is related to the background signal and its fluctuation [183]. For
biosensors, it is estimated from the calibration of curve typically as the analyte

concentration, at a signal-to-noise ratio of 3 [182].
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Reproducibility is related to the ability of a biosensor to generate the same response
in repeated experiments. Commonly, it is estimated as the relative standard deviation
(RSD) of the current response at a specific analyte concentration (in the linear range)

or the sensitivity of multiple biosensor preparations [182].

Selectivity is correlated with the biosensor's ability to identify the target analyte in a
complex sample. Itis usually expressed as the percentage of response variation upon

adding potential interfering species to the solution [182].

Response time is the time the biosensor takes to reach 95% of the maximum current
signal after adding the analyte to the solution. This parameter depends on the diffusion
rates of the compounds involved in the detection reaction (either the analyte, product
or redox mediators), and can be affected by the speed at which the solution is
homogenized. The response time is usually proportional to the turnover rate of the

enzyme, meaning that a fast turnover results in short response times [182].

The stability can be estimated from activity measurements for one analyte
concentration or by the sensitivity of different biosensors over time, compared with
the initial value. The stability of the biosensor is usually evaluated in terms of operation
lifetime (repeated measurements using the same electrode) and storage stability or

shelf-life (analysis of electrode batches at different times) [182].

In this work, in the search for the most promising construct for the development of a
H-0: biosensor, we aim to identify the best DyP to act as an immobilized biocatalyst
in a third-generation configuration, which will be revealed by analysis of the structural
features of the immobilized enzyme and the analytical parameters of the produced

biodevice.

1.6. Aim and outline of the thesis

This thesis focuses on constructing third-generation amperometric devices for H,O,
detection using bacterial DyP as the immobilized biocatalyst. It contains five chapters,
organized as a pipeline of requirements that must be fulfilled for a successful rational

design of biosensors. Chapter 1 explains the general concepts needed for the
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understanding of this thesis, including the importance of developing H20; biosensors,

enzyme immobilization, and methodological approaches used in this work.

Chapter 2 explores recombinant DyPs from different bacterial organisms: S.
coelicolor (ScoDyP), T. fusca (TfuDyP), C. bogoriensis (CboDyP), S. viridis (SviDyP),
E. coli (Yfex), T. cellulosilytica (TceDyP), and P. putida (PpDyP). Here, we describe
their structural and redox properties in solution, and several variants designed for
improved catalysis. This chapter highlights SviDyP, ScoDyP, CboDyP, PpDyP, the
distal CboDyP, and PpDyP (R214W), as well as the in silico designed PpDyP variants,

as the most promising candidates to be used for further studies.

In Chapter 3, we explore different immobilization strategies for constructing third-
generation H>O» biosensors. Using the rational design approach, the immobilized
enzymes are characterized by SERR spectroscopy and electrochemistry, elucidating
the fine details about the enzyme’s structural and electrochemical properties upon
attachment to the electrode support. Simultaneously, an empirical approach is
explored in which the DyP-based biodevice was characterized using only
electrochemical methods. We conclude Chapter 3 by selecting the biodevices based
on PpDyP in silico variants, designed using the rational approach for further studies.
These devices presented improved analytical parameters in comparison to so far
reported HRP-based devices and the devices constructed following the empirical

approach.

Chapter 4 describes the development of a miniaturized, disposable, and user-
friendly third-generation electrochemical biosensor for H>O2 detection in air-exposed
samples using modified screen-printed electrodes (SPE). It brings together the results
from Chapters 2 and 3 in terms of the choice of the biocatalyst and the immobilization
strategy. It results from transposing our approach employed in Chapter 3 in a
laboratory set-up to modified commercially available SPEs. The developed biosensor
is based on DyP immobilized on nanostructure-modified SPEs. We show that it has

improved performance compared to other miniaturized HRP/SPE-based biosensors
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reported in the literature, with the added advantage of operating in air-exposed

samples.

Chapter 5 comprises the overall conclusion of this thesis and the possible future
perspectives. In this chapter, a flowchart highlighting the main conclusions of each
milestone achieved through this thesis is presented (Thesis work flowchart). Overall,
the developed biosensor using PpDyP that has been characterized by a rational
design showed improved performance compared to HRP-based biosensors reported
in the literature either in the laboratory setup (Chapter 3) or miniaturized setup
(Chapter 4). We are confident that the development of DyP-based biosensors will
likely increase in the future because these bacterial enzymes lack glycosylation and
can easily be genetically modified to attain variant forms with improved catalytic and

stability properties for the envisioned applications.
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Abstract

In pursuing a suitable DyP candidate for biosensing applications, we begin by
investigating seven WT DyPs from different bacterial sources. The heme cavity and
active site structural properties of WT SviDyP, ScoDyP, TfuDyP, CboDyP, and PpDyP
have been characterized using UV-vis absorption and RR spectroscopies.
Additionally, we also studied PpDyP variants that were generated through in silico
design (FireProt and PROSS), which exhibit enhanced catalytic properties in solution
compared to the WT PpDyP, and distal variants of PpDyP and CboDyP (R30W/I and
R214W/I, respectively) engineered targeting a reduction potential upshifting. Our
findings suggest that WT SviDyP, ScoDyP, CboDyP, PpDyP, CboDyP R307W, PpDyP
R214W, and in silico engineered variants of PpDyP all appear to be promising
candidates for biosensing applications. This conclusion was based on the presence
of catalytically competent species under physiological conditions. While the reduction
potentials of the WT enzymes were comparable, the distal site variants demonstrated
that site-specific substitutions influence the reduction potentials in a case-dependent

manner.
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2.1. Introduction

Bacterial DyPs are attractive targets for biotechnological applications due to their
capacity to oxidize a broad range of structurally different substrates and their easy
genetic manipulation, allowing for the construction of specific variants with tailored
catalytic performance, high production yields and stability [1-5]. The configuration of
the heme active site of DyPs in solution (i.e., physiological conditions) is most
commonly revealed by UV-vis absorption spectroscopy [6—12]. However, this
technique is not sensitive enough to fully characterize the different heme populations
typically found in the heme active site of peroxidases, because the Soret and Q-bands
of different populations usually overlap. Crystallography is also commonly used to
address the active site configuration of DyPs [7,9,13,14]. Nevertheless, it is well
known that the structural features of peroxidase crystals often differ from those in
solution because the heme pocket is highly sensitive to chemical (e.g., pH or
temperature) and physical (crystal vs. solution) conditions [15]. It is not uncommon to
find contrasting information between crystallization and the spectroscopic data on
enzymes in the literature. For instance, while the crystal structure of a peroxidase
indicate that a solvent, water, or oxygen molecules are coordinating the heme, the
solution characterization reveals that the sixth axial position is vacant [16]. Also,
crystals may suffer from prolonged exposure to the X-ray beam, which can result in a
photoproduced ferrous heme [17]. In addition, protein crystallization is usually
performed in non-physiological conditions, such as a high salt concentration in the
buffer solution, which may conceal the true heme coordination pattern, resulting in

ions, such as chloride, coordinating the heme [12].

RR spectroscopy has proven to be a valuable tool for revealing detailed heme
configuration and structure information. It also helped to understand the catalytic
mechanisms by identifying the catalytic intermediaries in iron-porphyrin containing
proteins, including DyPs [15,18,19]. Acomparative RR study of several bacterial DyPs
revealed that their heme architecture in solution is very diverse and class-independent
[19]. The respective spin configurations could not be correlated with the conserved

amino acids in the distal site of the heme pocket. Also, a high abundance of
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catalytically incompetent 6¢cLS population has been found in several DyPs at
physiological pH [19]. This study highlights the strong pH dependence of spin state
distribution and the crucial role of the second sphere arrangement in fine-tuning the
pKa of distal residues, which enable DyPs to bind and reduce H2O.. For instance, in
the case of DyPs from T. fusca (TfuDyP) and Deinococcus radiodurans (DrDyP) in
acidic conditions, 3.5 < pH < 5, which are close to the respective pH optima [9,20],
catalytically competent spin species are present (6cHS and 5cHS) [17]. At
physiological pH, an increase or complete conversion to a catalytically incompetent
population (6¢LS) is observed in both cases [19]. These results indicate that the subtle
structural changes linked to protonation effects in the distal heme pocket remarkably

affect spin state configurations.

Heme proteins' coordination and spin states strongly influence the E”, which defines
the range of oxidizable peroxidase substrates. The E%reqn/ reqry redox couple ranges
from -28 to =320 mV (vs. NHE) in heme peroxidases [21]. Although this redox couple
is not directly involved in the reaction mechanism of peroxidases, the value of E%reqn)
/Feqy IS @ good indicator of the stability and availability of the resting state Fe(lll) for
the catalytic reaction [21]. Also, the molecular factors that influence E®reqi/ reqny value
can influence the catalytic relevant redox couples Fe(lll) / Compound | [Fe(IV)=0]"°,
Compound | / Compound Il [Fe(IV)=0]* and Compound II / Fe(lll) [21]. Moreover,
these catalytic intermediates have intrinsically very positive reduction potentials,
ranging between +800 and +1,200 mV, which are often challenging to measure

experimentally due to their instability and extreme reactivity [21,22].

The most common approaches for determination of the E® requy s reqry of DyPs are (i)
chemical redox titrations (referred to in the literature as potentiometric titrations),
where the changes in the absorption spectra of the heme cofactor are followed during
the stepwise chemical reduction or oxidation of the enzyme in solution [23,24]; (i)
electrochemical methods, for instance, CV [20,25], in which the electrode potential
ramps linearly versus time in cyclical phases; and (iii) spectroelectrochemical
methods (commonly UV-vis absorption- and SERR-based), in which spectroscopic

changes of the enzyme are monitored along an electrochemical redox titration
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[8,10,11,23]. Among these, spectroelectrochemical methods stand out because they
allow for the identification of electroactive species of interest while simultaneously
providing information about their molecular structure and redox state in situ [26]. So
far, the E® requy s ety Were determined for a few WT DyPs, with values ranging from
-40 to -350 mV [8,10,20,23-25,27]. This wide range of redox values shows the

importance of understanding the molecular factors that influence the E° in DyPs.

This chapter presents a comparative study of DyPs from various bacterial organisms,
which aims to identify the best candidates for their future use in biosensor
development. To construct a DyP-based device for biotechnological applications, the
best-performing candidate is selected first according to their solution characterization.
Herein, spectroscopic insights into structural details of DyP active sites in solution
employing UV-vis absorption and RR spectroscopy will be provided. Afterward, the
redox properties of the studied DyPs will be characterized, and the structural basis for
the significantly different redox properties of the studied enzymes will be discussed.
Finally, we will describe the structural and redox properties of several variants

genetically engineered for improved catalytic performance.

2.2. Materials and methods

2.2.1. Reagents and chemicals
All chemicals purchased from Sigma-Aldrich and were of the highest purity grade
available. Solutions were prepared using deionized water from the Mili-Q Water

Purification System (Merck Millipore).

2.2.2. Enzymes

2.2.2.1. Recombinant wild type: expression and purification

Recombinant wild type (WT) DyP from S. coelicolor (ScoDyP), T. fusca (TfuDyP), C.
bogoriensis (CboDyP), S. viridis (SviDyP), E. coli (Yfex), T.cellulosilytica (TceDyP)
and P. putida (PpDyP) were overexpressed and purified as previously described
[7,28-30]. Briefly, E.coli strains, Tuner DE3, for WT PpDyP and NEB 108, for all the

other WT enzymes, were used to heterologously express the genes of each enzyme
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that were previously cloned in pET15b for WT PpDyP, pBAD-histag-SUMO for WT
CboDyP and pBAD plasmids for the remaining enzymes. The recombinant WT
enzymes were produced under the control of the T7lac, WT PpDyP, and araBAD, WT
ScoDyP, TfuDyP, CboDyP, SviDyP, Yfex and TceDyP, promoters. Recombinant strains
were cultivated in Luria-Bertani medium (LB) and Terrific Broth medium (TB),
supplemented with 100 ug-mL-1 ampicillin. For the expression induction 0.1 mM IPTG
(isopropy! B-D-1-thiogalactopyranoside) together with 75 uM hemin, for WT PpDyP,
or 0.02% L-arabinose, for all the others enzymes, were added when OD600 reached
the value of 0.6. Cells were harvested after 24h and disrupted using a French press,
for PpDyP, or a sonicator, for ScoDyP, TfuDyP, CboDyP, SviDyP, Yfex and TceDyP.

SviDyP expression conditions were further optimized to increase its heme content. In
comparison to the previously tested protocol [29], the expression host was changed
from E. coli NEB 10 cells to E. coli Nissle 1917 cells, the growth media, TB, was
changed to LB medium, and the L-Arabinose concentration decreased from 0.02% to
0.01%.

All the cell extracts were harvested by centrifugation. The cell crude extracts were
loaded onto a pre-equilibrated 5 mL His-Trap HP column (GE Healthacare), the
column was washed either with a) Buffer A (20 mM Tris-HCL pH 7.6, 0.2 M NaCl 50
mM) in the case of PpDyP or b) Buffer B (50 mM potassium phosphate, 0.5 M NaCl,
pH 8) in the case of WT ScoDyP, TfuDyP, CboDyP, SviDyP, Yfex and TceDyP, followed
by Buffer A or B each supplemented with 20 mM imidazole (in the case of a) and b),
respectively). The enzynes were eluted by a 20 mM to 500 mM imidazole gradient in
the respectives buffers [7,28-30], using an AKTA purifier (GE Healthcare) at room

temperature.

2.2.2.2. Construction of cboDyP and ppDyP distal mutants and their overexpression
and purification

Single amino acid replacements were created using the QuikChange site-directed
mutagenesis protocol. For CboDyP variants, plasmid pBAD-histag-SUMO-CboDyP

(containing the WT cboDyP sequence) was used as the template [7], and the primers
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were designed using the AA scan software [31]. For PpDyP variants, the plasmid of
WT ppDyP, cloned in pET15b, was used as the template [25]. The primers, forward
PpDyP_Opt_R214W_Fw 5
CGGAAGCGTTTATGGTGTGGCGTAGCGTTAGCTGGG 3 and reverse
PpDyP_Opt_R214W_Rv 5 CCCAGCTAACGCTACGCCACACCATAAACGCTTCCG
3 were used to create the R214W mutation; forward PpDyP_Opt R2141_Fw 5
CGGAAGCGTTTATGGTGATTCGTAGCGTTAGCTGGG 3 and
PpDyP_Opt_R2141_Rv 5 CCCAGCTAACGCTACGAATCACCATAAACGCTTCCG &
were used to create the R214| mutation. DNA sequence analysis was used to confirm
the presence of the desired mutation in the resulting plasmids and the absence of
unwanted mutations in other regions of the insert. The plasmids containing the
cboDyP and ppDyP genes were transformed into NEB 10 (3 cells and E. coli Tuner
strains, respectively. The recombinant CboDyP and PpDyP variants were produced

under the control of the araBAD and T7lac promoters, respectively.
The proteins were expressed and purified as the WT enzymes (section 2.2.2.1).

2.2.2.3. Construction of the PpDyP in silico engineered mutants, overexpression and
purification

PpDyP PROSS and PpDyP FireProt variants were designed in silico using the
PROSS (https://pross.weizmann.ac.il/) and FireProt
(https://loschmidt.chemi.muni.cz/fireprotweb/) algorithms. The submission was
performed in standard settings, except for the conserved distal residues Asp 132 and
Arg 214 and proximal His 197, which were fixed in the PROSS algorithm. The plasmid
for WT ppDyPI, cloned in pET15b, was used as a template [3] to construct the in silico
variants [32]. Enzyme expression and purification were performed for the WT enzyme
[32]. The PpDyP-PROSS variant contained 29 mutations, while the PpDyP-FireProt
variant contained 21. The biochemical characterization of both variants in solution
showed increased protein expression levels, higher melting temperatures, lower
susceptibility to aggregation and higher resistance to denaturing agents compared to
the WT enzyme [33].
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2.2.3. Heme content determination

The heme content of the DyPs was determined by the pyridine ferrohemochrome
method using an extinction coefficient of €r-o0 556 nm = 28.32 MM~ cm™ [34]. The
electronic absorption spectra of the purified enzymes were recorded on a UV-Vis

absorption spectrophotometer Perkin EImer Lambda 650.

2.2.4. Resonance Raman spectroscopy

RR spectra were acquired with a Raman spectrometer (Jobin Yvon LabRam 800 HR
or a Jobin Yvon U1000) with a back-illuminated CCD detector cooled by liquid
nitrogen; an Olympus 20x objective was used for laser focusing on the sample and
light collection in the backscattering geometry. A 405 nm diode laser was used as an

excitation source (Toptica Photonics AG).

RR spectra of the enzymes were measured at room temperature using a rotating
quartz cuvette (Hellma) containing 60 - 100 uL of 20 - 80 yM DyP in 12.5 mM
potassium phosphate buffer (PB) and 12.5 mM K>SO4at pH 7.0. This rotating quartz
cuvette was used to prevent prolonged sample exposure to the laser, as previously
described [18]. The spectra were recorded using 1.8 - 3 mW laser power, and the
accumulation times were 20 - 120 s. To improve the signal-to-noise (S/N) ratio, 32
spectra were co-added in each experiment. After polynomial baseline subtraction, all

spectra were subjected to component analysis, as described previously [35].

ScoDyP spectra were acquired at low temperature using ca. 2 pL of the enzyme
sample placed in a microscope stage (Linkham THMS 600) cooled to -50 °C with
liquid Na.

2.2.5. UV-vis absorption spectroelectrochemistry

UV-vis absorption-based spectroelectrochemical titrations of the DyPs in solution
were carried out using a Pine Research Instrumentation spectroelectrochemistry kit
(DRP10208). The enzyme solution (15 - 25 yM) in 50 mM phosphate buffer, 75 mM
NaCl, pH 7.0 was purged with argon and kept under an argon atmosphere throughout

the experiment. The following mediators were added to the enzyme solution in a
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maximum ratio of 1:1: trimethylhydroquinone (+115 mV), 1,4-naphthoquinone (+60
mV), duroquinone (+5 mV), indigo trisulphonate (-70 mV), indigo disulphonate (-125
mV), anthraquinone-2-sulphonate (-225 mV), safranine O (-284 mV), benzyl
viologen (—-345 mV), and methyl viologen (-440 mV). A gold screen-printed electrode
card composed of a perforated honeycomb working and solid counter electrodes
(Pine Research Instrumentation) was placed inside a quartz cell (optical path 1.7 mm)
containing the enzyme/mediator solution; an Ag/AgCl electrode (3 M KCI, World
Precision Instruments, WPI) was used as reference. The electrodes were connected
to a Princeton Applied Research 263A potentiostat that controlled the potential applied
to the cell. The UV-vis absorption spectra were recorded using a Sarspec STD
spectrophotometer. Enzyme reduction (and oxidation) was monitored by the evolution
of the ferrous Soret absorption band at 430 nm. Preliminary assays revealed that the
reduction (reductive titration, from oxidized to reduced enzyme) and oxidation
(oxidative titration, from reduced to oxidized enzyme) titration curves were not
superimposable, with gaps between 60 to 100 mV observed between reductive and
oxidative titrations for some enzymes (Figure S 2.1 A). To minimize this hysteresis
effect, the mediators were used up to a max of 1:1 ratio (mediators:enzyme), which
allowed for the obtainment of reversible redox titrations (Figure S 2.1 B) for all DyPs.
Except for ScoDyP and SviDyP, the hysteresis effect was still observed, even with an
equimolar concentration of enzymes and mediators (Figure S 2.2). When using the
1:1 ratio, the mediators absorption influenced the measurement of Soret band
intensities; therefore, the latter were corrected by subtraction of the absorbance of
control spectra from titrations performed with mediators only. The reduction potentials
of the redox couple Fe(lll) / Fe(ll) at pH 7 (E%reuiyreqry) Were obtained by fitting the
Nernst equation (Equation 2.1) to the potential-dependent corrected and normalized
absorption at 430 nm

ﬂ nm (2.1)

nF " [Red]

in which R is the universal gas constant, T is the temperature, n is the number of

E=E”+

electrons involved in the reaction, F is the Faraday constant, and [Ox] and [Red]

represent the concentrations of oxidized and reduced species, respectively.
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2.3. Results and discussion

2.3.1. Heme incorporation in DyPs

Recombinant production of heme enzymes in E. coli has been the most common,
efficient, and cost-saving method for producing high amounts of these enzymes.
However, the production of heme enzymes is often limited by heme biosynthesis in E.
coli, which can result in partially assembled holo-heme enzymes [36] or enzymes
containing the iron-deficient heme precursor protoporphyrin IX, i.e. metal-free
protoporphyrin, instead of the heme cofactor [29]. For the herein purified DyPs, we
first determined their UV-vis spectroscopic properties to verify if the enzymes
contained the heme cofactor. The heme content was estimated based on the

extinction coefficient of pyridine hemochrome b [34] .

The UV-vis absorption spectra of WT SviDyPp (depleted SviDyP), TceDyP, and Yfex
revealed apparent differences in the Q-band region (450 - 700 nm) compared to the
other purified DyPs (Figure 2.1). In this region, a heme-containing DyP revealed a
broad peak between 450 and 650 nm as represented by WT SviDyP (red trace, Figure
2.1), while WT SviDyPp, TceDyP and Yfex presented four bands at 509, 546, 568 and
621 nm, Figure 2.1. The latter spectra were identical to the typical spectrum of metal-
free porphyrin that comprises a four-band in the UV-vis absorption spectrum of
moderate intensity in the 500 to 660 nm region and an extremely strong Soret band
at 400 nm [37,38]. The heme content was estimated to be 0.10 to 0.20 mol of heme
b per mol of the enzyme, indicating that only 10% to 20% of the purified enzymes are
heme-loaded. These results led us to conclude that WT SviDyPp, TceDyP, and Yfex
were significantly iron-depleted, which was further corroborated by the absence of
spectral changes in the presence of sodium dithionite (Figure S 2.3). This finding
aligns with the report of Colpa et al. [26], which demonstrated that a high
overexpression level of DyPs leads to the incorporation of metal-free porphyrin. Since
a previous study showed that SviDyP has higher activity than some other DyPs [39],
we decided to focus on improving the expression condition of this enzyme. To produce

a fully heme-loaded enzyme, we changed the expression system to E. coli Nissle
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1917 cells [36], which were developed specifically to be a suitable host for the

recombinant production of heme proteins.
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Figure 2.1 - UV-vis absorption spectra of
metal-free protoporphyrin containing DyPs
(black traces): TceDyP, Yfex, and SviDyPp;
and heme-containing ferric SviDyP (red

trace). CT band - Charge-transfer band.

In contrast to other laboratory E. coli strains, this strain can take up heme from the

environment through the heme receptor ChuA [36] which allows for higher availability

of the heme cofactor in the cell cytoplasm to be incorporated in the proteins. The

overexpression of SviDyP was, in this way, reduced by changing the growth medium

from Terrific Broth to a less rich Luria-Bertani medium, aiming at an improved

heme/metal-free porphyrin-enzyme ratio [29]. This strategy resulted in a recombinant

enzyme with 60% heme loading, herein designated as SviDyP. The enzyme revealed

a UV-vis absorption fingerprint characteristic of a heme b-containing protein, with no

contributions from the metal-free porphyrin (Figure 1, red trace).
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All other purified WT DyPs (ScoDyP, TfuDyP, CboDyP, and PpDyP) were obtained as
heme-containing enzymes with the heme content estimated to be 0.8 to 1.1 mol of
heme b per mole of protein, which will be discussed further in the next section. In our
search for a promising biocatalyst for biotechnological applications, we further
focused our studies on WT: SviDyP, ScoDyP, CboDyP, TfuDyP, and PpDyP. The WT
TceDyP and Yfex were discarded because they were purified as metal-free porphyrin-

containing enzymes.

2.3.2. Structural characterization of DyP active site

To better understand the molecular details of the enzymes' heme site architecture, the
resting states of the ferric enzymes were characterized by UV-vis absorption and RR
spectroscopies in solution. UV-vis absorption spectroscopy can provide information
about the oxidation state of the cofactor. The high-frequency region (1300 - 1700
cm™') of RR spectra contains marker bands (vi) that are highly sensitive to oxidation
(v4) and spin/coordination state (vs and v2) of the heme cofactor [18]. The UV-vis
absorption spectra of WT SviDyP, ScoDyP, and CboDyP revealed a Soret band
around 410 nm, Q-bands at approximately 500 and 550 nm, and a charge-transfer
(CT) band at 630 nm (Figure 2.2 A). The CT band suggested the presence of HS
heme species. The high frequency region of the RR spectra, Figure 2.2 B, showed
the presence of a 6¢HS species, revealed by vi, vs and v2 marker bands at 1370,
1481, and 1560 cm™, respectively, Table S 2.1.The UV-vis absorption spectra of
TfuDyP showed the Soret band at 411 nm, Q-bands at 540 nm and 575 nm, and the
absence of the CT bands, Figure 2.2 A. The lack of CT bands indicated the presence
of LS heme species, which is corroborated by the RR spectrum, Figure 2.2 B, that
demonstrates a homogeneous 6¢LS population with characteristic v4, v3, and v»
marker bands at 1378, 1509, and 1585 cm™, Table S 2.1.

The UV-vis absorption spectrum of PpDyP showed Soret, Q- and CT bands at 406,
506 and 636 nm, respectively (Figure S 2.4 D). A fingerprint indicative of two co-
existing ferric heme species was revealed by the RR spectra, showing the presence

of the well-distinguished vs bands at 1493 cm™ and 1502 cm™, characteristic for a
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5¢cHS and a 5-coordinated quantum mechanically mixed-spin (5cQS), respectively
(Table S 2.2) [22].
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Figure 2.2 - Spectroscopic characterization of ferric WT: TfuDyP, CboDyP, ScoDyP and SviDyP (A) UV-
vis absorption spectra at pH 8 and (B) High-frequency region of the RR spectra. All the RR spectra were

acquired at 21 °C except for the spectra of ScoDyP (=50 °C). A 405 nm excitation was used to acquire

the RR spectra except for TfuDyP, which was obtained with 413 nm excitation. Experimental details can

be found in materials and methods.

In search of the most promising DyP candidate for biotechnological applications, only

the enzymes with an active site structure indicative of catalytically competent heme

species (5¢cHS, 6¢HS, or 5¢cQS) were considered. Spectroscopic characterization
showed that this criterion was fulfilled by SviDyP, ScoDyP, and CboDyP and PpDyP.
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2.2.3. Redox properties of DyPs

Herein, the Erey/ reqry Of the studied DyPs in solution was probed by monitoring the
heme reduction/oxidation using UV-vis absorption spectroelectrochemistry via the
changes in the Soret bands as a function of applied potential (Figure 2.3). This value
is important as indicates the stability and availability of the resting-state ferric enzyme

[Fe(llN] for the catalytic reaction [21].
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Figure 2.3 - (A) UV-vis absorption spectral changes along the reductive titration of SviDyP performed
from +305 mV (blue line) to =490 mV (red line). (B) The relative absorption of ferrous protein at 430 nm
plotted as a function of cell potential; data was collected from three independent titrations. The solid line

represented the fit of the experiment data to the Nernst equation, yielding E® = =320 + 3 mV.

Both reductive and oxidative titration were monitored to ensure that no hysteresis
occurred, meaning that the E®reuiy s Feqiy Values were consistent and independent of
the titration direction. However, despite using equimolar concentrations of enzymes
and mediators, hysteresis was observed in the case of WT ScoDyP and SviDyP
(Figure S 2.2). For these cases, the titration that, upon the fit of the experimental data
to the Nerst equation (Equation 2.1), gave a number of electrons (n) ~1 (Equation 2.1)
was chosen as the representative of the E® of the enzymes. Hysteresis is

hypothesized to result from the combination of two factors: the presence of residual
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O in the solution and conformational changes in the enzyme due to possible

interaction with the mediators [40].

E%keqiny/ reqry of WT SviDyP, CboDyP, TfuDyP and PpDyP all fall around —320 mV, Table
2.1, and are among the lowest reported for DyPs (Table 2.1); ScoDyP presents a more
positive E%reqny / Feqry (170 £ 2 mV, Table 2.1). The E® of the DyPs studied here,
together with those reported for other bacterial DyPs, revealed a wide range of
potentials (—40 to -320 mV, Table 2.1) that aligns well with other peroxidases [21],
which is interesting given the apparent lack of sequence or structural homology
between the enzymes [14]. This broad range of E® highlights the significant role of the
protein matrix in fine-tuning the heme group's redox properties, which in turn

influences the catalytic specificity of these enzymes.

Table 2.1 - Reduction potentials (E®) of WT DyPs.

Enzyme? E® I mV (vs. NHE) Ref.
SviDyP -320+3

ScoDyP -170+2 .
TfuDyP -325+24 %

CboDyP -320 £ 10 E
PpDyP -290+5

BsDyP -40 [24]
DrDyP -81 [20]
DyP2 -85 [27]
TcDyP -136 [8]
KpDyP -350 [11]

a8 Recombinant DyPs from different organisms: S. viridis (SviDyP); S.coelicolor (ScoDyP); T. fusca
(TfuDyP); C. bogoriensis (CboDyP); P. putida (PpDyP); B. subtilis (BsDyP); D. radiodurans (DrDyP);
Amycolatopsis sp. 75iv2 (DyP2); T. curvata (TcDyP) and K. pneumoniae (KpDyP).
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2.2.3.1. DyP engineered variants

Enzyme engineering enables the customization of DyPs for specific applications [1].
Common strategies include site-directed mutagenesis, often used to assess the role
of specific amino acids in the DyP catalytic cycle [8,10,11,25,41-43], as well as
directed evolution [1] and in silico protein design [33], both of which aim to create

highly efficient and stable enzymes.

In this work, site-directed mutagenesis was used to create distal variants of CboDyP
and PpDyP in an attempt to upshift their E®reqny s reqry. The in silico engineering was
used to create variants of PpDyP (PpPyP FireProt and PpDyP PROSS) that show
higher thermostability than the WT PpDyP. The biochemical characterization in
solution of these variants revealed that they have improved catalytic properties, i.e.,

higher activity towards H,O, and stability, compared to the WT PpDyP [33].

2.2.3.1.a. Targeting improved redox properties

The conserved distal Arg, R307 in CboDyP and R214 in PpDyP, were substituted by
hydrophobic residues: either the non-polar lle or the amphipathic Trp (Figure 2.4).
Due to their hydrophobicity, these residues were selected as likely candidates capable
of upshifting the E°requi)/ reqiy of CboDyP and PpDyP.

Figure 2.4 - Structural details of the heme cavity of (A) WT CboDyP (PDB code:6QZ0O) and (B) WT
PpDyP (PDB code: 7QYQ) highlighting the mutated distal arginine (purple). Image generated using
Chimera X.

Although the role of the conserved distal Arg in the catalytic cycle of DyPs is not fully

understood, it appears to be a critical amino acid for some DyPs, including WT PpDyP,
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being involved in the formation of Compound | (cf. Chapter 1.2.2). The UV-vis
absorption spectra of CboDyP R307W and R3071 variants were identical to those of
the WT CboDyP, Figure S 2.4 A-C, suggesting that no major alterations occured in
the active site. RR spectroscopy indicated that CboDyP R307W indeed possessed a
uniform 6¢HS population, with the v4, vs and v2 marker bands centered at 1373, 1483
and 1563 cm™ (Figure 2.5 B, and Table S 2.3), respectively, as previously observed
for the WT enzyme [19]. Component analysis of the RR spectrum of the CboDyP
R307I variant indicated the presence of a predominant 6cHS species but also an
additional 6¢LS population (vs, vz and v, bands at 1375, 1508 and 1582 cm™) with a
relative abundance ca. 25 % (Figure 2.6 C, Table 2.2 and S 2.2).

Table 2.2 - Relative intensities of the v3 modes of each spin population observed in the RR spectra of

the ferric CboDyP and PpDyP distal variants *From Sezer et al. [24].

CboDyP PpDyP
WT R307W R3071 WT* R214W R214l
6¢cHS 100 100 75 6 60 -
6cLS - - 25 2 40 100
5cQS - - - 63 - -
5cHS - - - 29 - -

The UV-vis absorption spectra of PpDyP variants indicated that the heme structure is
strongly affected by the R214 substitution, Figure S 2.4 D-F. The Soret and the Q-
bands red-shifts 8 - 14 and ca. 30 nm in the variant’s spectra compared with WT
enzyme [25]. The absence of CT bands in the PpDyP R2141 spectrum suggested that
in contrast to WT enzyme, HS heme species are absent. The RR spectra of PpDyP
R214W and R214l revealed that the two major species identified in the RR spectrum
of WT PpDyP, i.e., the 5¢cHS and 5¢cQS populations, were absent in the spectra of the
variants (Figure 2.6, Table 2.2).

RR spectra of PpDyP R214W showed the presence of 6¢HS and 6¢LS populations
(v4, va and vz bands centered at 1372, 1483 and 1564 cm™ and at 1375, 1507 and
1582 cm™, respectively), while PpDyP R214l| variant revealed a uniform 6cLS

population (vs, vs, and v, marker bands centered at 1376, 1507 and 1581 cm™; Figure
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2.7, Table 2.2 and Table S2.2). These species represented only minor contributions
(< 10 %) in the RR spectra of WT PpDyP [24], which is consistent with drastic

structural alterations of the distal heme pocket of PpDyP variants.

Intensity (a.u.)

Figure 2.5 - Experimental and
component RR spectra of ferric CboDyP
and variants. (A) WT, (B) R307W, and
(C) R307l. The component spectra

representing 6¢cHS (green) and 6¢LS

=-- 6cLS -~

(blue) heme species and non-assigned
bands (light grey) are fitted to the
experimental spectra (black); the overall

component spectra are depicted in dark

ﬁ=_‘-|_,.—-é—-— | - — grey. The spectra of 20 - 80 uM proteins
1300 1400 1500 1600 were measured with 405 nm excitation

Raman Shift (Cm*W) and 3 mW laser power.
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A

Figure 2.6 - Experimental and
component RR spectra of ferric WT
PpDyP and variants. (A) WT, (B)
R214W and (C) R2141. The component
spectra representing 6cHS (green),
6¢cLS (blue), 5cHS (magenta), and
5cQS (orange) heme species and non-

Intensity (a.u.)

assigned bands (light grey) are fitted to
the experimental spectra (black); the

overall component spectra are depicted

in dark grey. Spectra of 20-80 yM

| | |
1400 1500 1600
excitation and 3 mW laser power. Raman Shift (cm'1)

|
proteins were measured at 405 nm 1300

We demonstrated here that the replacement of the distal Arg in PpDyP variants (and
to a lower extent also in CboDyP) led to the formation of 6¢cHS and 6¢LS, carrying a
thus far unknown distal ligand since neither lle or Trp are likely to coordinate the heme
iron. The formation of these heme species results from the highly flexible heme pocket
observed in resting state peroxidases, which can adopt different configurations.
Usually, peroxidases have a 5cHS heme iron with a sixth axial position vacant for
H202 binding and/or a 6¢cHS configuration in which the heme carries a loosely bound
axial ligand [44].
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Owing to its importance for catalysis (cf Chapter 1.2.2), Arg variants of DyPs from
different organisms have been previously studied. The substitution of the Arg residue
was shown to have a variable effect on the heme cavity structure. Moderate to
complete attenuation of CT bands in the UV-vis absorption spectra was observed in
the case of Arg/Leu substituted PpDyP and DyPB from Rhodococcus jostii RHA1
[25,41], which is indicative of a formation of LS species. On the other hand, in the
case of Arg/Ala variants of BsDyP from B. subtilis, KpDyP from K. pneumoniae, TcDyP
from T. curvata and EIDyP from Enterobacter lignolyticus [8,10,11,42,43] very subtle
or no spectral differences were reported, indicative that substitution of the Arg did not

influence the heme pocket.

From the evaluation of the active site structure, it could be concluded that both
CboDyP variants and PpDyP R214W were promising biocatalysts for biotechnological
applications, since they can readily bind H>O.. In contrast, the PpDyP R214l| variant
was discarded at this point since it had a homogenous 6¢cLS heme population that is

catalytically incompetent.

Probing the E°re ; Feqy_of CboDyP and PpDyP variants. The CboDyP R307WI/I
revealed a comparable E%reqiy/ reqry (—160 £ 12 mV for R307W and -155 + 20 mV for

R3071), which were nevertheless significantly upshifted compared to the WT enzyme

(E%eqy/reay=—320 £ 10 mV, Table 2.3). Based on pure electrostatic effects, removing
the positively charged Arg should contribute to the stabilization of the Fe(lll) form,
thereby decreasing the E%reqny s rey Of the variants. We propose that the upshifted
E%Feqny / ey is @ consequence of decreased hydration of the heme environment due
to the introduction of the hydrophobic Trp and lle residues in the heme cauvity.
According to the Kassner relation, the increase in hydrophobicity can account for up
to 200 mV upshifts of E%reqiy/ reqry in heme proteins [45]. The E%euy/ reqry values of the
two PpDyP variants did not show significant differences (-270 + 10 mV and -260 *
10 mV for PpDyP R214W and R214l, respectively) and were comparable to the E” of
the WT PpDyP (Table 2.3). This case-dependent influence of the Arg substitution on
E®, observed for CboDyP and PpDyP, was in agreement with the previous studies,

which demonstrated that in other DyPs, different outcomes of the Arg substitution
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were observed. In KpDyP, a negligible AE” was observed for Arg/Leu substitution [11];

in BsDyP, a negative shifted E” was determined for the Arg/Leu variant [43] and in the

Arg/Ala variant of TcDyP [8].

Table 2.3 - E” of CboDyP, PpDyP and other reported distal variants.

E%keqn) 1 Feqry/ mV

Enzyme Reference
(vs. NHE)
Distal R307W -160 + 12
CboDyP .
variants  R3g7 -155 + 20
-
Distal R2141 -270+ 10 g
variants  R214wW -260 % 10 2
PpDyP =
in silico FireProt -300 = 20
variants  pROSS =310
BsDyP variants —-70to-120 [43]
TcDyP variants -130 to -210 [8]
KpDyP variants —300 to -350 [11]

Notably, compared to the WT enzymes all distal variants present decreased catalytic

activity for ABTS oxidation, a common compound used to probe the activity of DyPs,

(Figure S 2.5).

2.2.3.1.b. Targeting improved catalytic properties and stability of PpDyP

Variants of PpDyP were engineered following in silico design targeting higher

thermostability, employing two different algorithms called FireProt and PROSS.
PpDyP FireProt contained 21 mutations, while PpDyP PROSS contained 29

mutations (Figure 2.7) [33], dispersed across the enzyme structure, mainly presented

at its surface.
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Figure 2.7 - PpDyP structure with substituted positions in
™\ the in silico design variants highlighted. Magenta colored

/ r spheres are the replaced amino acids suggested by

»
PROSS, green by FireProt algorithms, and blue suggested
) e v,
# N C?"/ by both algorithms. Image generated using Chimera X.
v A LS
4

Nevertheless, both algorithms suggested substitutions at 11 - 12 A distance from the
heme (two in the case of FireProt and one in the case of PROSS). The two algorithms
indicate the substitution of V217M and also, in the case of the FireProt, the H125R
[33], which introduced a sulfur-containing amino acid (Met) and an additional
positively charged amino acid (Arg) near the heme active site. Given that both
substitutions involve relatively bulky amino acids, it is expected that structural
changes in the heme cavity are likely to occur. Biochemical characterization of the
variants in solution showed that both variants exhibited increased protein expression
and stability, including higher melting temperatures and delayed aggregation while

showing increased activity for H.O> compared to the WT PpDyP [33].

UV-vis absorption (Figure S 2.6) and RR spectroscopic characterization (Figure 2.8)
demonstrated that both variants displayed similar spectral features to those of the WT
enzyme. The Soret band was found at 404 nm, Q-bands at 503 and 534 nm, and a
CT band at 640 nm (Figure S 2.6). The RR spectra revealed the presence of the same
two significant heme populations as in WT PpDyP, 5¢cQS (v, v3, and v2 1376, 1502
and 1572 cm™, respectively), and 5¢cHS (v4, vs, and vz 1372, 1493 and 1565 cm™,
respectively) (Figure 2.8 and Table S 2.2). However, the relative abundance of each

heme species differs between PpDyP FireProt, PpDyP PROSS and the WT enzyme
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(Table 2.4), which can be attributed to the subtle influence of the amino acid
substitution near the active site. Due to the presence of the catalytically competent
heme species, both variants represented promising candidates to be explored as

immobilized biocatalysts for biosensing applications.

% .V4 . . . -

Intensity (a.u.)
Intensity (a.u.)

PpDyP
FireProt

1300 1400 1500 1600 1480 1500 1520 1540
Raman Shift (cm") Raman Shift (cm'1)

Figure 2.8 - (A) High frequency RR spectra of ferric PpDyP WT and variants at pH 7.6. (B) Component
analysis of the respective vs/vss region. The component spectra represent the 5cQS (orange), 5cHS
(magenta), 6¢HS (green), and 6¢LS (blue) heme species.The 20 - 80 uM protein spectra were measured

with 405 nm excitation and 3 mW laser power

Probing the E°reun s reuy OF the ‘“in silico” variants. Despite the presence of a large

number of amino acids replaced in the structure of PpDyP FireProt and PROSS, their
E%eqny/ reqy —300 £ 20 and -310 + 15, respectively, were comparable to that of the
WT enzyme (—290 + 5 mV, Table 2.3). Interestingly, all PpDyP variants studied in this
work, distal and in silico engineered, presented an E®requ)/reqry comparable to that of

the WT enzyme. This is possibly due to the highly flexible heme cavity (more evident

69



Chapter 2

70

for the distal variants), which could stabilize the same ferric species as the WT and
preserve its redox properties, Table 2.3. Notably, it was previously shown that the
E%keqiy/ reny Of @ directed evolution variant (6E10), which has four substitutions on the
second shell of the heme cavity, actually has a reduction potential up-shifted
ca. ~ 200 mV (E%eqn s reqy= =60 mV) when compared to the WT enzyme [3]. The
comparison of the upshift of potential for the 6E10 variant with either the herein
studied in silico design or the distal variants highlights the importance of the
electrostatic and hydrogen bond network of the second coordination shell of the active
site of PpDyP.

2.4. Concluding remarks

In our search for the best DyP candidate for biosensing applications, we started with
DyPs from seven bacterial sources. Among these, SviDyPp, Yfex, and TceDyP were
purified mainly as metal-free porphyrin-containing enzymes, while ScoDyP, TfuDyP,

CboDyP, and PpDyP were obtained as heme-containing enzymes.

Our RR spectroscopic analysis indicated that WT SviDyP, ScoDyP, CboDyP, PpDyP,
the distal variants of CboDyP and PpDyP (R214W), together with the in silico
engineered variants of PpDyP, all appear to be promising candidates to be used as
biocatalysts in biosensing applications since they retained catalytically compotent

active site structure under physiological conditions.

The determination of the E%reqny/ reqry in solution of WT SviDyP, ScoDyP, TfuDyP,
CboDyP, and PpDyP revealed that their values were comparable. This indicated that
the reduction potential was not the determinant factor when choosing the most
promising DyP candidate for further development of biosensing devices. Interestingly,
the Nernst curves obtained for all probed enzymes, including those that existed as a
mixture of spin populations, i.e., CboDyP R307I, PpDyP FireProt, PpDyP PROSS,
and PpDyP R214W, revealed a single redox transition, which suggested that the E

values of the different populations are probably very close.
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performed using (A) 2:1 and (B) 1:1 enzyme:mediator concentration ratio, revealing up to 80 mV shifts
in the former case. The relative absorption of the ferrous enzymes at 430 nm is plotted as a function of
the cell potential. Solid lines represent the fit of the Nernst equation to the experimental data. When a

2:1 enzyme mediator ratio is used the E*’reny/rety determined from the reductive and oxidative titrations

-300

-200 -100 0
E (mV) vs NHE

norm

Abs 430 nm

-400 -300 -200 -100 0
E (mV) vs NHE

show up to 80 mV differences, while when 1:1 ratio was used both titrations are superimposable.

norm

Abs 430 nm

Figure S 2.2 - Oxidative (black squares) and reductive (red circles) titrations of (A) ScoDyP and (B)
SviDyP performed using a 1:1 enzyme:mediator concentration ratio. The relative absorption of the
ferrous enzymes at 430 nm is plotted as a function of the cell potential. Solid lines represent the fit of the
Nernst equation to the experimental data. The data shown corresponds to three independent titrations

for each enzyme. When a 1:1 enzyme mediator ratio is used, the E®reqny s reqiy determined from the

0 200
E (mV) vs. NHE

narm

Abs 430 nm

E (mV) vs. NHE

reductive and oxidative titrations show up to 100 mV differences.



Absorbance (a.u.)

600

Absorbance (a.u.)

300 400 500

Wavenumber (nm)

Absorbance (a.u.)

Absorbance (a.u.)

DyPs in solution

Yflex

Wavenumber (nm)

500 600 700

300

500 600 700

Wavenumber (nm)

Figure S 2.3 - UV-Vis absorption spectra of metal-free protoporphyrin containing DyPs (black trace):

TceDyP, Yfex, and SviDyPp; and heme-containing ferric SviDyP (grey trace) in the absence and

presence of sodium dithionite in excess (dashed red trace).

Table S 2.1 - RR marker band modes (vi) for 5cHS,5cQS,6cHS and 6¢LS populations in SviDyP,ScoDyP,
TfuDyP and CboDyP, determined from the component analysis of the RR spectra of the ferric DyPs.

*data from [1].

SviDyP ScoDyP" TfuDyP* CboDyP*
vi (cm™)

6¢HS 6¢HS 6¢cLS 6¢cHS

V4 1374 1370 1378 1371

v3 1485 1481 1509 1481

V2 1565 1562 1585 1561
1629

ve=c 1620 1615 1619
1640

V10 - - 1640 -
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Figure S 2.4 - UV-vis absorption spectra of CboDyP (A) WT, (B) R307W, (C) R3071 and PpDyP (D) WT,
(E) R214W, (F) R214l.

Table S 2.2 - RR marker band modes (vi) for 5cHS,5cQS,6cHS and 6¢LS populations in PpDyPs : WT,
in silico engineered, FireProt and PROSS, and distal variants: R214W and R214| determined from the

component analysis of the experimental spectra of the ferric enzymes.

Vi PpDyP
(cm™) WT / FireProt / PROSS R214W R214l
5cQS 5cHS 6¢HS 6¢cLS 6¢cHS 6¢cLS 6¢cLS
V4 1376 1372 1365 1378 1372 1375 1376
V3 1503 1493 1483 1509 1483 1507 1507
(3hrei v3) (63/51/47) (29/44/33) (6/5/11) (2/-19) (60) (40) (100)
V2 1572 1565 1518 - 1564 1582 1581
ve=c 1625 1622 1559 - - 1622 1622
V10 1636 1631 - - - 1642 1643

2lrel v designates the relative intensities of the each vs bands determine from the component analysis

with the overall intensity of the vs band observed in the RR spectra of the respective of the ferric
DyPs.
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Table S 2.3 - RR marker band modes (vi) for 5cHS,5cQS,6cHS and 6¢LS populations in CboDyP distal

variants determined from the component analysis of the experimental.

CboDyP
vi (cm) R307W R307I
6cHS 6¢cHS 6cLS

va 1373 1372 1375
V3 1483 1484 1508
V2 1562 1563 1582
ve=c 1620 1620 -

V10 - 1640
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Figure S 2.5 - Percentage of catalytic activity of PpDyP and CboDyP distal variants in comparison with

the WT enzymes.
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Figure S 2.6 - UV-Vis absorption spectra of PpDyP (A)FireProt and (B) PROSS.
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Abstract

After concluding that WT SviDyP, TScoyP, TfuDyP, CboDyP, and PpDyP, together with
CboDyP R307W/l, PpDyP R214W and PpDyP in silico engineered variants were the
most promising DyPs to be used in biosensing applications, we proceeded to their
immobilization to develop third-generation H2O» biosensors. For this application,
DyPs must retain their native properties upon immobilization on electrode surfaces.
In this study, we explored the development and characterization of H.O, biosensors
by empirical strategy or rational design. In the former approach DyPs were
immobilized on glassy carbon electrodes, and modified with carbon nanotubes. Their
redox and catalytic properties were assessed through electrochemical techniques. In
the rational design approach, DyPs were immobilized on biocompatible SAM-coated
Ag electrodes, and their structural integrity, redox characteristics, and catalytic activity
were evaluated using SERR spectroscopy and electrochemical methods. Our results
showed that DyP constructs developed through the rational design outperformed
existing HRP-based biosensors. Moreover, this approach provided more profound
insights into the structural properties of the immobilized DyPs, which is a critical

parameter for developing a functional biosensor.
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3.1. Introduction

Electrochemical enzyme-based biosensors are commonly developed using empirical
approaches, where various combinations of electrode materials, immobilization
methods, and matrices are tested in a trial-and-error manner to identify the optimal
combination for the best electrochemical response [1,2]. Electrochemical techniques,
such as CV, cAmp, or others [1,2], are the most commonly used to evaluate the
performance of electrochemical biosensors. When a good, stable and reproducible
electrocatalytic response of the immobilized enzyme is achieved, these biosensors
usually offer excellent performance, characterized by high sensitivity, selectivity,
reproducibility, good operational and storage stability, and short response time [1].
Nevertheless, the development of a third-generation biosensor is not a straightforward
process since direct enzyme immobilization on the surface of the electrode may result
in conformational changes, which can affect the overall performance of the biodevice
[1,3-5]. The electrochemical methods used to characterize these devices enable the in
situ control and monitoring of redox processes occurring at the electrode surface.
However, these methods lack structural information about enzymes upon
immobilization which, as noted above, is essential for developing functional third-
generation biosensors. Take the case of the development of biosensing devices using
immobilized cytochrome P450 (P450) as an example [6-8]. These enzymes play key
roles in biosynthesis, including fatty acids and endogenous steroids, and in the
metabolism of xenobiotics, including drugs, pesticides, and carcinogens [6-8].
Moreover, they catalyze diverse reactions, such as hydroxylation, sulfoxidation,
epoxidation, deamination, and N-oxide reductions. For all these reasons, enormous
efforts have been focused on the use of this enzyme in bioelectrocatalysis, either in
chemical syntheses or in biosensing applications, but independent of the approach,
they were unsuccessful [6—8]. Despite their clear potential, the application of P450-
based biocatalytic devices has been hampered by key limitations linked to enzyme
immobilization which, regardless of the employed strategies, results in altered redox
and catalytic properties in comparison to the enzyme in solution [6-8]. This is related

to the fact that P450 undergoes structural conformational changes resulting in the
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conversion of the native enzyme to the inactive P420 form [5]. This was revealed by
coupling electrochemistry with SERR spectroscopy, where it was possible to correlate
the redox properties with the structural features of the newly formed species upon
immobilization [5]. The above example demonstrates clear drawbacks of using only
electrochemical methods for third-generation biosensor characterization. The coupling
of electrochemical methods with SERR spectroscopy for developing enzyme-based
electrochemical biosensors, herein referred to as the rational design, provides
information about the structure and redox properties of the immobilized enzyme. This
strategy was employed to evaluate other heme enzymes, including nitrite reductases,
microperoxidases, and DyPs, upon immobilization [9-15]. We have previously reported
that PpDyP is an excellent candidate for constructing a third-generation
electrochemical H,O. biosensor using this approach [9]. The previously constructed
PpDyP-biodevice outperformed biosensors developed with HRP immobilized on
modified electrodes, such as those incorporating carbon/metal nanostructures and
quantum dots, among others [5].

In this chapter, we will describe different strategies for characterizing a DyP-based
biosensor: DyPs from different bacterial organisms will be immobilized on
biocompatible coated Ag-electrodes, where electrochemical techniques will be coupled
with SERR spectroscopy following a rational design approach. In parallel, DyPs will be
immobilized on a mixture of CNT, and the constructs will be characterized by

electrochemical methods only.

3.2. Materials and methods

3.2.1. Reagents, chemicals and enzymes

8-Amino-1-octanethiol hydrochloride (AOT), 6-mercapto-1-hexanol (MOH), 1-
undecanethiol (1-UDT), 11-mercaptoundecanoic (MUA) and 11-mercapto-1-
undecanol (MUD) were purchased from Sigma-Aldrich. 11-amino-1-undecanethiol
hydrochloride (AUT) was purchased from Sigma-Aldrich and Dojindo. Single-walled
Carbon nanotubes ink (SWCNTs-Ink) 0.2 mg/mL, SWCNTs amine functionalized
(SWCNTs-NH2) , multiwalled CNTs either COOH or OH functionalized (MWCNTs-
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COOH and MWCNTs-OH), as all the other chemicals, were purchased from Sigma-
Aldrich and were of the highest purity grade available. Solutions were prepared using
deionized water from Mili-Q® water system.

Enzymes used in this chapter were purified as described in Chapter 2.2.2.

3.2.2. Enzyme immobilization

SAM coated Ag-electrodes: Ag electrodes (geometric area 0.7 + 0.05 cm?) were

prepared as previously described [11,16]. Briefly, the surface of the Ag electrodes was
mechanically polished and then electrochemically roughened in 0.1 M KCI to create
a plasmon-active surface. Following an initial potential step at 2,205 mV (40 s), the
electrodes were treated with three repetitive oxidation/reduction cycles at +505/-505
mV (vs. NHE) (1%t cycle 60 s, 2" 30 s, and 3", 30 s oxidation and reduction steps,
respectively and lastly a 300 s step for reduction). The electrodes were then incubated
in a 1 mM ethanolic solution of alkanethiol self-assembled monolayers (SAMs)
overnight. For the immobilization of WT: SviDyP, ScoDyP, TfuDyP, and CboDyP, the
following SAMs were tested: pure 1-UDT, AUT, MUA, and MUD; and mixed 1-
UDT/MUA (M:M, 1:1), 1-UDT/MUD (M:M, 3:1), 1-UDT/AUT. WT PpDyP and its
variants were immobilized in SAM mixture previously optimized for WT enzyme:
AOT/MOH (M:M, 1:3) [9]. Prior to SERR experiments, the DyPs were immobilized on
the SAM coated electrodes, either by i) immersion into a DyP solution (final
concentration 0.3 - 0.5 yM) prepared in 12.5 mM PB and 12.5 mM K>SO, pH 7,
supporting electrolyte buffer, for 15 - 30 min and rinsing with buffer prior to use or ii)
by injecting the enzyme into the SERR cell containing the same buffer (10 mL) with
the electrode poised at 0.250 V vs. NHE. All potentials in this work are referenced to
NHE.

CNT modified GC electrodes: Prior to electrode modification, the GC working

electrode (J = 3 mm, BASI) was sequentially polished with alumina slurry 0.5 and
0.3 um for 3 min. The electrodes were then thoroughly washed with water and ethanol
and ultra-sonicated for 5 min. Finally, the electrodes were washed with water and

dried with compressed air. SWCNTs-ink was ultra-sonicated for 1 min prior to use.
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CboDyP and PpDyP (100 pM) in supporting electrolyte buffer were mixed with
SWCNTs-Ink (1:1, v/v). The DyP:SWCNTs-Ink electrode modification was made by
depositing 3 successive layers of 5 pL of the mixture and drying each layer, one by
one, at room temperature under an N> atmosphere. For immobilization of PpDyP,
other CNTs were also tested including: SWCNT-NH- prepared in tetrahydrofuran
(THF), MWCNTs-COOH and MWCNTs-OH prepared in polyallylamine hydrochloride
(PAH). In the case of PpDyP/SWCNTs-NH2/GC, 3 layers of 5 yL of the SWCNTs-NH:
were deposited on the electrode surface followed by a drop of 5 uL of PpDyP (100
KMM). Between each layer the electrode surface was dried as described for SWCNTs-
Ink. The GC modification using MWCNTs-COOH/PAH or MWCNTs-OH/PAH was
performed as described for the PpDyP/SWCNTs-Ink mix.

3.2.3. Surface enhanced resonance Raman (SERR) spectroscopy
SERR spectra were acquired with a Raman spectrometer (Jobin Yvon U1000 or Jobin
Yvon LabRam 800 HR) equipped with a 1200 lines/mm grating and a back-illuminated
CCD detector cooled by liquid nitrogen, which was coupled to a confocal microscope.
An Olympus 20x objective was used for laser focusing onto the sample and light
collection in the backscattering. A 405 nm diode laser was used as an excitation
source (Toptica Photonics AG). To prevent prolonged exposure of individual enzyme
molecules to laser irradiation the electrode was kept under constant rotation (2600
rem) [17].

SERR experiments were performed in a SERR cell (see below) with 1.3 - 1.4 mW
laser power. The accumulation times were 20 - 40 s; to improve the signal-to-noise
(S/N) ratio, 4 - 16 spectra were co-added in each experiment. After polynomial
baseline subtraction, all spectra were subjected to component analysis, as described

previously [18].

3.2.4. SERR spectroelectrochemistry
Potential-dependent SERR experiments were performed using a home-built
spectroelectrochemical cell equipped with three-electrode arrangement: the

enzyme/SAM modified Ag working electrode, a reference electrode (Ag/AgCl 3 M KCl,
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WPI) and a platinum wire counter electrode (Goodfellow). A Princeton Applied
Research 263A potentiostat was used to control the electrode potentials. The
experiments were carried out in argon-purged supporting electrolyte buffer to avoid
the formation of O, reduction products that could interact with the immobilized
enzymes. Spectra acquisition was the same as described above (cf. section 3.2.3).
Determination of the E® for the different spin species was based on the relative SERR
intensities of a single oxidation state marker obtained from the component analysis
either for the native ferric and/or ferrous spin species (vs mode was used for PpDyP
R214W and, while for PpDyP R214l, FireProt, PROSS and CboDyP, due to the lower
spectral quality, the most intense v4 mode was used for ). The E® were obtained by
fitting the Nerst equation (cf. section 2.2.5 Equation 2.1) to the potential dependent

relative SERR intensities of each species [11].

3.2.5. Electrochemistry assays

Cyclic voltammetry (I vs. E; CV) experiments were performed either in the SERR
spectroelectrochemical cell, composed as described above (cf section 3.2.4) or in a
classical three-electrodes electrochemical cell, using the modified GC electrode as
the working electrode, a reference electrode (Ag/AgCI 3 M KCI, WPI), and a platinum
counter electrode (Radiometer). Prior to the measurements, the supporting electrolyte
buffer was purged by bubbling argon for 15 min. In all experiments, the cells were
maintained under an argon atmosphere. CVs were recorded in a range between +400
to =600 mV at a scan rate of 50 mV/s. The chronoamperometry (I vs. t; cAmp)
experiments were performed in the SERR spectroelectrochemical cell under argon
purging at an applied potential of +100 mV with the modified Ag electrode rotating at
2600 rpm.

To evaluate the electrocatalytic response of the enzyme electrodes to H2O.,
previously deoxygenated stock solutions (10 and 100 mM) were successively injected
into the cells. The catalytic currents (lcat) were corrected by subtracting the current
measured in the absence of substrate. The concentration of the H2O, stock solutions

were determined spectrophotometrically using a molar absorption coefficient of
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43.6 M'-cm™ at 240 nm [19]. Kinetic data were fitted with the electrochemical
Michaelis-Menten equation (cf. Equation 1.5):

_ Imax*[S] (cf. 1.5)

cat™

Kt~ +[S]
in which lcat is the catalytic current, Inax is the maximum l.a: observed at enzyme
saturating conditions, [S] is the target analyte concentration, Kﬁ,lpp is the apparent

Michaelis-Menten constant.

3.3. Results and Discussion

3.3.1. Immobilization strategies

In Chapter 2 we identified the following WT DyPs: TfuDyP, CboDyP, ScoDyP, SviDyP,
and PpDyP, PpDyP FireProt and PpDyP PROSS as potentially promising biocatalysts
to be used in biosensing applications. In parallel, the distal variants of CboDyP and
PpDyP were also studied despite their non-optimal catalytic performance in solution.
This chapter will explore different immobilization strategies employing SAMs-coated

Ag electrodes and CNTs-modified GC electrodes.

3.3.1.a. Structural characterization of DyP immobilized on SAMs-coated Ag
electrodes
First, the E%reqny / Feqry @nd catalytic activity of the WT DyPs attached to modified

biocompatible Ag electrodes were explored.

Surface charge distribution _analysis. To create a biocompatible environment for

immobilizing DyPs Ag electrodes were coated with SAMs. For each studied enzyme,
the choice of the SAMs followed an initial consideration of the DyPs' surface charge
distribution (Figure 3.1).

The WT SviDyP structure model (generated using the Swiss Model algorithm) and the
crystal structures of WT ScoDyP and WT TfuDyP (Figure 3.1 A-B) showed that these
enzymes have a homogenous distribution of hydrophobic and charged residues on

their surface.
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Figure 3.1 - Surface electrostatic potential distribution obtained from the DyP crystal structures available.
(A) WT ScoDyP (monomer; PDB code: 4GT2), (B) WT TfuDyP (monomer; PDB code: 5FW4, (C) WT
CboDyP (dimer; PDB code: 6QZ0), (D) WT PpDyP (monomer; PDB code. 7QYQ). For the PpDyP in
silico variants (E) PpDyP PROSS and (F) PpDyP FireProt the surface electrostatic potential distribution
was obtained from the model structures [20]. Surface electrostatic potential was calculated with
Coulombic surface coloring in Chimera X. Potential is colored on a scale from -10 kcal/mol (red,
negatively charged regions) to +10.0 kcal/mol (blue, positively charged regions). The heme position in
the different structures is indicated with the black arrow except for the in silico variants (E, F), in which
itis the same as in the WT PpDyP (D).

For these reasons, hydrophobic (-CHs) and charged (positive - NH3™ or negative -
COO") SAMs were chosen in the first attempt. Surface charge distribution of WT
CboDyP showed well-defined negatively charged patches mixed with hydrophobic
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surface residues (Figure 3.1 C), which suggested that a positively charged electrode
surface (-NHs* - terminated SAM) could favor electrostatic interactions with the
enzyme. The immobilization of WT SviDyP, WT ScoDyP, WT TfuDyP, and WT CboDyP
was attempted using either pure -CHs, -NH3*, and -COO-terminated alkanethiols or
mixtures of CHs with NH3"™ or -COO-terminated SAMs. In the case of WT CboDyP and
WT ScoDyP, pure -OH and mixed -OH/-CHs terminated SAM were also tested.

The surface charge distribution of WT PpDyP (Figure 3.1 D) revealed a relatively well-
defined negatively charged patch counterbalanced with a hydrophobic surface that
contains positively and negatively charged residues. Surprisingly, PpDyP FireProt and
PpDyP PROSS, which carry an elevated number of amino acid substitutions (21 and
29, respectively) across their structure [20], showed a surface-charged distribution
comparable with that of the WT enzyme (Figure 3.1 D-F). Hence, all PpDyP variants
were immobilized in the SAM mixture, AOT/MOH (1:3, M:M), previously optimized for
the WT PpDyP [9].

For each DyP immobilization, the SAM-coated Ag electrodes were incubated in the
enzyme solution (0.3 - 0.5 yM) during variable time intervals (cf. section 3.2.2). For
each DyP/SAM/Ag construct, the ferric SERR spectrum was compared with the RR
spectrum of the resting state enzyme in solution to evaluate the DyP active site upon

immobilization.

(i) Fully preserved active site structure: PpDyP FireProt and PpDyP PROSS. As

previously demonstrated for the immobilized WT PpDyP [9], the in silico-engineered

PpDyP variants revealed in the high-frequency region of the SERR spectra the core-
size marker bands (vs, vs, v2, and vio) at the same positions as in the RR spectra
measured for each enzyme in solution. The SERR spectra of both variants showed
multiple co-existing heme species. The two major heme populations were attributed
to 5¢cHS and 5¢cQS species, evidenced by the analysis of the v mode at 1491 and
1500 cm™, respectively (Figure 3.2), as in the case of immobilized WT PpDyP. The
comparison of RR with the SERR spectra showed no significant changes in the heme

architecture or emergence of new heme species in the immobilized state.
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Figure 3.2 - RR spectra (solution)
and SERR spectra (immobilized) of
PpDyPs. (A) RR spectra of ferric of
the WT PpDyP (black) and (B-D)
SERR spectra of WT PpDyP (grey);
FireProt (green) and PROSS (blue).
SERR spectra of PpDyPs
immobilized on Ag electrodes coated
with  AOT'TMOH SAM at pH 7,

recorded at +250 mV electrode

Intensity (a.u.)

poised. The spectra were measured
with 405 nm excitation at RT, laser
power and accumulation time of 3
mW and 30 s (RR) and 1.4 mW and
30 s (SERR).

1300 1400 1500 1600
Raman Shift (cm™)

(i) Partial-preserved active site structure: WT CboDyP and PpDyP R214W. The

comparison of the SERR spectra with the respective RR spectra demonstrated that

WT CboDyP and PpDyP R214W undergo minor structural conformational changes
upon immobilization (Figure 3.3 and Figure S 3.2 A-B). The SERR spectra revealed,
in both cases, the presence of a 5cHS heme species, identified by the vs mode at
1492 cm™ with a relative contribution of 35% and 30% for WT CboDyP and PpDyP
R214W. In addition to the native 6¢cHS and 6¢LS heme species, the SERR spectra
showed the characteristic marker bands vs4, vz and vz at the same position as in the
RR spectra (Table S 2.1, Figure 3.3). In the SERR spectra of CboDyP, an additional
minor species, approximately 10% of v4 band area, centered at 1358 cm™' could be
identified, indicative of reduced (ferrous) enzyme. Its origin is most likely due to the
possible photoreduction of the immobilized enzyme during the SERR experiment.
Note that although WT CboDyP could be immobilized in the native state, the widths
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of the SERR component bands were approximately 1 - 2 cm™ wider than those
observed in the RR spectra, which could be due to the non-homogeneous orientation
distribution of the enzyme on the electrode. For WT CboDyP under all other tested
conditions, residual or no SERR signals were observed (Figure S 3.1) which indicated

the absence of the enzyme at the electrode surface.

WT CboDyP Figure 3.3 - RR (blue) and SERR

(purple) spectra of ferric DyPs. (A) WT

A RR CboDyP (B) WT SviDyP (C) WT TfuDyP
...'/\\—— SERR (D) ScoDyP. All RR spectra were
S e measured at pH 8 and all the SERR

- WT SviDyP spectra were recorded at pH 7, at poised
3 B RH electrode potential at +250 mV. For
%‘ enzyme immobilization, Ag electrodes
s N eERR coated with 1-UDT-AUT were used for al
= WT TfuDyP enzymes except for ScoDyP, which was
immobilized on 1-UDT. All spectra were

c RR acquired at 21 °C except for the RR
spectra of WT SCoDyP (=50 °C). A 405

s SERR nm excitation was used to acquire all RR

WT ScoDyP and SERR spectra except the RR

spectra of WT TfuDyP, which was

D RR obtained with 413 nm excitation.

Experimental details can be found in
2.2.4. for the RR spectra and 3.2.3 for
SERR spectra.

-

1350 1400 1450 1500 1550 1600 1650
Raman shift (cm™)

SERR

(iif) Non-preserved active site structure: WT SviDyP. WT ScoDyP. WT TfuDyP, PpDyP
R2141 and CboDyP R307W/I. The SERR spectra of those enzymes were very
different from their respective RR spectra, which revealed that they undergo major

alterations of the heme pocket upon immobilization (Figure 3.3 and Figure S 3.2 C-D
and S 3.3). SERR spectra of WT SviDyP and WT TfuDyP could be obtained when the

enzymes were immobilized in mixed hydrophobic (-CHs) and positively charged
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(NHs*) terminated SAMs. As for WT CboDyP, under all other tested conditions,
residual or no SERR signal was observed for WT SviDyP and WT TfuDyP (Figure
S 3.1). In the case of WT SviDyP, three species were identified with different relative
abundance: 44% native 6¢HS species, 34% non-native 6¢cLS, and 21% reduced
enzyme, possibly due to enzyme photoreduction during the SERR experiment. For
immobilized WT TfuDyP HS species were identified, but with distinct frequencies,
bandwidths, and relative intensities compared to those in solution [21]. CboDyP
variants, R307W and R3071, and PpDyP R214]1 were immobilized on the same type
of modified electrodes as the respective WT enzymes. Immobilized CboDyP variant
revealed the presence of mostly non-native heme species (5¢cHS and 6¢LS), losing
nearly all the native 6¢cLS (Figure S 3.3), while WT retained over 50% of the native
configuration. In PpDyP R214l, non-native 5cHS becomes predominant over the
native 6¢LS (Figure S 3.2 C-D).

(iv) Absence of enzyme attachment. For WT ScoDyP, the absence of a detectable

SERR signal for the immobilized enzyme from all studied SAMs indicated that a
suitable biocompatible environment for immobilization could not be achieved (Figure
S 3.1 D).

3.3.1.b. Immobilization of DyP on CNTs-modified GC electrodes

Carbon-based nanomaterials are commonly used in electrochemical applications.
They are typically associated with lower overpotentials and enhanced ET rates
between the modified electrode and the immobilized enzyme [22—24]. For this reason,
WT CboDyP and WT PpDyP were immobilized on GC-modified electrodes with single-
walled CNTs-ink mixed with the enzyme solution. For immobilization of WT PpDyP,
NH>-SWCNTs prepared in THF, COOH-MWCNTs and OH-MWCNTSs prepared in PAH
were also tested. These constructs were characterized by electrochemical methods

only.
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3.3.2. Bioelectrode constructs based on immobilized DyPs
3.3.2.1. Redox properties
3.3.2.1.a. DyPs on SAM-coated Ag electrodes

Probing redox activity of immobilized DyPs. In the next step, we probed the redox

behavior of the enzymes identified in section 3.3.1.a. (i.e., WT PpDyP, PpDyP in silico
variants, PpDyP R214W and WT CboDyP) attached to SAM-coated Ag electrodes to
evaluate the efficiency of the DET. The SERR spectra of the immobilized resting state
DyPs were measured at a series of poised electrode potentials from 300 to -450 mV
to perform the redox titration. The most negative potential applied to the SAM-coated
Ag electrode was -450 mV due to the reductive desorption of the alkanethiol
monolayer at more negative potentials. For immobilized CboDyP, the enzyme could
not be further reduced at potentials below =150 mV. This was evident from the
asymmetric redox-sensitive v4 band indicating the presence of redox-inactive species
(Figure 3.4 A). Component analysis of the SERR spectrum of the reduced enzyme at
—-200 mV (Figure 3.4 B) revealed the presence of two distinct populations. The major
one is identified as the ferrous 6¢cHS species with a v at 1359 (vateric = 1371 cm™)
and a vs at 1475 cm™ (vareric = 1481 cm™). These changes in positions are
characteristic of ferric-to-ferrous conversion in 6¢cHS species [17] indicating that this
ferrous species is the reduced state of the native ferric 6¢cHS (Figure 3.5 B). The minor
population identified at —200 mV was identical to the non-native 5cHS species
observed in the SERR spectra of the ferric enzyme, which led us to conclude that this
is a redox-inactive species formed upon attachment of CboDyP to the electrode.
The SERR spectra of immobilized PpDyP in silico variants at the most negative
potential applied revealed an asymmetric v4 (Figure 3.5). Component analysis of the
SERR spectra at -450 mV revealed the presence of a ferrous 5cHS (v4 at 1360 and
a vz at 1474 cm™) population and a redox-inactive species (v4 at 1365 cm™") (Figure
3.5 B) with the same marker bands previously described for the immobilized WT
PpDyP [15].
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Figure 3.4 - SERR spectra of immobilized CboDyP on Ag electrodes coated with 1-UDT:AUT SAM at
poised potentials of +250 mV and -200 mV. (A) High frequency region showing the overall changes of
the SERR spectra. (B) Component spectra of the v4 region of CboDyP; the component spectra represent
native ferric 6¢cHS (green), redox-inactive ferric 5¢cHS (dark yellow), ferrous 6¢HS (red) and redox-inactive
ferrous (purple) species, non-assigned bands (grey) and the overall fit (dark red). All spectra were
obtained with 405 nm excitation at pH 7 and 21 °C.

The redox-inactive species in PpDyP in silico variants account for almost 40% overall
vs intensity (Figure 3.5 B and D) while in the case of the immobilized ferrous WT
enzyme was only ca. ~20% [11]. Moreover, in these variants, in contrast with the WT,
the complete reduction of the ferric species is not achieved (Figure 3.5 B and D,
orange and pink traces). For the immobilized PpDyP distal variants at -400 mV
(Figure S 3.4), in contrast with the WT PpDyP, a symmetrical v4 band is observed in
the SERR spectra, which was attributed to the ferrous 5cHS population as previously
observed in the same position as for WT enzyme (v at 1360 and a vs at 1474 cm™)
[11]. For all PpDyP variants the SERR signal intensity decreases after extended
exposure of the enzymes to negataive potentials (Figure 3.5 A; 3.6 A and Figure S 3.4
A and C) as previously observed for the WT PpDyP [9, 11], implying that reduction- or

potential-induced desorption of the enzymes occurred.
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Figure 3.5 - SERR spectra of immobilized PpDyP in silico variants on Ag electrodes coated with
AOT:MOH SAM poised at +300 mV and -450 mV potentials. (A-B) PpDyP FireProt and (C-D) PpDyP
PROSS. (B and D) Component analysis of the v4 band of the respective spectra; the component spectra
represents the native ferric 5cHS (magenta), ferric 5cQS (orange), redox-inactive (purple) and ferrous
(red) specie, non-assigned bands (grey) and the overall fit (dark red). All spectra were obtained with 405

nm excitation at pH 7 and 21 °C.
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Reduction potential determination. The E®reqiys reqr) Of the immobilized PpDyP variants,

and WT CboDyP were determined in the next step. The contributions of the ferric and
ferrous species were calculated from the component analysis of the potential-

dependent SERR spectra (Figure 3.6 A) measured at a series of poised potentials.

Figure 3.6 - Redox titration of PpDyP
R214W. (A) SERR titration (represented
by several selected spectra), performed
from + 310 mV (ferric state, blue line) to
-390 mV potential (ferrous state, red line.
(B) Potential dependent relative SERR

Intensity (a.u.)

P 1i -95 | contributions of vz mode [lei(v3)] on the

V4 ox component analysis for ferrous 5cHS (red
Vv
3 ox

+310| circles), ferric 6¢LS (blue diamond), ferric
T LZ T A T & T J T L3 T *: T & .

1350 1400 1450 1500 1550 1600 1650 6¢HS (blue triangles). Error bars (grey

Raman Shift (cm"’) lines) of each point represent the

1B standard deviation (SD) (n = 6) The solid

lines represent the fits of the Nernst

equation to the data, yielding E® = -250 +
10 mV for the ferrous 5cHS, EY = -280 +
10 mV for the ferric 6¢cHS, E® = -260 + 5
mV for the ferric 6¢LS, and E9= =70 + 20

mV for the non-native ferric 5cHS

populations. The black trace (dotted in (A)

and solid in (B)) represent the non-native

T : ) y T 5cHS specie.
-500 -250 0 250

E (mV) vs. NHE
The spectral parameters (band frequencies and widths) were kept constant for each
spin population along the deconvolution procedure. The only variable for a SERR
spectrum at a given potential was the intensity of the individual component bands,

which is proportional to the species concentration and was fitted to the Nernst
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equation. Previously, a similar approach based on component analysis of the vs/va
bands was successfully adopted to analyze the redox behavior of proteins containing
multiple heme groups with/or different spin populations [11,13]. Potential dependence
of the relative spectral contribution of the ferrous and ferric species identified in the
SERR spectra of all the immobilized enzymes revealed a sigmoid shape (Figure 3.6
B).

The E%mm, Table 3.1, determined for PpDyP variants, both distal (R214W and R214l,
-250 = 10; -190 £+ 5 mV) and in silico engineered (PpDyP FireProt and PpDyP
PROSS, -285 + 20 and -330 + 20 mV), were comparable to the respective E
determined (E%so, =270 + 10; =260 + 10, =300 + 20 mV, respectively, cf. Table 2.3).
Moreover, the obtained reduction potentials when the overall ferrous species was
followed were comparable to the one previously determined for the WT enzyme
(E%mm = =300 mV) [11].

For both distal variants, the E®imm of the non-native ferric species, which most likely
resulted from immobilization-induced conformational changes in the heme cavity, are
upshifted (=70 £ 20 mV and -125 + 20 mV, PpDyP R214W and R214| respectively).
The formation of these species likely resulted in an increased hydrophobicity of the
heme cavity, which led to the formation of a denatured 5¢cHS form of the enzyme. The
native 6¢cHS of the immobilized WT CboDyP revealed an E%.m with a difference of
about +300 mV compared to the E%, Table 3.1 (Figure S 3.5). The large discrepancy
of E%ql vs. E%mm Was attributed to a non-uniform orientation of the enzyme molecules
on the electrode surface, revealed by the enlarged width of the SERR bands. This
heterogeneous orientation could be due to the non-specific hydrophobic interaction
between the enzyme and the coated electrode.The immobilization of WT CboDyP on
a hydrophobic SAM likely reduces the polarity of the heme cavity, which could cause
an increase in the reduction potential up to +200 mV, as predicted by the Kassner
relation [25]. The change in polarity could induce subtle conformational changes that
propagate to the active site, increasing the hydrophobicity of the heme cavity in WT
CboDyP. This effect may not necessarily be followed by the exchange of heme ligands

that can be detected spectroscopically.
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Table 3.1 - Reduction potentials (E®imm, mV vs. NHE) of the immobilized WT CboDyP and PpDyP

variants obtained by SERR spectroelectrochemistry.

Eo,imm
WT PpDyP
CboDyP R214W* R2141 FireProt PROSS
2506 190:5
-280 + 10 -230 + 10
(6¢HS) (6cLS)
-125+18
~260+5
+15+ 15 (Non-native ~ -285+20  —-330 + 20
(6cLS)
5cHS)
=70 £ 20
(Non-native -
5cHS)

The E”imm values were determined by fitting the potential dependent relative SERR contributions of the
va mode [l(va)] of the ferrous heme species obtained from component analysis, for WT CboDyP, PpDyP
FireProt and PpDyP PROSS to the Nernst equation. *The potential dependent SERR contributions of
the vamode [I(v3)] were used.

3.3.2.1.b. DyPs attached to SWCNTs-Ink/GC electrodes
WT CboDyP and WT PpDyP were also immobilized on SWCNTs-ink and the resulted

constructs were analyzed by CV. The CV signals of the enzymes immobilized in
SWCNTs-Ink/GC (WT CboDyP:SWCNTs-Ink/GC and WT PpDyP:SWCNTs-Ink/GC,
respectively) showed distinct current peaks corresponding to the one-electron
oxidation/reduction of the heme iron (Figure 3.7). This enabled the direct
determination of the E® reqiy/reqry from the CV data. The peak-to-peak separation was
40 and 14 mV, for CboDyP and PpDyP-based electrodes, (Figure 3.7), indicating a
reversible redox process. However, for the PpDyP:SWCNTs-Ink/GC electrode, an
unidentified peak near the anodic peak of the Fe(lll) / Fe(ll) redox couple was
observed (Figure 3.7 A, marked +). Moreover, the non-turnover currents measured
from GC electrodes modified with a mix of DyP:SWCNTs-ink reflect the amount of
enzyme immobilized and its ability to interact with the modified electrode. Since both

electrodes revealed comparable currents, we concluded that a similar amount of
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enzyme was immobilized on both electrodes. The peak currents were directly
proportional to the applied scan rates, demonstrating that the enzymes were

adsorbed on the modified electrodes, Figure S 3.6.
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Figure 3.7 - Cyclic voltammograms of (A) PpDyP:SWCNTs-Ink/GC and (B) CboDyP:SWCNTs-Ink/GC
constructs. (*) designated the Fe(lll)/Fe(ll) redox couple of the enzymes. (+) marked the unassigned
peak. The control electrode prepared with buffer and SWCNTs-Ink is presented in the black line. Baseline
subtracted currents are represented inside each CV. CVs were measured at 50 mV/s scan rate in 12.5
mM K2SOg4 in 12.5 mM PB, pH 7.0.

The E%eqiny/ reqry of WT CboDyP immobilized on SWCNT-Ink/GC electrodes was found
to be —90 + 5 mV, while for WT PpDyP itwas =70 + 10 mV. These values are upshifted
compared to the E%q (=320 mV and -290 mV for WT CboDyP and WT PpDyP,
respectively, cf. Chapter 2.3.2 Table 2.1). This upshift probably resulted from
heterogeneous enzyme orientation at the electrode surface, likely due to interaction
with the functional groups on the carbon nanotubes or unspecific physical adsorption.
However, it could also result from a denatured enzyme. Namely, because the E° was
determined using electrochemical methods only, and the structural properties of the

electroactive species could not be determined.
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Other CNT-modified GC electrodes for WT PpDyP immobilization. For all the other
CNT modifications tested, i.e., PpDyP adsorbed on SWCTs-NH»/GC electrodes, and
PpDyP entrapped in MWCNTs-COOH/PAH/GC or MWCNTs-OH/PAH/GC, the non-
catalytic redox peaks could not be observed in the CVs (Figure S 3.7 A).

3.3.2.2. Electrocatalysis and analytical characterization of the developed biodevices
The electrocatalytic reduction of H.O» by the immobilized DyPs on SAM-coated Ag
electrodes or SWCNT-ink/GC electrodes was evaluated by CV and/or cAmp. In the
case of a catalytically active immobilized enzyme that efficiently reduces H»O2, an
increase of the cathodic current is expected upon H20; addition to the electrocatalytic
cell due to the catalytic reduction by the immobilized enzyme. The cathodic currents
are attributed to Compound | (the catalytic intermediate [Fe (IV)=0]"*) formation that
occurs when the ferric enzyme reacts with H.O» being subsequently reduced by the
electrode [9,11,26].

3.3.2.2.a. Bioelectrodes prepared using DyPs/SAM/Ag electrodes

The electrocatalytic reduction of H2O2 by the immobilized DyPs was evaluated by CV,
for CboDyP and by cAmp, for PpDyP R314W, PpDyP FireProt and PpDyP PROSS.
As previously observed for WT BsDyP and WT PpDyP when immobilized on SAM-
coated Ag electrodes [9,12], the non-catalytic redox peaks could not be observed in
the CVs, probably due to insufficient amount of enzymes on the electrode surface.
Upon addition of increasing concentrations of H>O2, no catalytic signal could be
detected in the case of the biodevices based on WT CboDyP or PpDyP R214W
(Figure S 3.8). Therefore, we concluded that immobilized WT CboDyP and PpDyP
R214W displayed no electrocatalytic activity. This was not surprising, for the PpDyP
variant showed a drastic loss of activity in solution compared to the WT, while WT
CboDyP, although immobilized in a native-like state, showed altered E®imm.

The response of PpDyP FireProt and PpDyP PROSS electrodes to H.O, was
characterized by cAmp at a potential of +100 mV (Figure 3.8), since at these

conditions, the non-enzymatic reduction of H202 by the Ag electrode is negligible [9].
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The amperometric response was recorded upon successive addition of a purged

stock solution of H,O- to the cell, Figure 3.8.
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Figure 3.8 - Amperometric response of immobilized PpDyP in silico variants. (A) PpDyP
FireProt/SAM/Ag and (B) PpDyP PROSS/SAM/Ag (blue line) electrodes response to increasing (0.005 -
1.6 mM) concentrations of H202 Measurements were performed in 12.5 mM K2SO4in 12.5 mM PB, pH
7.0, at an applied potential of +100 mV. The electrode was rotated at 2600 rpm to minimize the effect of

substrate mass transport to the immobilized enzyme.

We observe a stepwise increase of the catalytic current at a very short response time
(< 3 s), indicative of efficient heterogeneous ET, as was previously reported for WT
PpDyP [9]. The PpDyP FireProt and PpDyP PROSS bioelectrodes reached an activity
plateau for a concentration of H.O> higher than 1 mM (Figure 3.9 A), revealing a
Michaelis-Menten-type enzyme kinetics, Figure 3.9. The Ku®® and maximum current
density at saturating substrate concentration (Jmax) were 0.3 + 0.05 mM and -640
uA/cm~2for PpDyP FireProtand 1.6 £ 0.3 mM and -2,890 yA/cm~2 for PpDyP PROSS.
In solution, the analogous Kiand Ku values were 4.8 mM and 0.09 mM for PpDyP
FireProt and 1.2 mM and 0.14 mM for PpDyP PROSS [20]. The results in solution
indicate substrate-inhibited enzyme kinetics, allowing for the determination of
inhibition constants. However, the low Ky value suggests that the enzymes also have

a high affinity for H.O,, in the solution state. In the immobilized state, a decrease in
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the affinity for H>O, was observed for both enzymes, as the Ky?"° values are 3 and 11
times higher than the Ky values in solution for PpDyP FireProt and PpDyP PROSS,
respectively.This is a typical behavior observed for immobilized enzymes on electrode
surfaces and is typically attributed to a more limited diffusion of the substrate to the

enzyme’s active site.
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Figure 3.9 - Catalytic response of immobilized PpDyPs on Ag/SAM electrodes towards H202. (A)
Michaelis—Menten plots of catalytic currents vs. H202 concentration for immobilized PpDyPs and (B)
linear dependence of the catalytic current on H202 concentration (n = 8), with slope and r? of
1,150 £ 20 mA-M~"-cm™2 and 0.999 (PpDyP FireProt) and 1,420 + 50 mA-M~'-cm~2 and 0.992 (PpDyP
PROSS). Error bars represent the SD for each point, for PpDyP PROSS (blue circles), PpDyP FireProt
(green circles) and WT PpFyP (black circles, [9]), immobilized on SAM/Ag electrodes.

Calculating the K constant for the immobilized enzymes was not possible, under the
tested conditions, which suggested that H202 no longer inhibited the DyPs. This
alteration of catalytic behavior could be explained by the fact that the attachment of
an enzyme to an electrode may restrain the enzyme’s rotational freedom, which could
affect substrate accessibility. Additionally, the electrode provided the electrons for
electroactivity measured for the immobilized enzyme. On that account, the ET
pathways were most likely different from those in solution, as for the latter ABTS was

used to monitor the steady-state kinetics.
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The PpDyP in silico constructs showed a linear response to H.O» from 5 - 195 uM
and 5 - 278 uM for PpDyP FirePROT and PpDyP PROSS (Figure 3.9 B), respectively.
The sensitivity, determined by the slope of the calibration curve where the catalytic
response is linear to the substrate concentration, and the LOD, estimated at S/N of
three, were 1,150 = 20 mA-M~'-cm™ and 7 uM respectively for PpDyP FirePROT and
similarly 1,420 = 50 mA-M~"-cm™ and 12 uM for PpDyP PROSS. The sensor-to-
sensor reproducibility determined by the measurement of the sensitivity of
7 bioelectrodes showed relative standard deviation (RSD) of ca.~ 10% and 17% for
PpDyP FireProt and PpDyP PROSS, respectively. This low RSD demonstrated the
robust construction of the biodevices. Both constructs presented a behavior similar to
the WT construct in terms of electrochemical performance for H;O. detection;
however, PpDyP PROSS can reach higher maximum currents than the WT enzyme.
The stability of the PpDyP FireProt and PROSS bioelectrodes was evaluated by
measuring the sensitivity of the biodevices in regular time intervals for one month,
using electrodes that were stored at 4°C in supporting electrolyte buffer. After one
month storage, both enzymes retain about 93 - 95% of their initial sensitivity, Figure
S 3.9, which is slightly better than the WT PpDyP (85%) [9].

3.3.2.2.b. Biodevices prepared using DyP:SWCNTs-ink/GC
For the electrodes prepared by adsorption of WT CboDyP or WT PpDyP on SWCNTs-

ink in the presence of H>O», an increase in the cathodic current (Figure 3.10) was
observed, which reflected the formation of Compound | upon the addition of H»O; to
the electrochemical cell. In both constructs, a steady increase of the catalytic current
was observed, which was subtle in the WT PpDyP construct but very noticeable in the
case of the WT CboDyP construct (Figure 3.10).

To determine the sensitivity, linear range, and LOD, the CVs were analyzed at
-100 mV. This working potential was selected since the non-enzymatic reduction of
H.O- by the electrode is negligible at this potential (Figure S 3.10). The plots lcat vs.
[H202], showed distinct dependence towards H>O, concentrations for the studied
enzymes (Figure 3.11) regarding the produced current and inhibition. The WT

CboDyP construct revealed a higher current response and no inhibition, while the WT
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PpDyP construct appeared prone to inhibition by the substrate above 500 yM H20O-
(Figure 3.11 A).
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Figure 3.10 - Electrocatalytic response of DyP:SWCNTs-Ink/GC to H202. (A) WT PpDyP:SWCNTs-
Ink/GC and (B) WT CboDyP:SWCNTs-Ink/GC electrodes in the absence (black trace) and presence of
increasing (9 - 1268 pM) concentrations of H202; orange and magenta traces for WT CboDyP and WT
PpDyP, respectively. The supporting electrolyte was 12.5 mM K2SO4 in 12.5 mM PB, pH 7.0. CVs were

measured at 50 mV / s scan rate.

The response of the WT CboDyP:SWCNT-Ink/GC construct to H.O, was linear from
9 - 400 uM while a narrower linear range was observed in the case of the PpDyP-
SWCNT-Ink/GC construct (9 - 230 pM). The sensitivity, and the LOD were
550 + 10 mM-M~"-cm™2 and 16 pM, respectively, for CboDyP:SWCNT-Ink/GC and
similarly 610 = 30 mA-M~"-cm™2 and 31 pA for the PpDyP modified electrode.

The reproducibility of each bioelectrode was calculated by comparing the sensitivity
of 3 different electrodes, revealing an RSD of ca. 30%. This high RSD was not
surprising, given the simplicity of the bioelectrode preparation. It only involves five
consecutive steps of drop-casting the modification mixture and drying between each
layer added, which could lead to different DyP:CNTs distribution on the electrode

surface.
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Figure 3.11 - Catalytic response of immobilized DyPs on SWCNTs-Ink/GC electrodes to H202. (A)
Calibration plot for H202 response for WT CboDyP:SWCNTs-Ink/GC (pink circles) and WT
PpDyP:SWCNTs-Ink/GC (orange circles) and the respective (B) linear dependence of the catalytic
current on H202 concentration (n = 3) with their respective slopes (corrected for the electrode geometric
area of 0.07 cm?) and a r?of 555 + 10 mA-M~"-cm™2and 0.998 (pink) and the other 610 + 30 mA-M~"-cm™2
and 0.992 (orange) for CboDyP and PpDyP constructs, respectively. Error bars represent the SD of each
point.

Other CNT-modified GC electrodes for WT PpDyP immobilization. For all other CNTs
modifications tested where WT PpDyP was either adsorbed on SWCTs-NH»/GC
electrodes or entrapped in MWCNTs-COOH/PAH/GC or MWCNTs-OH/PAH/GC, no

catalytic activity was measured (Figure S 3.7) in the presence of increasing H.O>

concentrations.

3.3.3.3. Analysis of the analytical parameters compared to the HRP-based
biosensors.

The biodevices developed herein showed good catalytic activity towards H2O.,
including those designed using an empirical approach, i.e., WT CboDyP:SWCNTs-
Ink/GC and WT PpDyP:SWCNTs-INK-Ink/GC, and those following a rational design,
i.e., PpDyP FireProt/SAM/Ag and PpDyP PROSS/SAM/Ag (Table 3.2), except WT
CboDyP/SAM/Ag.
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The DyP:SWCNT-Ink/GC biodevices displayed comparable sensitivity and linear
range with the most common HRP-based biosensors. Both WT CboDyP:SWCNTs-
Ink/GC and WT PpDyP:SWCNTs-Ink/GC revealed a LOD of 30 and 16 uyM for WT
CboDyP and WT PpDyP, respectively. Although our developed devices have a higher
LOD than the reported HRP-based devices, this is not necessarily a drawback. For
instance, biodevices with these characteristics could be employed for medical
applications where the concentration of H,O. higher than 10 pM could harm the
patient [27].

The PpDyP FireProt and PpDyP PROSS bioelectrodes showed several remarkable
features compared to the HRP-based examples found in the literature. Their
sensitivity is ca.~1,300 mA-M~"-cm™, which is comparable to the previously
developed (by us) WT PpDyP bioelectrode [4], with values of 1,150 + 20 and 1,420 %
50 mA-M~"-cm™2 for PpDyP FireProt and PpDyP PROSS, respectively, is up to four
orders of magnitude higher than the reported values for HRP-based bioelectrodes
(Table 3.2). The devices developed herein presented a fast response time
(1.8 - 2.5 s), shorter than the reported values for HRP biodevices [28-35]. In terms of
the LOD, both DyP-based bioelectrodes showed an average behavior falling in the
range reported for HRP (0.02 - 86 uM). Both devices presented a comparable linear
range (5 - 195 and 5 - 278 uM for PpDyP FireProt and PpDyP PROSS, respectively)
to the WT PpDyP bioelectrode (1 - 200 uM) [9]. Taken together, from all the biodevices
developed herein that displayed H.O. activity, both WT CboDyP and PpDyPs (WT
and in silico engineered variants) emerge as promising candidates for the construction
of H>O, biosensors. Nevertheless, the bioelectrodes constructed by the rational
design, based on PpDyP FireProt and PpDyP PROSS as the immobilized biocatalyst,

displayed superior analytical performance (Table 3.2).
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3.4. Concluding remarks
SERR spectroelectrochemistry demonstrated that, while WT CboDyP and PpDyP

R214W were immobilized on SAM-coated electrodes in an apparently native-like
structure, immobilized WT CboDyP did not preserve its catalytic activity and redox
properties. In contrast, immobilized PpDyP R214W retained its reduction potential;
however, as in solution, it presented diminished catalytic activity in the immobilized
state. PpDyP FireProt and PpDyP PROSS retained their structure and redox
properties while displaying catalytic activity towards H>O,.

The analytical parameters of the various biodevices developed herein showed that
PpDyP FireProt/SAM/Ag and PpDyP PROSS/SAM/Ag constructs exhibited
remarkable features, including high sensitivity and low LOD. Overall, this work
demonstrated that coupling SERR spectroscopy with electrochemistry allowed the
identification of the best candidates, pinpointing possible areas for improvement of
the enzyme immobilization process. This strategy resulted in the development of
enhanced third-generation electrochemical bioelectronic devices that outperform

those characterized using the conventional trial-and-error strategy.
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Supporting Information
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Figure S 3.1 - SERR spectra of the immobilized ferric DyPs. (A) WT SviDyP (B) WT CboDyP; (C) WT
TfuDyP and (D) WT ScoDyP immobilized on Ag electrodes coated with pure and mixed alkanethiol
(HS(CH2)n-x, X = OH, CHs, COO-, and NHs") SAMs. For SviDyP the non-native 5¢cHS species is identified

with (). All spectra were acquired with 405 nm excitation at RT pH 7, with a laser power and accumulation
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Figure S 3.2 - RR and SERR spectra of PpDyP distal variants. (A) RR and (B) SERR spectra of R214W
variant; (C) RR and (D) SERR spectra of R214WI| SERR spectra of each immobilized PpDyP variant on
Ag electrodes coated with AOH:MOH at +0.250 V. The non-native 5cHS species is identified ().
Measurements were done with a 405 nm excitation at RT, with laser power and accumulation time of 3
mW and 30 s (RR) and 1.4 mW and 30 s (SERR).
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Figure S 3.3 - Comparison of the RR and SERR spectra of CboDyP distal variants. (A) RR and (B)
SERR spectra of R307W variant; (C) RR and (D) SERR spectra of R307I variant. SERR spectra of
immobilized CboDyP distal variants on Ag electrodes coated with 1-UDT: AUT SAMs at +0.250 V The
non-native 5¢cHS species is identified (*). Measurements done with a 405 nm excitation at RT, with laser

power and accumulation time of 3 mW and 30 s (RR) and 1.4 mW and 30 s (SERR).
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Figure S 3.4 - Spectra of immobilized (A) PpDyP R214W and (C) PpDyP R2141 on Ag electrodes
coated with AOT:MOH SAM at +300 mV and -400 mV. (B) Component analysis of va/vss region for
PpDyP R214W and (D) component analysis of v4 region for PpDyP R214l; the component spectra
represent the native ferric populations: 6¢cHS (green), native 6¢LS (blue), ferrous 5cHS (red) together
with the non-native 5¢cHS (light green) and non-assigned bands (grey). The experimental spectra are
depicted in black and the overall component spectra in dark red. Measurements were performed with

405 excitation and 1.4 mW laser power.
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Figure S 3.5 - Redox titrations of WT CboDyP in solution and immobilized states. Left curve:
potentiometric titration in solution monitored by UV-vis absorption spectroscopy. The circles represent
the normalized absorption of the reduced population at 430 nm as a function of the solution potential for
three independent experiments. Solid (and empty) symbols represent titrations by stepwise reduction
(and oxidation) of the ferric (and ferrous) enzyme. Right curve: SERR spectroelectrochemical titration of
CboDyP immobilized on electrodes coated with 1-UDT/AUT. The squares represent the relative
contribution of the ferrous 6¢HS population estimated from the v4 band (1359 cm™) at variable electrode
potentials for seven independent experiments. Solid lines represent fits of the Nernst equation to the
experimental data points, yielding for solution enzyme, E%so = =320 mV (blue line), and for immobilized

enzyme, E% imm = +15 mV (red).
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Figure S 3.6 - Electrochemical analysis CV of (A) WT PpDyP:SWCNT-Ink/GC and (B) WT
CboDyP:SWCNT-Ink/GC, at scan rates of 20 (black line), 35 (orange line), 50 (green line), 75 (blue line)

and 100 mV/s (purple line) (inner to outer scans).
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Figure S 3.8 - Electrochemical responses of (A) WT CboDy and (B) PpDyP distal variants (R214W/I)
immobilized on SAM coated Ag electrodes. (A) CVs in the absence (black line) and presence (grey line)
of 700 yM Hz20:. (B) Chronoamperometry of PpDyP R214W (blue line) and PpDyP R214I (green line) in
the presence of increasing concentrations of H202. The measurements were performed in 12.5 mM
K2SOs4 in 12.5 mM PB, pH 7.0. CV was performed at 50 mV/s, and cAmp was performed with the
electrode rotating at 2600 rpm.
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Figure S 3.9 - Stability of PpDyP FireProt/SAM/Ag (green), PpDyP PROSS/SAM/Ag (blue) and WT
PpDyP/SAM/Ag (black, data from [4]) electrodes response to H202. Relative sensitivity during storage at
4 °C for 42 days measured on a batch of electrodes prepared on the same day (n = 12). Error bars

represent the SD in percentage of each point.
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Figure S 3.10 - CVs of the control electrode buffer-SWCNTs-Ink/GC, prepared without DyPs (CboDyP
or PpDyP), in the absence (black line) and presence (grey dashed lines) of increasing H202
concentrations (9 - 1267 uM). Cyclic voltammograms were measured at 50 mV/s scan rate in 12.5 mM
K2SOg4 in 12.5 mM PB.
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Abstract

We report the construction of a miniaturized, disposable third-generation
electrochemical PpDyP-based biosensor for H,O» detection, using nanostructure-
modified screen-printed electrodes (SPEs). Gold nanospheres (AuNPs) are
electrodeposited on commercially available SPEs to increase enzyme loading. The
PpDyP/SAM/AuNP/C-SPE biosensor has a linear response range to H,O, from 30 to
475 uM, a sensitivity of 230 + 10 mA-M-'.cm™, and a limit of detection of 3.5 uM,
determined in open air conditions. This single-use device is suitable for on-site
measurements of H>O: in air-exposed samples, such as physiological fluids. It has
the potential for customization and improvement due to the easy production and

genetic manipulation of the employed biocatalyst, PpDyP.
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4.1. Introduction

Nowadays, there is an increasing interest in low-cost, compact and easy-to-use
analytical devices that can quickly provide on-site detection of important analytes such
as environmental pollutants or biomarkers in medical diagnostics. These types of
devices are highly sought after in different fields, from clinical and biomedical
applications [1-4] to food analysis, quality control [5,6] and environmental monitoring
[7-9]. One promising solution to meet this need is using SPEs that enable the
construction of miniaturized enzyme-based electrochemical devices with improved
performance compared to traditional analytical techniques such as high-performance
liquid chromatography. Enzyme-based SPE devices are favorable as they can ensure
rapid, specific, sensitive, and precise analyte detection. Moreover, these devices are
portable and can be used by non specialists for on-site detection. SPEs are strip
electrodes that can work as compact electrochemical cells, typically featuring a three-
electrode configuration (working, counter and reference electrode, WE, CE, and RE,
respectively). They can be printed on plastic, ceramic, and, more recently, on paper
substrates [2,10—-16]. Another advantage of using SPEs to develop biodevices is their
low cost and ease of mass production using thick film technology compared to
classical pen electrodes commonly used in electrochemistry [2,10-17]. These
miniaturized biodevices can work with a few microliters of sample volume drop on
their surface (75 - 100 pL), or be used in a small 2.5 to 5 mL electrochemical cell [12].
These biodevices can be connected to a portable potentiostat, allowing on-site
determination of the target analytes. The surface of the SPEs can be easily modified
with biomolecules, nanoparticles and polymers, among others, depending on the
desired application [4,18,19]. SPEs are often comparable with the use of organic
solvents, which are commonly employed to prepare NP dispersions and dissolve
water-insoluble organic molecules needed for the WE modification; or in the
preparation of the target analyte before measurement. However, organic solvents
may limit the use of SPEs since these solvents can dissolve the inks used in the SPE

printing process, and thus compromising the biosensor's performance [16].
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Silver inks are mainly used as the conductive track, while the WE is usually made with
graphite inks. Other materials, such as gold or platinum, can be used in the SPE
preparation [2,10-16]. The RE is commonly made from silver inks, resulting in a
pseudo-reference (“false” reference) or a quasi-reference (“almost” or “essentially”
reference) electrode [20]. They lack thermodynamic equilibrium; therefore, one
cannot calculate its potential, which can be overcome by, for example, using internal
standards such as ferricyanide [20]. Moreover, these pseudo-references are not
ideally nonpolarizable (their potential shifts during the measurements depending on
the current density applied) and work over a limited range of conditions, e.g., pH or
temperature. Nevertheless, their potential can be surprisingly constant during the

experiments under selected conditions [20].

Carbon ink is a commonly used material as the WE in electrochemical biosensing
applications of SPEs due to chemical inertness, low background currents, wide
potential windows, and ease of modification. Metal inks, such as gold, can offer other
advantages, as they can be modified using SAMs of alkanethiols, enhancing the
applicability of Au-SPEs for the development of enzymatic electrochemical biosensors
[2,10-16] by providing a biocompatible environment for the biocatalyst attachment at

the electrode surface [21].

(Bio/nano)modifiers can be added to the WE during or after screen-printing
[3,4,12,13,15,16,22,23]. Nanomaterials such as Au, Ag, Pt, Pb, or other metal NP,
CNTs, or graphene-based inks can accelerate the ET rate at the electrode surface
between the enzyme and the WE [16]. The most common methods for modifying the
WE of the SPEs after the screen-printing process are drop casting or
electrodeposition of metal NPs. The former involves drying a NP solution/dispersion
on the WE surface; this process nevertheless has a major drawback since metal NPs
(especially AgNP) tend to aggregate during drying. In contrast, electrochemical
deposition allows for precise control over the morphology of the metal NPs on the WE
[15,18].
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Due to the properties discussed above, SPEs have helped considerably in
transitioning from the classic electrochemical cell to miniaturized and portable

electrochemical biodevices that can be used for on-site analysis [24,25].

In this chapter, we describe a miniaturized third-generation electrochemical biosensor
suitable for accurately quantifying H2O2 in small volumes of air-exposed samples.
That is developed by immobilizing PpDyP selected in the previous chapter(s) onto

commercially available SPEs modified with metal NPs.

4.2. Materials and methods

4.2.1. Reagents and solutions

8-Amino-1-octanethiol (AOT), 6-mercapto-1-hexanol (MOH), silver nanoparticles
(AgNP,), @ = 40 nm; 1 mg/mL in aqueous sodium citrate, gold (lll) chloride trihydrate,
Sigmatrix Urine Diluent and Serum Replacement were purchased from Sigma-
Aldrich. Serum Replacement (50x) was diluted to 1x before the use in phosphate
saline buffer pH 7.4. Sulfuric acid (96%) was purchased from Panreac AppliChem.
Hydrogen peroxide (30% w/w) was obtained from Honeywell. All other chemicals were
obtained from Sigma-Aldrich and had the highest purity grade available. Solutions
were prepared using deionized water from a Milli-Q® Water Purification System
(Merck Millipore).

The concentration of H>O, stock solutions was determined spectrophotometrically

using the molar absorption coefficient of 43.6 M~'-cm™ [26].

4.2.2. Overexpression and purification of recombinant wild-type PpDyP

and variant
PpDyP and PpDyP PROSS expression and purification were performed as described
in Chapter 2.2, following the previously optimized protocol [27].

4.2.3. Preparation of the PpDyP-modified electrodes

Electrodes. Carbon, gold and silver SPEs were purchased from Metrohm Dropsens.

They present a three-electrode configuration printed on the same ceramic strip, with
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carbon (C-SPE, DRP-C110), gold (AuSPE, DRP-C220BT) or silver (AgSPE, DRP-
C010) working electrodes (WE, @ = 4 mm), silver pseudo-reference electrode (+0.345
and +360 mV vs. NHE, for the C- and Au-SPE, respectively) and carbon (C- and Ag-
SPE) or gold counter (Au-SPE) electrodes. All potentials herein report to NHE.

SPE cleaning. The C-, Ag- Au-SPE surfaces were cleaned by thoroughly rinsing with
water and ethanol. The Au and Au modified WE was further electrochemically cleaned
in 0.5 M H»SO4 by cyclic voltammetry in the +1,700 to +100 mV range at 100 mV/s

scan rate (5 cycles).

4.2.3.1. Electrode modifications

Drop-casting of silver nanoparticles (AgNPs). Five consecutive layers of AQNPs were

drop-casted (2 puL AgNP solution 1 mg/mL) on the C-SPE. Between each layer, the

surface was dried inside an Nz-saturated chamber.

Electrodeposition of silver nanopillars (AgNPis). AQNPis were electrodeposited on the

C-SPEs using a protocol adapted from Feng et al. [28]. In short, the WESs were poised
at -0.3 V for 300 s in a solution containing 6 mM AgNOs, 7 mM SDS, 130 mM
NHsCH3COO, 0.3 mM NH4OH, and 100 mM KNOs. Afterward, the electrodes were

thoroughly rinsed with water.

Electrodeposition of gold nanoparticles (AuNPs). The C/Au-SPEs were modified by

electrodeposition of AuNPs following a previously described procedure [29]. Briefly,
the WE of the SPE was immersed in a solution of 0.5 mM HAuCI,4 prepared in 0.5 M
H.SO., and the electrodeposition was carried out at —0.2 V for 5 min. Afterward, the

modified AUNP/SPEs were cleaned electrochemically, as described above (4.3.2).

SAM formation and enzyme immobilization. Electrode functionalization with SAMs

and enzyme immobilization were performed as described in section 3.2.2. Briefly, the
metal or metal modified SPEs (Au-SPEs, AgNPi/SPEs and AuNP/SPEs) were
incubated in 1 mM SAM solution AOT and MOH (1:3 v/v) in ethanol. The AgNP/C-

SPEs were incubated on the same SAMs mixture prepared in water. The electrodes
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were incubated in the SAMs solution overnight or for 2 h 30 min depending on whether
the SPE was used as the WE (anaerobic characterization) or as the whole
electrochemical cell (aerobic characterization). For enzyme attachment, the SAM-
coated electrodes were first rinsed with supporting electrolyte. Afterward, 75 pL of
0.5 - 5 yM PpDyP solution (in supporting electrolyte) was deposited on the surface of
the WE and left incubating for 30 min, at 4 °C. Prior to measurements, the WE was

rinsed with supporting electrolyte to remove loosely bound PpDyP molecules.

4.2.4. Electrochemical measurements
The electrochemical experiments were conducted using an Autolab PGSTAT204

potentiostat controlled with the NOVA 2.1 software (Metrohm).

Purged setup: The first characterization of the different constructs tested was made
in a deoxygenated environment. A one-compartment electrochemical cell with a three-
electrode system, composed of a RE (3 M Ag/AgCl, WPI), a Pt counter electrode
(Radiometer) and the modified WE of the SPE strip, was used for electrode
optimization steps i.e., choice of SPE, nanostructure and enzyme concentration. In
this set-up, the supporting electrolyte solution (10 mL) was deoxygenated by bubbling
argon for 10 min before each experiment. These conditions were also used for the

stability assays.

Open air setup: Following the optimization steps, the analytical characterization of the

biosensor and sample analysis was performed using the SPE strip as the
electrochemical cell. Experiments were done by placing the SPE inside an air-

exposed cell containing 3 to 5 mL supporting electrolyte or sample.

PpDyP modified electrodes response to H>O». The PpDyP-modified electrodes were

characterized at room temperature by CV at 50 mV/s scan rate. Response to H202
was evaluated by successive substrate injections into the cell. The cyclic
voltammograms were recorded in the range of +800 to 0 mV when using the external

electrode cell and +750 to +150 V when using the reference electrode of the SPEs.
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The cell solution was mixed by bubbling with argon or magnetic stirring for 35 s, for

purged and open-air configurations, respectively.

Determination of the analytical parameters of the PoDyP modified electrodes for H,O,.

The Icat was measured at +100 mV; all values were corrected by subtracting the non-
catalytic current measured without H.O.. Each assay was replicated at least three

times.

The sensitivity was determined as the slope of the l.at = f([H202] calibration curve),
within the linear response range. The SPE’s geometric area (0.11 cm?) was used to
convert the lcat to current density (Jcat) values. The LOD was determined at a signal-
to-noise ratio (S/N) of 3. The maximum current density (Jmax) Was determined at

substrate-saturating concentrations, typically between 500 - 750 uM HO..

The long-term stability, i.e., storage stabilityy, of the PpDyP electrode
(PpDyP/SAM/AUNP/C-SPE) was evaluated via the analysis of the sensitivity of a
batch of SPEs, prepared as described above and stored in supporting electrolyte at
4 °C for one month. Each electrode was tested once, at room temperature, which we

refer to as single-use.

The reproducibility of the optimized PpDyP (PpDyP/SAM/AuNP/C-SPE) electrodes
was determined as the RSD of the sensitivities of different electrode preparations
(N=4).

Real sample analysis. Bottled water, synthetic urine and human serum replacement

were used as purchased without any previous treatment. As described above, internal
calibration curves in each matrix were performed in the SPE cell in open-air
configuration. Each curve was replicated three times. The biosensor’s response to
H2O. was measured using the standard addition method. The solutions were spiked
with a given concentration of H.O, (130 uM), and the recovery percentages were
calculated (N = 3).



Miniaturized DyP-based Device

4.2.5. Electrode characterization
SEM. The SEM images were captured with a Carl Zeiss NTS Supra TM 40 FESEM

using an electron high tension of 3 kV.

RR spectroscopy. RR spectra were acquired on a Raman spectrometer (Jobin Yvon
LabRam 800 HR) with a back-illuminated CCD detector cooled by liquid nitrogen,

equipped with a 1200 L/mm diffraction grating. An Olympus 20x objective was used
for laser focusing on the sample and light collection in the backscattering geometry.

The excitation source was a 405 nm diode laser (Toptica Photonics AG).

RR spectra of PpDyP in solution were recorded in a rotating cuvette (Hellma)
containing 100 uL of 20 uM PpDyP in supporting electrolyte, pH 7. The RR spectra of
the enzyme deposited on SAM/AuNP/C-SPEs were obtained from the surface of the
electrode covered by a 100 uL drop of the enzyme (30 uM in supporting electrolyte).
The spectra were recorded using 3 - 4 mW laser power and 25 - 30 s accumulation
time. Four to eight spectra were co-added in each measurement to improve the S/N

ratio.

SERR spectroscopy. SERR spectra of immobilized enzymes attached to the modified

electrode were obtained with an Horiba LabRam HR Evolution stage 1 spectrometer,
equipped with an 1800 L/mm diffraction grating and a Synapse detector, cooled by
Peltier circuits. An Olympus 20x objective was used for laser focusing on the sample
and light collection in the backscattering geometry. A 405 nm laser diode laser was
used as an excitation source (Toptica Photonics AG). The spectra were recorded
using laser power of 2 mW and accumulation time of 10 s. Four to eight spectra were

co-added to improve the S/N ratio.

4.3. Results and discussion

After demonstrating that WT PpDyP and it's in silico engineered variant (PpDyP
PROSS) are the most promising immobilized biocatalysts for H.O. biosensing
applications (cf. section 3.3.3.3, Table 3.3), a miniaturized prototype of a third-

generation electrochemical device was developed. This was achieved by adapting the
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biodevice constructed with Ag bulk electrodes, i.e., PpDyP (PROSS)/SAM/Ag (cf.
section 3.3.2.2.a) to SPEs.

The optimized PpDyP-based H,O: biosensor was selected by evaluating the building
blocks of the miniaturized construct, i.e., different types of SPE materials (Au-;C-; or
Ag-) and nanostructures (silver nanoparticles - AGNP; gold nanoparticles - AUNP or
silver nanopillars - AgNPi) conducted in anaerobic (Ar saturated) conditions, Figure
4.1. Afterward, the catalytic activity was also tested in aerobic (air-exposed)
conditions. Prior to enzyme (WT or variant) immobilization, the WE (modified with
nanostructures or not) was coated with a SAM to create a biocompatible environment

for the attachment of PpDyP in the native structure, as described in Chapter 3.

Electrode Au-SPE

7 % - e 5 H202
7 pary f
-7 H,O
*) .
RS '"5;;5;»# variant

Figure 4.1 - Schematic representation of the modifications on the SPEs for constructing the miniaturized
PpDyP biosensor. The modifications highlighted in green represent the optimized biosensor

configuration.

4.3.1. PpDyP on Modified SPEs

4.3.1.1. Structural Characterization of the immobilized enzyme

AuNP/SPE. Electrodeposition of AuNPs on the WE of C-SPE(Figure 4.2) resulted in
a high density of nanospheres, homogeneous in size and shape, covering the
electrode surface, as revealed by SEM (Figure 4.2). The electrodeposition of AUNP
on Au-SPE was also tested. Interestingly, the electrochemical surface area of these

modified electrodes was revealed to be comparable as the AuNP/C-SPE one (Table
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S 4.1), which indicated that the electrodeposition on both electrodes occurred in the

same manner.

Intensity (a.u.)
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Figure 4.2 - Characterization of the WT PpDyP/SAM/AuNP/C-SPE biosensor components. (A-B) SEM
images of C-SPE WE surface (A) before and (B) after AuNPs electrodeposition (magnification 100Kx
and 200Kx, respectively). (C) RR spectra of WT PpDyP in solution (top trace) and immobilized on
SAM/AuNP/C-SPE (bottom trace). Spectra were acquired with 405 nm excitation; laser power and
accumulation times were 25 - 30 s and 3 - 4 mW, respectively.

The structural integrity of the heme active site of WT PpDyP attached to
SAM/AuNP/C-SPE was probed by RR spectroscopy, which revealed the oxidation,
coordination, and spin state of the heme group, based on the frequency of the marker
bands, vi [30,31] (cf. Chapter 1.4.3.1). The comparison of the RR spectra of PpDyP
in solution with the RR spectra obtained from the surface of modified C-SPEs,
confirmed the presence of the same heme species in both cases. This was concluded
from the position of the marker bands va, vs, v2, vio, ve=c, (Figure 4.2 C) and further

confirmed by the component analysis of the spectra. The component analysis of RR
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spectra measured from the ferric enzyme in solution and at the electrode surface
revealed the frequencies of the spin marker band v; at 1500 cm™, 1494 cm™, and
1489 cm™ (Figure S 4.1), which are characteristic of 5cQS, 5cHS and 6¢cHS species,
respectively. It is noteworthy that the differences in the v» region, i.e. a shoulder at
1570 cm’, observed in the RR spectra obtained from the C-SPE surface, can be
attributed to the G peak (at ca. 1570 cm™) of the carbon electrode (Figure 4.2 C,
bottom trace) [32]. For the SAM/AuNP/Au-SPE modified electrode, the attachment of
the enzyme to the electrode surface most likely results in a native state of the enzyme
as observed for the SAM/AUNP/C-SPE, since the AuNPs were coated in the same

manner.

Silver-based modified (or non-modified) SPEs. Silver nanostructures, either AgNPi or

AgNP, were also tested as WE modifications, aiming to increase the enzyme loading
at the electrode surface while taking advantage of the silver nanostructures'
plasmonic properties to enhance the RR signal of the immobilized enzyme. This would
allow the monitoring of the active site architecture of the immobilized DyPs by SERR
spectroscopy, which provides the same type of information as RR spectroscopy (cf.

Chapter 1.4.3.1) but with several orders of magnitude higher sensitivity [30-31,33].

(i) AgNPi/C-SPE. Comparison of the RR spectra of WT PpDyP in its native ferric state

in solution with SERR spectra of the immobilized ferric enzyme revealed the presence

of the same heme species indicated by the identical positions of the marker bands
(Figure 4.3 C). We can thus conclude that no structural conformational changes
occurred in the heme pocket upon enzyme immobilization. However, the
reproducibility of the AgNPis electrodeposition and the stability of the AgNPis solution
was low, as demonstrated by the SEM images of different AgNPis/C-SPE
preparations (Figure 4.3 A-B), which is a clear disadvantage compared to the good

reproducibility of AuNPs electrodeposition.
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Figure 4.3 - Characterization of the WT PpDyP/SAM/AgNPI/C-SPE construct components. (A) and (B)
SEM images of AgNPi prepared by independent electrodepositions on C-SPEs under identical
experimental conditions. Magnification (a) 50Kx and (b) 200Kx (C) RR spectra of WT PpDyP in solution
(top trace) and SERR spectra of WT PpDyP immobilized on SAM/AgNPIi/C-SPE (bottom trace). RR and
SERR spectra were measured using 20 uM and 5 yM WT PpDyP, with a 405 nm excitation, 3 - 2 mW

laser power, and accumulation times 25 - 10 s.

(i) AQNP/C-SPE and Ag-SPE. Two additional Ag substrates were also tested for
biosensor development (Figure S 4.2 A-B). However, no (SE)RR spectra could
measured either with the SAM/AgNP/C-SPE or SAM/Ag-SPE constructs, as shown
by the lack of a (SE)RR signal of the immobilized WT PpDyP (Figure S 4.2 C), which
prevented the evaluation of the heme active site's structural integrity. To understand

if the lack of (SE)RR signal was due to the absence of bound protein to the electrode,
measurement of the catalytic activity of these electrodes was performed (see below
4.3.1.2). C-SPE modified using drop-casted AgNP resulted in a non-homogenous
coverage of the WE surface due to AQNP aggregation as revealed by SEM (Figure
S4.2.A).
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4.3.1.2. Electrocatalytic characterization of immobilized PpDyP

The electrocatalytic properties of PpDyP immobilized on the SPEs (Ag-,Au-, C- SPE
with or without nanostructures) were probed by CV. Upon addition of H.O- to the
electrochemical cell, the cathodic current increases due to the catalytic reduction by

the enzyme attached to the WE, e.g., Figure 4.4 (color traces, Figure S 3), as

expected.
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Figure 4.4 - Electrocatalytic response of WT PpDyP/SAM/AuNP/SPE constructs to H202 measured in
anaerobic conditions. Cyclic voltammograms for each construct in the absences (black dotter traces) and
presence of increasing concentration of H202 (color solid traces): (A) WT PpDyP/SAM/AuNP/C-SPE
(increasing concentration of H202: 170 - 1140 uyM); (B) WT PpDyP/SAM/AuNP/Au-SPE (increasing
concentration of H202: 65 - 510 pM ). Each electrode was prepared with (A) 0.5 and (B) 5 uM PpDyP.
The supporting electrolyte was 12.5 mM K2SO4 in 12.5 mM PB, pH 7.0. Cyclic voltammograms were
measured at 50 mV/s scan rate. The complete set of data of the assay can be found in Figure S 4.3.

As discussed, for the PpDyP in silico/SAM/Ag bulk constructs (cf. Chapter 3.3.2.2.a)
these catalytic currents can be attributed to the formation of the catalytic intermediate
[Fe(IV)=QO]** (Cpd I), when the ferric PpDyP reacts with H.O,, which has been
subsequently reduced by the electrode [27,34,35]. Note that, as in the case of the
PpDyP/SAM/Ag constructs [27], the non-catalytic peaks could not be observed by CV
in the absence of substrate (Figure 4.4 black dotted trace and S 4.4), which we

correlated with insufficient enzyme loading (vide supra, Chapter 3.3.2.2.a).
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As in the case of bulk Ag electrodes, the It was determined at +100 mV (cf. Chapter
3.3.2.2.a). This working potential was selected because the catalytic currents were
close to maximum at this potential (Figure 4.4), and the non-enzymatic reduction of
H20O, by the electrode was negligible (Figure 4.5 A, C, open circles and S 4.5 and

S 4.6, open circles).
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Figure 4.5 - Catalic current of PpDyP/SAM/AuNP/SPE in the presence of H202. (A) WT
PpDyP/SAM/AuNP/C-SPE (solid circle), (C) WT PpDyP/SAM/AuNP/Au-SPE (solid circle). The
respective response of the control (construct prepared without the enzyme) is represented by the open
circles. (B and D). The corresponding linear dependence of the catalytic current density (corrected for
the electrode geometric area of 0.11 cm?) on H202 concentration, with slope and r? of (B) 215 + 10
mA-M~"-cm= and 0.983, (D) 190 + 5 mA-M~"cm™2 and 0.998. Error bars represent the SD for each point
(n=4).
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The segment of the plot of the l.at vs. the H2O2 concentration in which response
towards H2O:is linear, was used to determine the sensitivity and the linear response
range of biodevices. The majority of the developed constructs showed a good
response to H202 with comparable analytical parameters and sensitivity ranging from
160 + 4 to 215 + 10 mA-M"-cm™ (Table 4.1).

Table 4.1 - Analytical properties of the WT PpDyP modified electrodes prepared using different: SPEs,

enzyme concentrations, and nanostructures determined under anaerobic conditions.

WT
Electrode [ Sensitivity” LR LOD Jmax
Modification PpDyP]?
type M (mA-M-'-cm??) (M) (M)  (pAlcm?)
M
0.5 190 £ 10 5-170 12 -136
AuNP/SAM
5 190+ 5 7-165 4 -136
Au-SPE
0.5 1905 8-220 6 -55
SAM
5 190 £ 10 8-220 4 -64
0.5 215+ 10 5-750 11 -240
C-SPE AuNP/SAM
5 160+ 5 5-220 4 -255
AgNP/SAM* 0.5 185+ 5 7 -1400 20 N.D.
AgNPi/SAM 0.5 N.D. N.D. N.D. N.D.
Ag-SPE SAM 0.5 N.D. N.D. N.D. N.D.

@]t was also observed that the enzyme concentration used in the electrode preparation did not influence
the overall performance of the constructs using electrodeposited AuNP except in the case of
SAM/AuNP/C-SPE; The sensitivity* was calculated using the geometric area of the SPEs (0.11 cm?);
*SAM preparation of AQNP/C-SPE was performed in water; Jmax - maximum current density; LR - linear
Range; LOD - limit of detection; N.D. - non-determined.

AuNP (or non) modified electrodes. The Au- and C- SPE modified with AuNP, i.e.
WT PpDyP/SAM/AuNP/Au-SPE and WT PpDyP/SAM/AuNP/C-SPE, had identical
LODs (4 - 12 yM H203) and sensitivities as the WT PpDyP/SAM/Au-SPE (absence of

nanostructures), Table 4.1. However, in the absence of the Au nanostructures, the

linear response range was narrower, presenting a decreased Jmax (approximately 50%

lower), Table 4.1. The decreased analytical performance of this device demonstrates
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that the use of AUNPs improves the biosensor analytical capacity, due to the higher
amount of immobilized enzyme. We selected AuNP-modified electrodes,
WT PpDyP/SAM/AuNP/Au-SPE and WT PpDyP/SAM/AuNP/C-SPE, for subsequent

tests in an open-air setup.

Other constructs. The WT PpDyP/SAM/Ag-SPE and WT PpDyP/SAM/AgNP/C-SPE
constructs were also characterized using the empirical strategy. In these cases, only
analytical parameters were determined together with WT PpDyP/SAM/AgNPI/C-SPE
designed by rational design. However, the latter and the PpDyP/SAM/Ag-SPE
construct exhibited no electrocatalytic response. WT PpDyP/SAM/AgNP/SPE, on the
other hand, presented a wider linear range response (up to 1400 uM H;0O;) and a
higher LOD (20 uM H20;) when compared with the AuNP-modified constructs (Table

4.1, Figure S 4.5 B). However, the SEM surface characterization of the modified

electrode with AgNP, Figure S 4.2 A, showed that the AgNPs are not homogeneously
distributed, revealing NP aggregation. For this reason, this construct was not

considered further for the following studies.

4.3.2. Performance of PpDyP/SAM/AuNP/C- or Au- SPE in open-air
configuration

Given the good response of the AuNP-modified electrodes (C- and Au-SPE) to H2Oo,
their performance was further evaluated in an open-air configuration. This is a critical
step for developing biosensors intended for on-site measurements, as it enables quick
and straightforward assessment of the target analyte, H.O,, without the need for

sample preparation, making these biosensors ideal for outside laboratory use.

4.3.2.1. Electrocatalysis and analytical characterization

In aerobic environment, the WT PpDyP/SAM/AuNP/C-SPE revealed a linear
response to H,O, from 30 to 475 uM, a sensitivity of 230 + 10 mA-M~"-cm™ and LOD
of 3.5 uM, Table 4.2 and Figure 4.6, Figure S 3. Importantly, the analytical parameters

were comparable to those obtained without O..

135



Chapter 4

10
B
5 i 0 N LearRIIIIITIIIIITIITIISRIEELALL
1 -
0 1 Y
g £919
2104 =44z
Q -5
-15 4 = 5 - [H:0,]
-20 4 ] ! =
-25 T T T T T T T T T -8 T T T T T T T T
200 O 200 400 600 800 -200 O 200 400 600 800
E (mV) vs. NHE E (mV) vs. NHE
-130 -50
c D
— ’ ‘ ’ ’ o
E -80 A - &E“ rad
gl 2-25 o
= A EY *
"30 / P ‘g ) . ”
-30 4 ’.’ = ,.’
Cd ./ ” - ’
* - °
T T T T T 0 . T T T T
0 150 300 450 0 50 100 150
[H:0,] (UM) [H,0,] (M)

Figure 4.6 - Catalytic response of PpDyP/SAM/AuNP/SPE to H202 in open air conditions. Cyclic
voltammograms of (A) WT PpDyP/SAM/AuNP/C-SPE and (B) WT PpDyP/SAM/AuNP/Au-SPE in the
absence (black dotted traces) and presence (color solid traces) of increasing (30 - 500 uM and 60 - 385
uM, respectively) concentrations of H202 . Electrodes were prepared with (A) 0.5 and (B) 5 uM PpDyP.
The supporting electrolyte was 12.5 mM K2SO4 in 12.5 mM PB, pH 7.0. Cyclic voltammograms were
measured at 50 mV/s scan rate. Linear dependence of the catalytic current density (corrected for the
electrode geometric area of 0.11 cm?) on H202 concentration, with slope and r? of (C) WT
PpDyP/SAM/AUNP/C-SPE: 230 + 10 mA-M~"-cm=2 and 0.992 and (D) WT PpDyP/SAM/AuNP/Au-SPE:
245 + 5 mA-M~"-cm™ and 0.999. The complete assay represented in A and B can be found in Figure S
4.3.
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The control experiments, i.e, electrodes prepared without enzyme, showed no
variation of the cathodic current upon adding H202 (Figure S 4.7), as observed in

anaerobic environment.

The AuNP-modified C- and Au-SPE presented a comparable sensitivity, 230 + 10 and
245 + 5 mA-M'-cm™, respectively. Still, the analytical performance of the
PpDyP/SAM/AuNP/C-SPE was superior due to its wider linear range (30 - 475 vs.
10 - 165 uM H20O for modified Au-SPE), with an estimated LOD of 3.5 pM H20-.
Moreover, the PpDyP/SAM/AuNP/C-SPE showed higher catalytic currents at
saturating concentrations of H.O, than the PpDyP/SAM/AuNP/Au-SPE (Figure S 4.8).
Overall, these results established the C-SPEs modified with Au nanostructures as the
best-performing for H2O: biosensing, making them the constructs of choice for the

stability assays and testing of their performance in complex samples.

Given the potential of the miniaturized device for commercialization, it was crucial to
ensure that the devices fabricated using the same methodology showed reproducible
analytical performance. Testing sensor-to-sensor reproducibility was, therefore,
essential to validate the reliability of these devices. The comparison of 4 independent
electrode preparations revealed a RSD of approximately 8%, demonstrating their
robust construction. Furthermore, we tested the biosensor in a single-use
configuration, which showed that it preserved 90% of its initial sensitivity following

storage for 20 days, dropping to 70% afterward, Figure S 4.9.

The sensitivity of the miniaturized PpDyP-based device was nevertheless almost six
times lower than that reported in our previous work using bulk Ag rotating electrodes
in the laboratory setup (Table 4.2) [27]. To understand if the origin of this discrepancy
is related to the SPE measuring setup (i.e., stationary electrode), in which the
electrochemical response was controlled by the diffusion of the substrate to the
electrode, a modified glassy carbon rotating disk electrode (GC-RDE) was prepared.
This electrode was chosen to mimic the electrode material of the C-SPE. The GC-
RDEs were modified and characterized by cAmp following the previously optimized

protocols for SPEs and the bulk electrodes, respectively [27]. The amperometric
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response of the WT PpDyP/SAM/AuNP/GC-RDE constructs was analyzed upon
successive injections of deoxygenated stock solution of H>O; to the electrochemical
cell. Chronoamperometric measurements revealed a stepwise increase of the
catalytic current upon adding H-O3 in short response times, demonstrating an efficient
heterogeneous ET between the immobilized enzyme and the electrode surface,
Figure S 4.9 A. The WT PpDyP/SAM/AuNP/GC-RDE construct revealed a sensitivity
of 1,335 mA-M~'.cm™, linear response of 1 - 65 yM, and LOD of 5 uM (Figure 4.7
purple circles), which are comparable to those reported for bulk Ag electrodes (cf.
section 3.3.3.3.). Moreover, when the RDE-modified electrode was used without
rotation (Figure S 4.10 B), the construct displayed a similar sensitivity (200 £ 5
mA-M~'-cm™) to the miniaturized device (230 + 10 mA-M~"-cm™2), Figure 4.7 pink

circles.
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Figure 4.7 - Electrocatalytic response of WT PpDyP/SAM/AuNP/GC-RDE electrode with (purple circles)
and without (pink circles) rotation. (A) catalytic currents vs. H202 and (B) linear dependance of the
catalytic current density (corrected for the electrode geometric area, 0.07 cm?) on H202 concentration

with a slope and r? of 1,335 + 40 mA-M~'-cm™ and 0.990 for purple circles and 200 + 5 mA-M~"-cm™

and 0.998 for pink circles. Error bars represent the SD for each point (n = 3).

This proved that the diminished sensitivity of the SPE-based configuration was due to
the stationary character of the setup, demonstrating a trade-off between the chosen

measuring technique and the biosensor configuration.
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4.3.2.2. PpDyP PROSS based miniaturized biosensor

As discussed in Chapter 3, the construct developed using the PpDyP in silico
engineering variant, PpDyP PROSS, attached to bulk Ag rotating electrodes in the
SERR electrochemical cell (PpDyP PROSS/SAM/Ag) revealed comparable analytical
parameters to that of the WT PpDyP-based Ag construct (cf. Table 3.2), but with
improved storage stability. For those reasons, once the best performing configuration
for application in open air conditions was identified concerning the SPE material and
nanostructure type (i.e., SAM/AuNP/C-SPE), we probed the analytical performance
of constructs that instead of WT PpDyP carried the variant PpDyP PROSS. Overall,
the analytical performance of the two devices was comparable (Table 4.2). However,
PpDyP PROSS/SAM/AuUNP/C-SPE presented a narrower linear range, downshifted
when compared to the WT PpDyP/SAM/AuNP/C-SPE (5 - 245 vs. 30 - 475 yM H»0o,
respectively) (Table 4.2). Hence, the two devices could be used for different

applications (cf. Figure 1.11).

In terms of long-term stability, following an initial decrease, the PpDyP PROSS
constructs maintain approximately 60% of the initial response sensitivity for up to 30
days, which revealed slightly lower stability than the WT PpDyP construct.
Interestingly, this result contradicted the results from Chapter 3. In the assays
performed using the SAM-coated Ag electrodes, the PpDyP PROSS had better
storage stability than the WT PpDyP-based construct. We hypothesize that the
decrease of the initial sensitivity in PpDyP (WT and PROSS) miniaturized devices

could be related to the stability of the AuNPs rather than of the enzyme itself.

4.3.2.3. Analysis of the analytical parameters compared to other SPE-based H>O;
(bio)sensors

The bioelectrode developed herein showed comparable or better analytical
performance than that of other SPE-based H>O- (bio) sensors, designed with HRP
[37—-40] or artificial-peroxidases [41—43], Table 4.2. The latter are nowadays among
the most used for H20; sensing. However, artificial peroxidases still need to overcome
some issues, e.g. low selectivity and poor performance in complex matrices (for

instance, due to sensor fouling from protein attachment) [44]. Furthermore, the
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miniaturized PpDyP-based biosensor performs exceptionally well in open air

conditions (Table 4.2), which is an important added value.

4.3.2.4. Analytical applicability of the developed PpDyPs-based biosensor to real
samples

In the next step, we proceeded to evaluate the analytical applicability of the PpDyP
(PROSS)/SAM/AUNP/C-SPE biosensors to real samples, namely bottled water,
synthetic urine, and human serum replacement under open-air conditions, using the
standard addition method. The detection of H,O; in these matrices is important for
industrial (packaging) and medical fields (cf. Figure 1.11). Each solution was spiked
with 130 uM H.0O,, and the recovery percentage was calculated. We chose this
concentration since only up to 100 uM H»O; is considered safe for consumption in
drinks, while for urine and blood, this value is considered normal [36]. We employed
an internal calibration curve within each sample to assess the biosensor's accuracy
in detecting H-O, across the different solutions. The results were promising, with
recovery rates of 99% (RSD 2%) for bottled water, 103% (RSD 12%) for synthetic
urine, and 88% (RSD 20%) for serum (Table S 4.2). The PpDyP PROSS biosensor
showed similar analytical performance to the WT PpDyP-based construct for
quantifying H-O- in bottled water and human serum replacement (Table S 4.2). These
findings highlight the PpDyP (PROSS)/SAM/AuNP/C-SPE biosensor's ability to
deliver reliable measurements of H2O; in complex matrices, demonstrating consistent

performance when calibration curves are tailored to each specific matrix.
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4.4. Concluding remarks

In this chapter, we describe the development of a miniaturized third-generation
PpDyP-based biosensor for on-site H,O- detection. Our biosensor can detect the
desired analyte in air-exposed samples, such as physiological fluids. The
development of this device followed a pipeline process in which we optimized the
electrode material (Ag-/Au-/C-SPE), the nanostructure modification of the electrode
(none, AuNP, AgNP or AuNPi), and the biocatalyst (WT PpDyP or PpDyP PROSS),
Figure 4.1. All the PpDyP-based miniaturized constructs revealed electrocatalytic
activity towards H,O,, except the WT PpDyP/SAM/AGSPE and WT
PpDyP/SAM/AgNPI/C-SPE. The optimized device that revealed the best performance
was produced using commercially available, inexpensive C-SPEs modified by easily
and reproducibly prepared AuNPs that were coated with SAMs to ensure
biocompatibility for the biocatalyst attachment. The miniaturized WT
PpDyP/SAM/AuNP/C-SPE construct detected H2O2 in aerobic conditions with high
sensitivity (230 £ 10 mA-M~"-cm™2), showed a good linear response range (30 - 475
MM) and long-term stability (20 days). The PpDyP biosensor demonstrated
comparable analytical performance to HRP/SPE-based devices [37—40] and several
sensors constructed using artificial peroxidases [41—43]. This is of crucial importance
since HRP has been so far most commonly used for the development of H.O,
biosensors, while artificial peroxidases, such as Prussian blue, metal and magnetic
nanoparticles, which display intrinsic peroxidase activity, nowadays represent the
newest trend for developing H-O» sensing devices. The biosensor developed herein
stands out in terms of fabrication and measuring set-up simplicity. A key advantage of
using DyPs as the immobilized biocatalyst is its highly tunable nature, which can be
easily engineered to enhance specific catalytic and stability properties, making it
adaptable to a wide range of applications. Furthermore, if we compromised on the
device's simplicity, which was emphasized in this work, and went for a non-diffusion-
controlled design, our bioelectrodes would offer further improved sensitivity compared
to the HRP-based ones.
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Supporting information

Table S 4.1 - Electrochemical active area from the different modified gold electrodes.

Electrode Electroactive area (cm?)?
Au-SPE 0.092 + 0.01
AuNP/Au-SPE 0.468 £ 0.04
AuNP/C-SPE 0.700 £ 0.09

@ calculated using the charge associated with the reduction of the gold oxide for 7-10 electrodes by

integration [1], which is proportional to the real active surface area of the gold surface.

Intensity (a.u.)

1480 1490 1500 1510
Raman Shift (cm™)

Figure S 4.1 - Experimental and deconvoluted vs region of the RR spectra of WT PpDyP in solution (top
trace) and immobilized on SAM/AuNP/C-SPE (bottom trace). Component analysis of the spectra reveals
the presence of 6-coordinated high spin (green), 5-coordinated high spin (purple), and 5-coordinated
quantum mechanically mixed spin (blue) species, according to the characteristic heme marker band
frequencies. Spectra were measured with 405 nm excitation; laser power and accumulation times were

25 - 30 s and 3 - 4 mW, respectively.
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Figure S 4.2 - SEM images of WE surface of (A) drop-casted AgNP onto C-SPE and (B) Ag-SPE.
Magnification 100Kx , electron high tension of 3 kV. (C) RR spectra of PpDyP in solution (black trace)
and SERR spectra of WT PpDyP immobilized on SAM/AgNP/SAM/C-SPE (purple trace) and
SAM/AQ/SPE (blue trace) spectra were measured using 20 uM and 10 yM WT PpDyP, with a 405 nm

excitation, 3 - 2 mW laser power, and accumulation times 25 - 10.
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Figure S 4.3 - Cyclic voltammograms of WT PpDyP/SAM/AuNP/C-SPE (A-B) and WT
PpDyP/SAM/AuNP/Au-SPE (C-D) in the absence (black dotted traces) and presence (color solid traces)
of increasing concentrations of H202 (5 - 1360 uM ;5 - 1350 uM ; 5 - 1180 uM and 5 - 620 uM, respectively)
in aeropic (A and C) and open air (B and D) conditions. Electrodes were prepared with (A and B) 0.5 and
(C and D) 5 uM PpDyP. The supporting electrolyte was 12.5 mM K2SO4 in 12.5 mM PB, pH 7.0. Cyclic

voltammograms were measured at 50 mV/s scan rate.
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Figure S 4.4 - Cyclic voltammograms of PpDyP/SAM/AuNP/C-SPE (solid trace) and
buffer/SAM/AuNP/C-SPE (control, dashed trace) in supporting electrolyte (12.5 mM K2SO4 in 12.5 mM
PB, pH 7.0). Measurements performed at 30 mV/s scan rate under purged conditions. The enzyme
electrode was prepared with 5 yM PpDyP. The small peaks observed in both control and enzyme-
modified electrodes are due to surface redox reactions by oxygen-containing functional groups of the
underlying C-SPE (e.g. carboxylic acid, quinone), which have been previously observed for other forms

of carbon [2,3] and often occur when continuously cycling across large potential windows.
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Figure S 4.5 - Cyclic voltammograms of the control electrode, buffer/SAM/AuNP/C-SPE, prepared
without PpDyP, in the absence (black line) and presence (grey lines) of increasing H202 concentrations
(5 -645 uM). Cyclic voltammograms were measured at 50 mV/s scan rate in 12.5 mM K2SO4 in 12.5 mM

PB, pH 7.0, under anaerobic conditions.
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Figure S 4.6 - Electrocatalytic response of WT PpDyP/SAM/AgNP/C-SPE constructs to H202 measured
in anaerobic conditions. (A) Cyclic voltammograms for each construct in the absences (black dotter
traces) and presence of increasing concentration of H202 (5 - 1000 uM, color solid traces ). Electrode
prepared with 5 yM WT PpDyP. (B) Linear dependence of the catalytic current (corrected for the
electrode geometric area of 0.11 cm?) on H202 concentration, with slope and r? 185 + 3 mA-M~"-cm™
and 0.993. The supporting electrolyte was 12.5 mM K2SOs in 125 mM PB, pH 7.0. Cyclic
voltammograms were measured at 50 mV/s scan rate. Error bars represent the SD of each point (n = 3).

8
6 Z
4 - _,_,/’
2
0

I (HA)

0 200 400 600 800
E (mV) vs. NHE

Figure S 4.7 - Cyclic voltammograms of the control electrode, buffer/SAM/AuNP/C-SPE, prepared
without PpDyP, in the absence (black line) and presence (grey lines) of increasing H202 concentrations
(5 - 450 uM). Cyclic voltammograms were measured at 50 mV/s scan rate in 12.5 mM K2SO4 in 12.5 mM

PB, pH 7.0, under open air conditions.
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Figure S 4.8 - Electrocatalytic response of WT PpDyP/SAM/AuNP/C-SPE (blue circles) and
WT PpDyP/SAM/AuNP/Au-SPE (dark yellow circles) in air-exposed samples.
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Figure S 4.9 - Stability of WT PpDyP/SAM/AuNP/C-SPE (cyan full bars) and PpDyP
PROSS/SAM/AuNP/C-SPE (cyan dashed bars) electrodes response to H202. Relative sensitivity during
storage at 4 °C for 30 days measured on a batch of electrodes prepared on the same day (n = 4). Error

bars represent the SD in percentage of each point.
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Figure S 4.10 - Amperometric response and CV of WT PpDyP/SAM/AuNP/GC-RDE with (A) and without
(B) rotation to increasing H202 concentrations (0.001 - 2.6 mM). cAmp performed at an applied potential

of +0.1 V and the electrode was rotated at 1800 rpm to minimize the effect of substrate mass transport

to the immobilized enzyme. Electrodes prepared with 0.5 yM enzyme. Measurements performed in 12.5

mM K2SO4 in 12.5 mM PB, pH 7.0.

Table S 4.2 - Recovery percentage for 130 yM H202 added to samples determined using the WT PpDyP

and PpDyP PROSS biosensors. N.D. - non-determined.

Recovery (%) of 130 uM (RSD)

Bottled  Synthetic Human

water urine serum
WT PpDyP/SAM/AuNP/C-SPE 99 (2) 103 (12) 88 (20)
PpDyP PROSS/SAM/AuNP/C-SPE 114 (3) N.D. 108 (5)
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5.1. Main Conclusions

Heme peroxidases are commonly employed enzymes in biotechnological
applications. These include, for example, ELISAs for analytical purposes. Moreover,
peroxidases are desirable targets for constructing enzyme-based electrochemical
biosensors for detecting H>O2, phenolic compounds, or aromatic amines. However,
the development of biosensors using classical peroxidases is often hampered by the
low stability of the biodevice and interference with reactive oxygen species. DyPs, a
relatively recently discovered peroxidase family, represent an interesting alternative
as immobilized biocatalysts in enzyme-based electrochemical biosensors. These
enzymes demonstrate significant catalytic versatility because they can couple the
reduction of H.O, with the oxidation of a wide range of substrates, such as
environmentally hazardous azo and anthraquinone derivatives phenolic compounds.
Additionally, they remain highly stable under relatively high pressures and
temperatures. Another appealing quality of these enzymes is the ease of their genetic
engineering using techniques such as directed evolution or in silico design. This offers
a promising future for developing variants with improved specific properties, such as

higher thermostability or affinity for a substrate for a given application.

This thesis follows a pipeline of experimental considerations that allowed us to quickly
and straightforwardly evaluate the potential of diverse DyPs for developing third-
generation bioelectronic devices for H202 determination (thesis work flowchart). Our
studies focus on several bacterial WT DyPs: ScoDyP, TfuDyP, CboDyP, SviDyP, Yfex,
TceDyP and PpDyP and variants. According to their catalytic properties in solution
(ability to oxidize ABTS at physiological pH and/or optimal pH), these enzymes all
appear to be promising biocatalysts at first glance. This is not always the case, since
there is a number of DyPs that are catalytically incompetent at physiological and even

at optimal pH, such as the DyP from D. radiodurans .
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In Chapter 2, which focuses on the search for good DyP biocatalysts for biosensing
applications, we characterize the heme structural properties and the redox properties
of DyPs in solution, employing RR spectroscopy and UV-vis absorption
spectroelectrochemistry, respectively. This comparative study allowed us, based on
the evaluation of the heme cavity architecture and reduction potentials, to discard
PpDyP R214l variant and proceed our studies with the WT: SviDyP, ScoDyP, TfuDyP,
CboDyP, and PpDyP, together with CboDyP R307W/l and PpDyP R214W and with
the PpDyP in silico engineered variants. Chapter 3 describes the next step in
constructing third-generation biosensors for H.O, detection through the
immobilization of DyP candidates selected in Chapter 2. Therein, we demonstrate that
coupling SERR spectroscopy with electrochemistry (rational design approach), which
provides a complete picture of the structure and activity of the immobilized enzymes,
ensures a straightforward, economical, and efficient strategy for development of DyP-
based devices. This approach allows for the easy identification of the parameters or
steps that need to be optimized in the construction of the biosensor, e.g., the
biocatalyst, immobilization matrix, electrode coating, and/or conditions (e.g.,
temperature, pH, enzyme incubation time and electrode rotation speed, among
others). This is an advantage in comparison with the commonly used empirical
strategies that follow trial-and-error process in the optimization of bioelectronic
devices. The rational design approach helped us to identify two bioelectrodes carrying
the in silico engineered PpDyP variants that display remarkable features, such as high
sensitivity, rapid response, and longer storage stability compared to the WT-based
construct. The analytical performance of the PpDyP in silico variant-based biodevices
makes them excellent candidates for on-site measurements. In the next step, in
Chapter 4, we set out to translate our biodevice developed using PpDyP attached to
bulk silver electrodes modified with SAMs onto commercially available and
inexpensive SPEs to create a miniaturized prototype of a third-generation
amperometric device. This was done to fabricate a possible product for
commercialization that is easy to manufacture, user-friendly, and works in air-exposed

conditions, allowing for on-site measurements. For that end a number of SPE
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materials and WE modifications were tested for the attachment of WT PpDyP. The
best-performing construct was composed of C-SPE modified with gold nanostructures
coated with SAMs i.e. WT PpDyP/SAM/AuNP/C-SPE. The developed miniaturized
construct is suitable for H.O, determination in aerobic conditions, with high sensitivity
and a broad linear response range. Both wild type PpDyP and the in silico engineered
variant PpDyP PROSS display comparable analytical parameters. Importantly, we
proved that the miniaturized devices can be used for H,O, quantification in real air-

exposed samples, outperforming HRP/SPE-based devices reported in the literature.

5.2. Future Perspetives

Future research on applications of immobilized DyPs can follow a number of

directions:

(i) Improvement of the current miniaturized device. Although the developed
miniaturized devices demonstrate impressive analytical performance for H2O.,
several aspects can still be improved to enhance their applicability. These include
measurement configuration, operating temperature, storage stability, and biocatalyst
efficiency. For example, instead of having a disposable configuration, the devices
could be designed for intermediate use, reducing the ecological footprint of biosensor
production. Enhancing the long-term storage stability can be achieved by using
engineered DyPs with improved stability or coating the device with a polymeric matrix
to protect the potentially unstable AuNPs. The engineering of DyPs tailored for specific
applications, such as lower LOD or increased resistance to H,O: inhibition, could also
be explored. Another parameter that is worth investigating about the biodevice is the
operational temperature (i.e., > 21 °C), which will broaden its applicability in industrial
settings. These improvements and optimizations can significantly enhance the
biosensor’s versatility, durability, and environmental impact, making the device more

sustainable and effective for a variety of applications.

(i) Exploring novel applications. Due to DyPs broad range of substrates, including
environmentally persistent and harmful dyes and lignin, it could be extremely

advantageous to develop devices for the degradation of these molecules for industrial
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and environmental applications. These biodevices could be used to treat wastewater
generated by various industries, e.g., textile, leather, food, paint, and varnish, where
the DyP-based device would perform the dye degradation and removal from the
contaminated water. Moreover, immobilized DyPs could be used in lignocellulose
biorefineries, making use of their capacity to oxidize a variety of aromatic compounds.
These DyP-based devices would be used to produce valuable compounds of
economic interest, e.g., vanillin and aromatic acid phenols, among others. Overall,
these applications of DyPs could improve sustainability and economic viability for
industries focused on waste reduction and value-added chemical production,

positioning DyPs as an essential tool for advancements in green chemistry.

(i) ELISA tests. This work highlights the potential of DyPs as an alternative to
traditional HRP enzymes due to their more straightforward production and enhanced
sensitivity to H,O,. It would be interesting to explore the use of DyPs in ELISA assays
instead of HRP to see if the assays' analytical sensitivity could be elevated. This would

open exciting possibilities for more precise and reliable detection methods.

We believe that the development of DyP-based biosensors will increase in the future,
as these bacterial enzymes, free from glycosylation, can easily be genetically modified
to attain variant forms with tailored catalytic and stability properties for the envisioned
application. As such, this thesis might serve as a guide for constructing improved DyP-
based devices. Ultimately, we also highlight the potential for impactful applications
that these biodevices may have. In particular, their use that could result in cleaner
waters, production of added-value fine chemicals or improvement of analytical

methods, all of which promise to contribute to a more sustainable and greener world.
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