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ABSTRACT

Freshwater is essential for socioeconomic development, health of the population and
equilibrium of the ecosystem. However, pollution generated by human activities often degrade the
quality of this vital resource. In order to address this problem with effective management strategies,
continuous assessment of freshwater and wastewater status is necessary. Microbial
electrochemical systems (MESs) are attracting increasing attention as sensing tools, due to their
low-cost, sustainability, portability, generation of continuous on-line signal and low involvement of
operators. In this dissertation, the implementation of MESs as sensors in two different
environmental contexts is discussed: wastewater treatment monitoring and agriculture-related
pollutants detection. Different prototypes were designed according to their specific application and
their detection capabilities were investigated.

Regarding the monitoring of wastewater treatment process, floating Microbial Fuel Cells
(MFCs) were tested as sensors for organic matter, a parameter that is currently measured with the
labour-intensive and time-consuming BODs test. The first prototype consisted of a floating frame
holding two carbon cloth electrodes separated by a polypropylene felt and a clay layer. The
biosensor was tested in the lab using real wastewater as both electrolyte and inoculum, and a
calibration curve was obtained. However, when the device was tested in the plant of Carimate (CO),
a strong influence of light irradiation on the signal was noticed. During a month of operations, a
correspondence between the peaks of voltage and of the peaks of organic load was present, but the
signal was delayed of about two days. To further understand the influence of different
environmental factors on the current signal, a new device was conceived and compared with the
previous configuration. This time the experimentation was carried out at the plant of Bresso
Niguarda (MI). The new setup consisted in a cylindrical terracotta separator sealed at one end and
held perpendicularly to the wastewater surface by a plastic floater. The carbon cloth anode was
placed outside the cylinder, while a cathode of the same material was located inside. Light
irradiation, temperature, sCOD and nitrates were continuously monitored for about 20 days. An
automatic sampler was built to obtain wastewater samples every two hour every day. The
correlation between the physical-chemical parameters and the cell voltages was quite poor,
especially for the floating type, which was often subjected to the inversion of the electrodes

potential. This was probably due to oxygen diffusion in the first layer of wastewater. The microbial



analysis of the biofilms confirmed this aspect, as aerobic strains (e.g. Nocardicaceae) were found on
the anodes, and electrogenic bacteria usually present on anodes were found on the cathodes (i.e.
Geobacteriaceae).

To monitor agriculture-related pollutants (i.e. herbicides), amperometric biosensors based
on the inhibition of cyanobacterial photocurrent were studied. Many herbicide compounds are
harmful to humans and the environment, and they are currently measured with classic analytic
techniques (e.g. HPLC, GC-MS, etc.), which are expensive and time consuming. To build the first
prototype, Anabaena variabilis cells were entrapped on a carbon felt electrodes using an alginate
hydrogel, and p-benzoquinone was used as electron shuttle to sustain the electron transfer. With
this device it was possible to obtain concentration-current calibration curves for two commonly
used herbicides (i.e. diuron and atrazine), and the obtained linear range was suitable for
environmental analysis. However, to build a long lasting device, a mediatorless configuration is
preferable, as the redox mediator is cytotoxic and can undergo photodegradation. For this reason,
a new biosensor was created: a paper-based electrode coated with carbon nanotube paint and a
titanium nanolayer was used as substrate for the formation of a Synechocystis wt. biofilm. Whit this
configuration, only a presence/absence inhibition signal could be obtained for atrazine and diuron,
while the herbicide paraquat temporarily enhanced the electron transfer due to its redox mediator
capabilities. Nevertheless, this biosensor was able to maintain its sensitivity even after it was kept
in the fridge for 22 days, proving its potential as long-lasting device which can be easily stored or
shipped after preparation.

These results demonstrated that microbial electrochemical sensors are a promising
technology for sensing applications, with a great potential for the creation of a smart, diffuse grid
of low-cost sensors for the continuous monitoring of water quality. However, further improvements
are needed in order to reduce the response time, improve the sensitivity and discern between the

influence of different environmental factors on the signal.



12



1. INTRODUCTION

1.1 Historical context

1.1.1 Water pollution, treatment and monitoring

Freshwater is essential for human health, socioeconomic development and the ecosystem.
However, most of it is stored in groundwater and ice caps, and thus not immediately available [1].
Moreover, despite its constant regeneration through natural processes, freshwater is increasingly
endangered by pollution. Once polluted, it is difficult and expensive to restore its pristine quality
[2]. For this reasons, freshwater is a renewable yet scarce resource, and the concern for the
deterioration of water supplies due to the impact of human activities is constantly rising. The
unprecedented demographic growth, together with the change in the consumption pattern, is

exacerbating these negative effects at an increasing scale (Fig.1).
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Figure 1 — Histogram of the growth of water consumption and population from 1900 to the present decade. The population growth
is indicated with a black line. FAO — fao.org

According to “The United Nations World Water Development Report 2019: Leaving No One Behind”

[3], global water demand is likely to rise at a constant rate until 2050. This will result in an increase
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of water use about 20 - 30% above the current level, mainly due to the expansion of industrial and
domestic sectors. Over 2 billion people already live in countries affected by high water stress, and
nearly 4 billion people suffer serious water scarcity for at least one month per year (Fig. 2). As the
demand for water grows and the effects of climate change intensify, those stress levels are likely to

escalate.
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Figure 2 — Global map of the reshwater availability for the different states in 2007- FAO — fao.org

The major sources of water pollution are human settlements, industrial activities and
intensive agriculture. About 80% of municipal wastewater is discharged directly into water bodies
without any treatment, and industry is accountable for the release of millions of tonnes of heavy
metals, solvents, toxic sludge and other contaminants per year [4]. Agriculture plays a major partin
water pollution, as it is responsible for 70% of water withdrawal globally: in the process a huge
amounts of pesticides, fertilizers, organic matter, drug residues, sediments and saline drainage are
discharged into water bodies. All these contributes combined pose a serious threat for aquatic
ecosystems, human health and productive activities [5]. Some of these pollutants tend to
accumulate in the environment due to their slow degradation rates (e.g. pesticides, herbicides,
heavy metals, etc.), and remain stored in plant, animal and human tissues, where their toxic impact
is magnified [6].

In 2015, the United Nations General Assembly approved the 2030 Agenda for Sustainable
Development, which consists of 17 Goals (SDGs) to be completed by the year 2030 (Fig. 3). Goal n°6
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states: “Ensure availability and sustainable management of water and sanitation for all” [7].
According to the head of Water and Soil Laboratory at ATREE (Ashoka Trust for Research in Ecology
and the Environment) Dr. Priyanka Jamwal, this goal is a key point of the entire Agenda, as its
resolution would greatly affect every other sector in a positive way. In order to achieve goal n°6,
especially regarding the targets 6.3, 6.5 and 6.6 (Tab. 1), an efficient water management system is
needed. This can be only realized with constant assessment of water quality, the implementation of

efficient infrastructures and effective wastewater treatment.
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Figure 3. Sustainable Developement Goals for 2030 set by the United Nations — globalgoals.org
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Table 1 - Targets 6.3, 6.5 and 6.6 from the Sustainable Development Goals (2015) — globalgoals.org

Target n® | Description

6.3 By 2030, improve water quality by reducing pollution, eliminating dumping and minimizing
release of hazardous chemicals and materials, halving the proportion of untreated

wastewater and substantially increasing recycling and safe reuse globally

6.5 By 2030, implement integrated water resources management at all levels, including through

transboundary cooperation as appropriate

6.6 By 2020, protect and restore water-related ecosystems, including mountains, forests,

wetlands, rivers, aquifers and lakes
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Water treatment is a process aimed at purifying, disinfecting and protecting water against
recontamination. It usually involves several chemical, physical and biological steps, depending on
the typology and concentration of contaminants present in the water (Fig. 4). The most common
methods rely on constant energy input (mainly electricity), which can be not practically feasible in
most developing countries. In such places, low-tech solutions have also been implemented, but
usually they are not scalable and sometimes do not guarantee the safety of water for drinking
purposes [3]. Therefore, a key factor to ensure the system efficacy and the safety of the population

is the constant monitoring of wastewater treatment process.
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Figure 4 — Schematic representation of the different chemical, physical and biological steps of the wastewater treatment process

1.1.2 Environmental monitoring, nature-based solutions and smart sensors

Continuous and diffuse environmental monitoring is crucial to implement effective
strategies to prevent and reduce pollution and preserve the ecosystem. Environmental monitoring
means to observe the changes occurring in the environment due to natural cycles and
anthropogenic impacts with scientific methods. The effects of pollution can have different scales in
terms of time (i.e. chronic vs. acute) and spatial (i.e. local vs. global), therefore different sensing
systems need to be used simultaneously to obtain information at multiple scales. Other than broad-
scoped data collection, statistically based data processing and objective interpretations are needed
to have an understanding of the quality of the environmental compartments [8].

In the present times, society is facing increasing challenges posed by unsustainable

urbanisation, population growth, degradation and loss of natural capital and climate change. Such
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problems have a strong impact on the ecosystem services, which consist in all the direct and indirect
benefits provided by nature (e.g. climate regulation, water purification, soil fertilization, pollination,
cultural and recreational services, etc.) that sustain the well-being of the human population [9]. A

schematic representation of the different ecosystem service is presented in figure 5.

Figure 5 — Examples of ecosystem services divided in four categories: provision, support, culture and regulation

Thanks to a deeper understanding of the mechanisms of nature and its relationship with the
anthropic environment, these issues can be addressed whit new approaches, for example utilizing
Nature-based Solutions (NBS). NBS are sustainable methods inspired or supported by nature that
can replace existing technologies: one approach consists in enhancing existing natural solutions,
while the other aims to mimic how living organisms and communities cope with environmental
stress [10]. This approach ensures the maintenance (or enhancement) of natural capital, together
with the associated the ecosystem services, energy and resource-efficiency and resilience to change.

However, in order to be successful, NBS must be specifically designed and adapted to local
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conditions. Moreover, their efficacy needs to be constantly analysed, to ensure that quality of the
provided service is maintained.

Another important novelty is the paradigm shift from sparse monitoring stations and costly
short-term field measurements to integrated networks of on-line sensors. This new approach can
provide continuous information regarding all the different aspects of the environment. Thanks to
the computing capabilities of the modern era, processing and modelling of great amounts of data
in real time is becoming more and more feasible [11]. However, the major problem related with
ubiquitous sensing is represented by the acquisition of extensive amounts data which may have
different accuracy, precision and quality. A different approach to diffuse sensing is represented by
Smart Sensors, which are devices with an integrated processor that can give an informative output
directly to the user [12]. This concept, combined with the Internet of Things can lead to the creation
of Smart cities where the citizens are more involved and responsible in the management of

environmental issues (Fig. 6)

—
A =SMART
——SENSORS

Figure 6 — Artwork representing a smart city, where the quality of the environment is constantly monitored with in real-time with
smart sensors

Microbial electrochemical systems are a very promising technology the direction of Nature-
Based Solutions for diffuse and on-line monitoring of environmental parameters. As the sensing
element is a living organism, they can be easily integrated in natural systems [13]. Furthermore,

their low-cost, sustainability, portability and low maintenance make them excellent candidate for
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the creation of diffuse sensing network. As their output is already an electric signal (i.e. no
transducer required), they can be easily integrated as smart sensors. The current that they produce
can be even be harvested to power wireless data transmission system [14]. In this following
chapters, the implementation of different kinds of microbial electrochemical systems (MESs) as

water and wastewater quality sensors is discussed.

1.2  Organization of the dissertation

This dissertation is organized as follows: in the introduction the state of the art in microbial
electrochemical systems is discussed, especially focusing on Microbial Fuel Cells (MFCs) and
amperometric devices. The potential of their applications as sensors are examined in this part.
Subsequently, the fundamentals of the experimental methods are presented. After that, the
dissertation is divided in two sections: the first is dedicated to the application of floating MFC for
monitoring wastewater treatment process and the second part refers to the study of microbial
photo-electrochemical sensors for the detection of herbicides. General conclusions and

perspectives are given at the end of the dissertation.



2 STATE OF THE ART

2.1 Microbial Electrochemical Systems (MESs)

The interest on Microbial Electrochemical Systems (MESs) has significantly boomed over the
last twenty years, as it is clearly shown by the trend of publications on the subject (Fig. 7). They are
part of the broader field of Bioectrochemical Systems (BESs), which comprises devices that employ
bioelements other than microbes (e.g. plants, enzymes, photosystems, antibodies, etc.). This
emerging technology represents a sustainable alternative to a variety of processes and applications,
such as electricity production [15], wastewater treatment [16], high-value chemicals synthesis [17],

nutrient recovery [18], fuel generation [19], desalination [20] and sensing [21].
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Figure 7 —Number of publications on Microbial Electrochemical Systems from the year 2000 to 2018, for the keywords “Microbial
Fuel Cells” and “Microbial Electrolysis Cell” (Scopus database, March 2019). — scopus.com

MESs rely on the coupling of living electroactive microorganisms with an electrical circuit:
microbes capable of extracellular electron transfer (EET) function as catalysts in one or more
electrodic reactions [22]. The first experiment in which microbes were used to generate electricity
was performed by Potter in 1911 [23]. Further configurations and applications were experimented

ever since, with important progress on the comprehension of electron transfer mechanisms,
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implementation of novel, low-cost and durable electrode and materials and development of
efficient bio-electrocatalytic interfaces [24]. However, there is still a large margin for improvement
and optimization before MESs can compete with existing technologies for most applications [25].
In MESs, oxidation occurs in the anodic compartment, and the generated electrons are
transferred via external electrical circuit to the cathode, where the reduction reaction happens. Due
to the electric potential gradient, protons and other cations generated at the anode tend to migrate
to the anodic compartment, while anions tend to go in the opposite direction. The anode is called
bioanode when the anodic reaction is catalysed by microbes, and biocathode is the term referred

to the cathode when the cathodic reaction is biotic (Fig. 8).

ANODIC COMPARTMENT CATHODIC COMPARTMENT
Separator

Figure 8 — Schematic representation of a microbial electrochemical device: if power is applied to the system it is called Microbial
Electrolysis Cell (1), whether if the device generates power across a resistance it is referred to as Microbial Fuel Cell (2)

When electrical energy is produced across a resistance, these systems are termed Microbial
Fuel Cells (MFCs). Conversely, when power is supplied to the system in order to thermodynamically
force non-spontaneous reactions, those systems take the name of Microbial Electrolysis Cells

(MECs). A more detailed description of the mechanisms is provided in the following sections.

21



2.2 Microbial Fuel Cells

2.2.1 MFC definition and principles

MFCs are certainly the most studied system among BESs [24]. A MFC is a bio-catalysed
electrochemical device able to convert chemical energy in electrical energy through a cascade of
redox reactions [26]. The simplest configuration is composed by two chambers (Fig. 9): in the anodic
chamber, microorganisms oxidize organic substrates using the anode as electron acceptor, and then
the electrons are transferred via an external circuit to the cathode, where the reduction semi-
reaction happens. The final electron acceptor is usually oxygen, that is reduced to H,O in the Oxygen
Reduction Reaction (ORR). The two chambers are separated by a membrane (or a porous separator)
that allows the exchange of ions. As batteries and fuel cells, this technology aims at physically
separate the oxidation and the reduction processes in order to produce energy. The driving force
for the bioelectrogenic activity is the potential difference existing between the two compartments:

reducing conditions in the anode chamber and oxidizing in the cathodic one [26].

Dual-chamber MFC

AIR

WWwW

Outlet

A

Figure 9 — Schematic representation of a dual-chamber MFC. Wastewater (WW) is the source of organic matter for the anodic
chamber, and atmospheric oxygen is pumped into the cathodic chamber to serve as electron acceptor. Electrons originated from the
bio-oxidation of organic matter at the anode travel through the external circuit to reach the cathode, where they participate in the
oxygen reduction reaction. The anodic biofilm is represented with yellow circles and the cathodic biofilm is represented with brown
circles. A membrane (or separator) divide the two compartments while allowing the exchange of ions.
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The microbial communities adhering to the electrode surfaces form a biofilm, which is a
surface-associated congregation of microbial cells. The major component that keeps the biofilm
bound together is an extracellular polymeric matrix composed mainly of polysaccharides [27]. In
most MFCs, the biofilms are formed by spontaneous colonization of the electrodes operated by the
microorganisms present in the inoculum. Due to the natural selection process, the species able to
exchange electrons with the electrode are favoured, and become more abundant in the immediate
proximity of the conductive surface [28]. It has been observed that MFCs that employ mixed cultures
can achieve significantly higher power densities compared to the ones with pure cultures [29]. This
is probably due to the interspecies electron transfer occurring in the bacterial syntrophic
associations, that allows a more efficient use of the energy obtained from various substrates.
Indeed, one of the main features of MFCs is their ability to utilize a wide range of organic matter as
substrate to produce energy, ranging from simple molecules (glucose, acetate, lactate etc.) to
complex substrates (cellulose, molasses, starch, etc.), as well as the mixed organics contained in
wastewater, domestic wastes, agricultural wastes (dairies, manure, fruit pulp etc.), and other types
of fermentable substrates [24]. When wastes are used in MFCs, the benefits of renewable electricity
generation are combined with simultaneous pollution remediation, resulting in an eco-friendly
process with positive impact on the environment [26].

However, in most of the studies conducted on MFC, the main substrate used as electron
donor in the anodic reaction is acetate (Eq. 1). This is because it is the end product of many
metabolic pathways (e.g. acetic fermentation from ethanol, Entner-Doudoroff route from glucose,
acidogenesis from proteins, saccharides and lipids, etc.), thus readily available to the microbes [24].
Additionally, it is highly soluble in water and stable at room temperature, as it is unaffected by

undesirable microbial reactions such as methanogenesis and fermentation [30].

Anodic reaction: CHsCOOH+ 2H,0 = 2CO, +8H* +8e” E%%node =-0.29 V (Equation 1)

Oxygen is the most common electron acceptor for the cathodic reaction (Eq. 2), due to its
ubiquitous presence and its high oxidation potential (E°= +1.23V at pH=0), which makes it

energetically favourable. At pH 7 we have:

Cathodic reaction: 20, + 8H* + 8e™ = 4H,0 E%athode = +0.81V (Equation 2)



Coupling the two reactions (Eq. 1 and 2) we obtain:

Cell reaction: CHsCOOH + 20; = 2CO; + 2H,0 E%en = +1.10V (Equation 3)

The cell potential E° (or electromotive force, emf) e is calculated as the difference between the

standard reduction potentials:

Cell pOtentiaI: E°cen = E°cathode - E°Anode (Equation 4)

As the cell potential is positive, the electricity generation from these reactions is
spontaneous. Nevertheless, the ORR has a low reaction rate due to its high overpotential even in
presence of effective catalysts (i.e. Pt) [31]. This aspect is considered one of the major bottlenecks
for energy production with MFC and other fuel cells that use oxygen as final electron acceptor.

Interestingly, if the kinetics of ORR were fast on the materials present on the earth’s crust,
many oxidation reactions would take place spontaneously: fast metal corrosion, deterioration of
non-metallic materials and oxidative stress on living organisms, which would lead to quicker ageing

and death [32].

2.2.2 Air-cathode MFC

A very common alternative to the two-chamber MFC is the single-chamber air-cathode MFC.
This setup consists of just one compartment: the cathode is placed on a wall of the chamber, with
one side facing the same solution as the anode and the other one exposed to the outside air (Fig.
10). As the two electrodes are in contact with the same solution and no polymeric membrane is
present between them, protons produced by the anodic reaction can diffuse freely toward the
cathodic compartment. Also, the cathode is subjected to bacterial colonization, becoming a
biocathode. The electroactive biofilm that is formed in this way shows a highly stratified structure
[33]. This is due to the high oxygen gradient that is generated in the proximity of the cathodic
surface: the aerobic bacteria growing on the cathodic surface consume O; diffusing from the air
side, allowing anaerobic microorganisms to thrive on the solution side [34]. Therefore, the cathodic
biofilm is able to prevent oxygen from reaching the bioanode and preserves anaerobic conditions in

its vicinity. In this way, short-circuit phenomena that can decrease of the electric output of the cell



are avoided [35]. This aspect is proven by the presence of a high pH gradient (from 8.5 to 6) within
the biofilm itself [36].

Single-chamber, air-cathode MFC

WW

AIR CATHODE

Outlet

Figure 10 - Schematic representation of a single-chamber, air-cathode MFC. Wastewater (WW) is the source of organic matter for the
anodic chamber, and atmospheric oxygen diffuses from the porous cathode into the electrolyte to function as electron acceptor. There
is no separation between the two electrodes, and the anaerobic conditions at the anode are ensured by the oxygen consumption
operated by the cathodic biofilm.

The absence of ionic-exchange membranes to separate the two compartments offer several
advantages: it strongly reduces the cost of the device and avoids the high ohmic resistance
generated by this kind of separator [37]. Moreover, polymeric membranes are subjected to
performance losses overtime due to biofouling: the surface undergoes microbial colonization which

results in ion diffusion limitations [38,39].

2.2.3 Direct and indirect electron transfer

There are two main mechanisms of EET between bacterial cells and the electrodic surface:
direct electron transfer (DET) and mediated electron transfer (MET).

DET occurs through physical contact between the outer membrane of the bacterial cell with
the electrodic surface, in absence of diffusional redox species [40]. Since the cell membrane is non-

conductive, membrane-bound proteins able to transfer electrons from inside the bacterial cell to an
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outer solid electron acceptor are necessary for the DET to happen. The structures identified so far
are outer-membrane c-type cytochromes (Fig. 11A) and conductive pili or nanowires (Fig. 11B).

C-type cytochromes are multi-heme proteins which serve as electron carrier in several
electron transport chains. Some sediment inhabiting bacteria, such as Geobacter, Rhodoferax and
Shewanella, have evolved outer-surface cytochromes c in order to be able to use solid terminal
electron acceptors present in minerals, like iron(lIl) [41]. In MFCs, the electrode substitutes the solid
electron acceptor of mineral origin [40]. This mechanism has been demonstrated in experiments
involving Geobacter sulfurreducens, where the wild type was compared with mutants with the
cytochrome c encoding gene deleted or overexpressed [42].

The presence of conductive pili in electroactive microorganisms was recently reported by
the Lovley research group [43]. They consist in electronically conductive filaments made proteins
that facilitate long-range extracellular electron transfer and even interspecies electron transfer. Two
different mechanism have been identified: electron transfer in Shewanella oneidensis nanowires is
obtained by electron hopping/tunnelling between cytochromes present on the filaments, while the
conductive pili of Geobacter sulfurreducens have metallic-like conductivity, which can be attributed
to overlapping pi—pi orbitals of aromatic amino acids [44].

MET relies on the presence of dissolved low-molecular redox species that shuttle electrons
across the bacterial membrane and to the solid electrode. When the redox mediator is produced by
the bacteria as a result of its metabolism, the MET is defined endogenous (Fig. 11C). For example,
Pseudomonas aeruginosa can produce a pigment called pyocianine and Shewanella oneidensis
release a quinone-based mediator (2-amino-3-dicarboxy-1,4 naphthoquinone), which have been
identified as responsible for the respective electrochemical activity [24].

Exogenous redox mediators have been the object of many electrochemical studies since
1980s [45]. In this approach, artificial mediators like thionine, neutral red, viologens, iron chelates,
phenazines, phenothiazines, phenoxazines and quinones are added in solution to support electron
transfer (Fig. 11D). However, as in most applications a continuous or semi-continuous input of the
fuel source is required, the electron shuttle has to be constantly added, increasing operational costs.

In addition, many of these compounds are toxic to humans and dangerous for the environment [42].
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Figure 11 —Schematic representation of the different mechanism of electron transfer from a microorganism to a solid electrode: Direct
Electron Transfer trough A) pili or B) cytochromes, and Mediated Electron Transfer trough C) endogenous metabolites produced by
the microbes (MT), and D) through exogenous redox mediators (MD).

2.2.4 Electrodic materials and geometries

In MFCs, the anodic reaction is catalysed by microbes. To improve the interaction between
the electroactive biofilm and the electrodic surface, the anodic material should be: electrical
resistant to corrosion, highly conductive, mechanically strong, biocompatible, environmentally
friendly and low-cost [24]. Two main categories of materials have been used for anodes in MFCs:
carbon-based and metallic. Due to their low cost, good biocompatibility and resistance to corrosion,
carbon-based materials are the most frequently used. Unfortunately, they possess relatively low
electrical conductivity and mechanical strength, which limits their application at large scales, while
for small-scale systems (e.g. biosensors) they are often the best option [46]. On the contrary,
metallic electrodes show good mechanical strength and conductivity. However, the application of
noble metals such as gold and platinum is limited by their high cost, while other metals like copper
and nickel have a low level of biocompatibility. Indeed, copper and nickel electrodes can release
ions that can be poisonous for microbes [24]. SS-based materials are cheaper than carbon, but their

biocompatibility needs to be improved before use, for example by coating or surface
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functionalization [46]. The characteristics of the anodic materials used in MFCs are summarized in

Figure 12.
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Figure 12 — General properties of the anodic materials used in MFCs: carbon based materials are biocompatible and resistant to
corrosion like the noble metals, but in addition they are cheap and more environmentally friendly. All metals are mechanically

resistant and highly conductive with respect to the carbon based materials. However non-noble metals can be affected by corrosion
and they have biocompatibility issues.

Anodic materials can be of two main geometries: planar configuration (e.g. plate, rod, paper,
veil, cloth, and mesh) and porous three-dimensional structure (e.g. foam, granular bed, felt and
brush). Due to their lower costs, defined surface area and uniformity of surface properties, planar
electrodes are preferable for the biosensor application where a high power output is not needed.
In addition, a plane surface makes the biofilm visualization by microscopic techniques easier, making
this configuration suitable for fundamental research on microbe—electrode interactions.

Conversely, 3-D electrodes offer high surface area for the colonization of electro-active
biofilms, which improves the power production of the device [46].

Examples of carbon-based anodic material are shown in figure 13A, divided in planar and 3-

D configurations. Figure 13B presents some examples of metallic materials.
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Figure 13 — A) Carbon-based and B) metallic materials used for electrodes in MFCs, divided in planar configuration and 3-D

configuration.
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The materials used for the cathodes can be similar to the ones described for the anodes [47].
However, as the ORR occurring at the cathode presents kinetic limitations due to its high
overpotential, the choice of the catalyst is critical for the device performances [46]. Cathodic
catalysts can be abiotic (e.g. platinum, activated carbon, etc.) or biotic (e.g. enzymes, bacteria, etc.).

Abiotic catalysts are mainly divided in three different types: platinum-based, carbon-based
or made of non-precious metals. The first group comprises materials containing platinum, which has
been widely used in MFCs especially because of its predominant role in more mature technologies
such as fuel cells. However, the high price and the risk of poisoning by the anions present in
wastewater (i.e. sulphur) represent important drawbacks for its application.

The second group comprises materials like graphene, carbon nanotubes (CN), activated
carbon (AC), carbon black, etc., which are generally cheaper and more stable than the first group
even in harsh conditions. AC is by far the most used in cathode fabrication. Santoro et al. optimized
the procedure to create the AC-based catalytic layer: AC is be mixed with a binder (i.e. PTFE) and
then pressed on the current collector surface at about 150-200°C and 1400psi [48].

Finally, the last group includes materials containing transition metals like Mn, Fe, Co and Ni.
These materials have a significant production cost, due to the high temperature and specific
precursors needed. On the other hand, they can outperform Pt-based materials in alkaline
conditions and they are unaffected by heavy polluted environments [46].

Regarding biologic catalysts, enzymes such as laccase and bilirubin oxidase can be
immobilized on the electrode surface to catalyse the ORR. This approach entails few disadvantages,
mainly due to the complexity and cost associated with purification steps and immobilization
techniques [32]. Moreover, enzymes are fragile once outside of a living cell. Conversely, microbial
biofilms are inexpensive, robust, durable and autonomously colonize the electrode. In addition,

bacterial biocathodes can outperform Pt-based abiotic cathodes, as reported Jang et al. [49]

2.2.5 MFCs as multipurpose sensing tool

In the recent years, the application of MFC to sensing purposes is attracting increasing
interest from the scientific community. Indeed, MFCs are being studied as water quality assessment
tools both in quantitative and qualitative way [50]. The underlying principle is that a variation in the
concentration of the target bioactive chemical (i.e. analyte) affects the current response of the

device [21]. For example, MFCs have been employed to monitor biochemical oxygen demand (BOD)



[51-57], dissolved oxygen [58], volatile fatty acids (VFAs) [59,60], heavy metals [50,55,61,62] and
pesticides [63].

Most studies on MFC-based sensors focused on the monitoring of BOD, which is a parameter
that indicates the amount of biodegradable organic matter dissolved in water. Presently, the most
common method for BOD analysis is the BODs test. Nevertheless, there are several analytical and
operational limitations associated with this method, like questionable accuracy and
irreproducibility, and it requires skilled personnel to perform the analysis [53]. Additionally, the five
days needed for the test to be completed make this method not effective for real-time monitoring
and in conditions where rapid feedback is necessary [51]. On the contrary, MFCs can provide a real-
time on-line signal relative to the BOD content in water [64]. Since organic substances are the
substrate for the anodic reaction, the anodic biofilm serves as sensing element of the device. The
aim is to establish a linear relationship between the BOD and the current output of the MFC [65]:
within a certain range, the current (i.e. flux of electrons) is directly proportional to the rate of the
bio-catalysed reactions occurring on the electrodic surface (Fig. 14) [51]. When the concentration
of substrate is low, there is no significant difference between the signal and the background noise.
As the concentration increase, more and more organic molecules are oxidized by the electroactive
biofilm, thus more electrons are transferred to the anode and the current increases. After a certain
threshold, however, the substrate saturates the biofilm, thus an increase in concentration does not
cause an increase in the current, which tends to a plateau.

The correlation between BOD and current is also exemplified in Fig. 15A: when an increase
in the BOD concentration occurs in solution, a corresponding rise in the generated current can be
noticed. As the organic matter is consumed, the current decreases until the original condition is
restored. It is important to keep in mind that, for this correlation to happen, the cathodic half-
reaction cannot be limiting the current production, as the overall output of the MFC is determined
by both half-reactions. Moreover, parameters like pH, salinity and temperature need to remain
constant, as they can strongly affect the bacterial metabolism and the performances of the device,
creating disturbances in the signal [66,67]. Indeed, simultaneous changes in conditions may lead to
false warnings or lack of response. For this reason, the effects of such factors on the MFCs

performance need to be properly understood and controlled [63].
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Figure 14 — Representation of the signal variation of a MFC-based sensor at increasing concentrations of BOD in solution. When the
concentration is too low (A), the signal it is too low to be distinguished from the background noise. In the linear range (B), an increase
in BOD concentration results in an increase in the current, as more molecules can react on the anodic surface, hence producing more
electrons. After a certain threshold however, all the active sites of the biofilm are saturated, which means that an increase in
concentration will not increase the current.

MFCs can also be used as toxicity sensors (Fig. 15B). Toxic substances like heavy metals,
surfactants, volatile organic compounds and pesticides are generally measured with analytical
methods like high-performance liquid chromatography (HPLC), atomic absorption spectroscopy
(AAS) and gas chromatography-mass spectrometry (GC-MS). These techniques are very accurate
and precise in measuring pollutants [68]. However, they are often expensive and time-consuming,
and they involve sample pre-treatment, complex equipment and highly-trained operators [68],
making them unsuitable for on-line in-situ testing [21]. MFCs offer a low-cost and simpler alternative
to these methods. Indeed, the presence of toxic compounds can inhibit the metabolism of microbial
communities growing on the electrodes or even cause their death. As a result, the amount of
electrogenic bio-catalysed reactions decreases, thus the current output drops [65]. These kind of
sensors can also be referred as “shock sensors”, where shock is the sudden increase of the
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contaminant load in solution [21]. It is important to underline that in this case the MFC has to
operate always under saturating conditions. In this way, the current variations generated by

changes in the concentration of substrate (i.e. organic matter) are avoided [21].
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Figure 15 — Qualitative representation of the current response of a MFC when a change in the electrolyte composition occurs: in the
case of an increase of BOD, the current will follow the increase if the system is not in saturated conditions. As the organic matter is
consumed, the current decreases again to the background level (A); in the case of a spike of toxicant, the current drops from its
baseline. When the concentration of toxicant decrease, the system can recover until the original condition is restored (B). A shock
event could also be a variation of other conditions like temperature, pH and conductivity.

Another application of microbial electrochemical sensors is the monitoring of biofouling, (i.e.
biofilm development) on metallic surfaces. Indeed, biofilms can promote interfacial physico-
chemical reactions on metallic materials, resulting in biocorrosion and undesirable changes in
material properties [69]. Therefore, biofouling can cause important damages in industrial plants, for
example to cooling systems [70]. The different phases of the biofilm attachment on a metallic
surface are shown in figure 16.

In 2003, Cristiani et al. developed a system to monitor biofilm settlement based on quasi-
galvanostatic polarization directly applied to stainless-steel industrial pipelines using a zinc

connected to a resistor [71]. In this way, the biofilm formation causes an increase in the ohmic drop
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between the stainless-steel element and the zinc anode, which is the signal that indicates the need
for antifouling treatment to prevent pipelines corrosion. A similar system was also applied to

monitor biofilm development in soil [72].
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Figure 16 — Cycle of biofilm formation on metallic surfaces: initially few cells can attach to the surface (1), then they proliferate and
form a micro-colony by excreting polysaccharides (exopolysaccharides matrix) that enhance the adhesion (2). As the colony reach
maturation, different layers of microorganisms grow on the surface (3), and their metabolic processes can lead to the corrosion of
the metal (biocorrosion). When the colony has reached the maximum thickness, due to mechanical stress some parts gets detached
(4), which lead to the dispersion of some of the microbes. Those microbes can then migrate to colonize other surfaces (5).

2.2.6 Advantages and limitations of MFC-based biosensors

As introduced in the previous sections, MFCs are devices that can produce electrical power
from organic wastes and atmospheric oxygen. When they are used as biosensors, the electric
current generated serves as signal. These features of MFCs imply several advantages over other
types of biosensors.

First of all, these devices do not need any external power input, as they are sources of energy
themselves. Therefore, they can be applied in off-grid remote places [57] or in areas of third-world
countries where the electricity is not easily available [73]. In addition, being self-powered makes
them environmentally sustainable and reduces the operational costs. The energy produced could
even be gathered to power other complementary sensors (e.g. redox, dissolved oxygen, pH, etc.)

[14]. As the occurrence of pollutants in the feeding stream is directly recorded as electrical response
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from the system, they do not require any additional transducer to operate [64]. Furthermore, the
signal provided by this kind of sensors is continuous and has quick response time [55], enabling for
on-line real-time monitoring of the water quality [65]. Another important aspect is that they do not
require the use of purified chemicals, which can be toxic and/or increase the operational costs [74].

Since the biofilm is originated directly from the environmental matrices at which the
electrodes are exposed (e.g. wastewater, sediments, sludge, etc.), there is no need for artificial
inoculum [75], thus the bioreceptor is inexpensive and do not require being cultured in laboratory.

MFCs have also proven to be robust systems able to function over long-term periods of
operations with little to no maintenance [53].

As stated in the previous section, MFCs are sensitive to a variety of toxic compounds. In this
way they can be applied as non-specific early-warning system in environmental matrices where
different kinds of pollutants can be present (e.g. water bodies) [76].

Several researchers focused their studies on biocompatible and low cost materials for MFCs,
such as terracotta [77], paper wastes [78], natural rubber [79], lingo-cellulosic materials (e.g. Arundo
donax cane) [80], etc. In this way, the construction of these devices can be sustainable both from
an economic and ecologic point of view. Moreover, Di Lorenzo research group focused on the
development of miniaturized 3D-printed MFC sensors [51,63]. This can be greatly increase the
portability of the device and the possibility of working on-site. A summary of the advantages of MFC-
based sensor, divided in operational, economic and ecologic, is presented in Fig. 17.

Currently, several limitations still affect the implementation of MFCs as water quality
sensors. The first issue is related to the sensor performances: lots of studies focus on further
lowering the detection limit, increasing the detection range and improving the sensitivity.
Nevertheless, the detection limit of MFCs-based sensors hardly ever meets the water quality
standards [75]. A recent study showed that the detection limit of these sensors is mainly hindered
by the mass-transfer barrier constituted by the biofilm [81]. Additionally, whole bacterial cells are
generally less sensitive than other bioreceptors (e.g. enzymes, DNA, photosystems, antibodies),
because of the diffusional limitations created by the membranes of the living organism [75].

Another major challenge for real-world applications of these systems is the signal
interference caused by simultaneous variations of BOD and toxicity levels [82]. Indeed, when the
bioanode is used as sensing element, a variation in the BOD concentration can mask or even

counterbalance the response to toxicants, causing a false signal [75]. Employing the biocathode as



sensing element may be more effective for toxicity monitoring, as it is not affected by the BOD

variations [83].

OPERATIONAL ECONOMIC

Miniaturizable Low-cost materials

Low maintenance

No operators needed
Inexpensive bioreceptors

Long-term
durability

ECOLOGIC

Figure 17 — Advantages of MFC-based sensors over the conventional analytic methods, grouped as operational, economic and
ecologic

As mentioned before, the signal of MFCs-biosensor is affected by variations in environmental
conditions like temperature, pH and salinity. Recently, Chouler et al. proposed a systematic study
on these kind of operational disturbances applying the factorial design of experiment (FDOE) to
discern between the different parameters and analyse their individual and synergistic effects [63].
However, further research should address the application of the sensor to real scenarios.

Finally, Grattieri et al. pointed out that, for industrial applications, MFCs require too much

time to recover their pristine conditions after a toxic shock [21].

36



2.3 Photo-bioelectrochemical sensors

2.3.1 Amperometric biosensors

Unlike MFC-based sensors that spontaneously produce the current signal due to the redox
gradient between the two electrodes, amperometric biosensors require an energy input to function.
Indeed, a fixed potential is applied to the biosensor electrode in order to force thermodynamically
unfavorable reactions. The first amperometric biosensor was created by Clark in 1956, which
consisted in an enzymatic oxygen sensor for medical application [84]. Since then, the field of
electrochemical biosensing expanded quickly, with research and commercial applications in quality
control, drug screening, disease diagnosis and treatment, and environmental monitoring [85].

Amperometric biosensors are constituted by two closely associated elements: a biological
recognition element (i.e. bioreceptor) and an electrochemical transducer (i.e. electrode). They
provide a measure of the current generated by the biocatalyzed electrochemical reactions occurring
on the electrodic surface [86]. As previously described for the BOD monitoring with MFC-based
sensors, the measured current is directly correlated with the rate of consumption/production of the
electroactive specie, thus to its concentration in the bulk solution. Amperometric measurements

are conducted with a three-electrodes setup, which is depicted in Fig. 18.
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Figure 18 — Schematic representation of the three-electrode setup. The imposed potential on the WE is set against a RE and
controlled by the potentiostat. The generated current pass between WE and CE and it is recorded by the potentiostat.

The reaction of interest occurs on the Working Electrode (WE), which is the biosensor. For

the reaction to happen, a potential is applied to the WE by means of a potentiostat. This potential



is measured against a Reference Electrode (RE), which maintains its fixed potential due to its stable
composition. To close the electric circuit, a counter reaction needs to take place. Thus, a third
electrode named Counter Electrode (CE) is necessary. The current flows between the WE and CE
and it is recorded by the potentiostat. The current is usually recorded in function of time, hence the
electrochemical technique used is called chronoamperometry [87]. A more detailed explanation on

these concepts can be found in the following chapter: “Fundamentals of the techniques”.

2.3.2 Photo-bioelectrochemical systems

Photo-bioelectrochemical systems combine photosynthetic microorganisms (e.g. algae,
cyanobacteria) or subcellular units (e.g. chloroplasts, thylakoid membranes, photosystems) with
electrochemical devices.

Photosynthetic organisms perform the light-induced oxidation of water as first step of the
photosynthetic process (Eq. 5). As molecular oxygen is the by-product of this process, it is called

oxygenic photosynthesis. In the equation, light energy or photon energy is indicated with hv.
. hv 4 .
Water oxidation: H,O0 — EOZ +2H" + 2e” (Equation 5)

Photosynthetic microorganisms possess organelles named thylakoids. Within the thylakoid
membrane, protein complexes called photosystems contain pigments able to absorb light energy.
The electrons obtained by the oxidation of water are initially transferred to the pigment P680
present in Photosystem Il (PSIl). When this pigment becomes excited by light energy, it initiates an
electron-transport chain, which consists in a cascade of redox reaction between intermediate
cofactors where the pigment P700 inside Photosystem | (PSI) is the final electron acceptor. This
pigment can also be photo-excited, generating another electron-transport chain that ultimately
reduces NADP+ to NADPH (Fig. 19). 680 and 700 are the respective adsorption wavelength of the

two pigments expressed in nm [88].
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Figure 19 - Z shaped energy diagram representing the electron transfer in the oxygenic photosynthetic process. The vertical axis
represents the reduction potentials of the chemical species. When the chlorophyll pigments P680 (PS Il) and P700 (PSI) are excited
by light, their energy level increase, initiating an electron transport chain. In this way, water is able to donate electrons to the
NADPH despite the higher reduction potential.

In bioelectrochemical systems, a solid electrode (i.e. anode) is the final electron acceptor of
the photosynthetic activity. Between those systems, the most studied devices are known as
biophotovoltaics [89], where oxygenic photosynthetic organisms or subcellular photosynthetic
components are used to harvest light energy and generate electric power (Fig. 20). As the produced

current is generated from light energy, it is termed photocurrent.
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Figure 20 — Scheme of a biophotovoltaic system: in presence of light, water is oxidised at the anode and the electrons travel via
external circuit to the cathode, where the inverse reaction occurs.
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These systems have the unique advantage of producing electrical energy solely from water
and light, in absence of any organic substrate. Nevertheless, the electrical power produced by
photosynthetic materials is still too low for energy applications [21]. One of the reasons behind this
problem is the poor understanding of the mechanisms of extracellular electron transfer by
phototrophs [90]. Studies about quinone-based redox molecules to enhance the electron transfer
[91], implementation of redox polymers [92], and screening of bacterial species can be found in
literature [90], but a deeper understanding from the fundamental point of view is still lacking.

Since high power production is not needed for sensing purposes, photo-bioelectrochemical
sensor represent a promising application of this technology. For example, they can be used to

continuously monitor the presence of herbicides in water bodies.

2.3.3 Herbicides and photocurrent inhibition

Herbicides are a variety of phytotoxic chemicals used to manage weeds in agricultural and
non-agricultural systems, and constitute approximately 40% of all applied pesticides worldwide [93].
However, accordingly to the properties of the molecules, they can raise environmental and safety
issues. In fact, many of them are reported to be endocrine disruptors [94] or have carcinogenic or
teratogenic effects on several species of animals [95]. Moreover, they can damage non-target plants
in edge-of-field habitats [96], and some of them are persistent in the environment, especially in
groundwater [97]. Herbicides can be classified by mechanism of action: in table 2 is reported the
classification system made by the Herbicide Resistance Action Committee, which is adopted

worldwide except USA, Canada and Australia [98].

Table 2 - Herbicides categorized by mechanism of action according to the HRAC classification system

HRAC Group  Type of action

A Acetyl CoA carboxylase (ACCase) inhibitors

B Acetolactate synthase (ALS) inhibitors

C Photosystem Il inhibitors

D PSI Electron Diverter

E Protoporphyrinogen oxidase (PPO) inhibitors

F Carotenoid biosynthesis inhibitors

HPPD inhibitors




DOXP inhibitors
G EPSP synthase inhibitors
H Glutamine synthase inhibitors
| DHP synthase inhibitors
K Microtubule inhibitors
Mitosis inhibitors

Long chain fatty acid inhibitors

L Cellulose inhibitors

M Uncouplers

N Lipid Inhibitors

P Auxin transport inhibitors
Z Nucleic acid inhibitors

Antimicrotubule mitotic disrupter

Cell elongation inhibitors

Photosynthesis inhibitors are between the most used herbicides worldwide, and they can be
grouped by site of action (Fig. 21): PSII inhibitors (e.g. atrazine, diuron, metribuzin, bromoxinil, etc.,
Group C), PSI electron diverters (e.g. paraquat and diquat, Group D) and oxidative phosporilation

uncouplers (e.g. dinoseb and dinoterb, Group M).

* Triazines (atrazine, simazine) Bipyridiliums (paraquat, diquat)
* Ureas (diuron, linuron)
* Triazinones (metribuzin)
* Phenylcarbamates (desmedipham) Phenols (dinoseb)
* Benzonitriles (bromoxynil,dichlobenil) 2NApp,

* Benzothiadiazoles (bentazon)
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Figure 21 — Schematic representation of the photosynthetic transport chain in the thylakoid membrane. Water oxidation happens
inside the membrane (lumen) and is part of a cascade of redox reactions between the different protein complexes and intermediates
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present on the membrane. Depending on their chemical properties, different photosynthesis inhibitors target different active sites,
causing the interruption of the electron flow (PSI and PSll) or blocking the production of ATP (ATP Synthase).

Compared with classic analytical methods (e.g. HPLC, GC-MS, AAS), electrochemical sensing
is faster, simple to use, cost-effective, and portable, thus more suitable for on-line and in-situ
monitoring [21]. Moreover, it can give information about the physiological impact of bioactive
compounds and how they affect the metabolism of living organisms [6]. In this case, when the
photosynthetic electron transport chain is interrupted by the presence of inhibitors, the produced
photocurrent drops immediately, as electrons are no longer transferred to the anodic electrode (Fig.

22)

| I |
| Chronoamperometry i Chronoamperometry |

8 8 4
| I |
| DARK LIGHT 1 DARK LIGHT I
| 7 I 7 - |
| 1 l |
| | R oy |
I ° - o O k |
RS 2 |
: s 2 Photo- H o5 :
| § current I E Herbicide |
I 5 37 Total I 5 37 Photo- I
: © current o current |

24—y I b B . 4 |
| I |
| 1 Dark I " Dark |
: | current : : | current :
: 0 — H 0 T T T T T T T :
| 0 10 20 30 40 50 60 70 &0 90 100 1 0 10 20 30 40 50 60 70 80 90 100 I
: Time/min H Time/min :
L - - - - - - _____ |

Figure 22 — Effect of photosynthesys-inhibiting herbicides on the photocurrent of a photo-bioelectrochemical sensor. Dark current is
the background level of current obtained in absence of illumination, while and photocurrent is obtained under illumination. When the
target herbicide is injected in solution, the photocurrent drops in a concentration-dependent manner.
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3 AIM OF THE WORK

The inspiration of the work conducted during the three years of my PhD was based on the
guestion: “What are the challenges for actual field applications of environmental sensors based on
microbial electrochemical systems?”. The main focus of the experimentation, in fact, has been how
to address the substantial issues that arise when mechanisms and devices studied in the lab are
applied in the environment. Indeed, the environment is a highly complex system with constantly
changing factors and sometimes unpredictable outcomes. In order to be applicable, new
technologies need also to be carefully planned starting from the design of the device, involving low-
cost solutions, sustainable materials, and relatively simple preparations.

From these starting points, the main goals of the experimentation were:

e Carry on experimentation in the field or at least mimic real conditions as much as
possible

e Analyse the impact of environmental conditions on the signal of the devices

e Minimize the use of pure and/or toxic chemicals

e Create long-lasting devices

e Obtain a reliable signal in terms of sensitivity, selectivity and stability

In this dissertation, all these points have been addressed and the outcomes have been analysed,

aiming to increase the knowledge in the promising field of MES-based sensing.



4 FUNDAMENTALS OF THE TECHNIQUES

4.1  Electrochemical techniques

From: M. Tucci. Electrochemical micro biosensor for glucose analysis: application in complex matrix., MSc

Thesis, University of Milan-Bicocca, 2016 [99]

Electrochemical analyses involve techniques that investigate the charge transport across the
interface between chemical phases, usually solid (electrode) and liquid (electrolyte), but it can also
involve the gas phase. The charge is transported through the electrolyte by the movement of ions
and through the electrode by the movement of electrons. There are two main factors that affect
the charge transfer: the mass transfer in the solution and the electron transfer at the electrode
surface. In figure 23, those mechanisms are represented for a generic reaction of a dissolved

oxidized specie O and its reduced form R.
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Figure 23 Model of the driving processes at the electrode surface: mass transfer and electron transfer. Adsorption and other
intermediate reactions are not considered

The mass transfer, which is the transport of electroactive species across the solution,
depends on migration (electric field), diffusion (concentration gradient) and convection (hydrodynamic
transport). On the other hand, the electron transfer is due to the potential of the electrode and to

the specific reactions involved. In addition, other processes can influence the charge transfer:
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intermediate reactions occurring before the electron transfer and adsorption/desorption or

crystallization at the surface of the electrode [87].

4.1.1 Faradic and non-faradic processes

There are two kinds of processes that can occur at electrode surface when a potential step
is applied: faradaic and non-faradaic. Non-faradaic processes do not involve any charge transfer
across the electrode/electrolyte interface, which means that no redox reactions are taking places at
the electrode surface. Those reactions are thermodynamically or kinetically unfavorable at a given
potential. Non-faradaic processes include adsorption/desorption, ions migration through the
solution and change in the structure of the electrode solution interface. In this cases, the
electrode/solution interface can be assimilated to a capacitor, as the charge will tend to accumulate
on one side of the interfacial region and disperse on the other. For this reason, the current
originated from these phenomena is referred to as capacitive current. Faradaic processes comprise
oxidation or reduction reactions on the electrode surface, where charge (i.e. electrons) is
transferred across the solid/liquid interface. Such reactions are governed by Faraday's law (Eq. 6),
which states that “the amount of chemical reaction caused by the flow of current is proportional to

the amount of electricity passed” [87].

m=— (Equation 6)

In this equation, m is the mass of the substance liberated at an electrode in grams, Q is the
total electric charge passed through the substance, F is the Faraday constant, M is the molar mass
of the substance and z is the number of electrons transferred per ion. In order to be feasible, faradic
processes require a significantly higher electron energy as compared to the theoretical
thermodynamic values. The potential difference between the theoretical number and the potential
actually needed to drive a given reaction at a certain rate is termed overpotential.

The background limits of an electrochemical experiment are the potentials at which a faradic
current is observed having the WE immersed in a solution containing only the supporting
electrolyte. When the potential is moved to more extreme values than the background limits, the
constituents of the electrolyte solution react on the electrode, causing a sharp current increase of

current due to their high concentrations [87].


https://en.wikipedia.org/wiki/Faraday_constant

4.1.2 Three-electrode electrochemical cell

An electrochemical cell can be defined as two electrodes, a Working Electrode (WE) and a
Reference Electrode (RE), separated by an electrolyte phase [87]. The WE is the electrode where the
reaction of interest occurs, whether the RE is an electrode with a constant composition and a fixed
potential. The potential of the WE is measured against the potential of the RE. If the experiment
implies a current flow, another electrode, called Counter Electrode (CE), is added to the setup This
electrode forms with the WE an electric circuit in which the current flows (Fig. 24A). The
potentiostat is an analytic instrument that can apply a selected potential to the WE and, at the same
time, measure the potential difference AV between the WE and the RE. The applied potential causes

the current i to pass between the CE and the WE, which is also measured by the potentiostat (Fig.

24B).
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Figure 24 — Schematic representation of a three electrode system: a potentiostat is able to apply a potential difference between the
WE and the RE and measure the resulting current between WE and CE.

The tip of the RE needs to be very close to the WE in order to reduce as much as possible the
ohmic drop caused by the resistance of the solution. The CE, instead, should be distanced from the
WE so that the counter reactions do not affect the behavior of the WE: if the compounds produced
on the CE surface reach the WE, they may cause interfering reactions. For this reason, the CE is often

placed in a separate compartment [87]. The three electrode setup is used to perform most



electrochemical techniques, such as chronoamperometry linear-sweep voltammetry and cyclic

voltammetry.

4.1.3 Chronoamperometry

Chronoamperometry (CA) is a technique that consists in applying a fixed potential step to
the WE in order to observe possible electrochemical reactions generated at that condition (Fig.

25A). The current response is measured and plotted as a function of time (Fig. 25B) [100].

v

~ |

Figure 25 - Qualitative representation of a theoretical chronoamperometry. A) excitation waveform, B) corresponding
chronoamperogram

If the WE potential was in a region where no faradaic processes were occurring, and is set
into a region where the potential causes any electrochemical reaction to happen, a sharp variation
in the current response can be observed (t1, t2). This happens because the molecules electroactive
compound(s) present in the proximity of the electrode surface are quickly oxidized or reduced,
accordingly to the chosen potential step. As those molecules react, a gradient of concentration is
generated in the solution, which causes other molecules of the same compound(s) to diffuse toward
the WE and react as they reach its surface. As the electroactive specie is consumed, the current

decreases due to lack of reactant [87].



4.1.4 Linear-sweep voltammetry

A linear sweep voltammetry (i.e. polarization curve) is a potentiodynamic electrochemical
technique: the potential is varied linearly with time (voltage ramp, Fig. 26A), and the potentiostat
measure the current flowing between the WE and the CE. In this way a current vs. potential plot can

be obtained (Fig. 26B).
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Figure 26 — Qualitative representation of a theoretical liner sweep voltammetry. A) excitation waveform, B) corresponding
polarization curve

In the case depicted in figure 26, only non-faradaic currents flow at the initial potential E;.
Then the imposed potential start to increase, and when it reaches the vicinity of the formal potential
E*’ (i.e. reaction potential at the given conditions of pH, T, ionic strength and concentration) for the
involved specie, the reaction begins and a current flow starts. As the potential continues to grow,
the concentration of the compound at the electrode surface drops, while the flux of molecules
towards the electrode increases due to the electric gradient, and so does the current. When the
potential pass E*, the concentration at the surface becomes close zero, and the mass transfer of
the compound in direction of the surface reaches a maximum rate. After that, the current declines
due to the depletion of the compound in the solution surrounding the electrode. Hence a peak in

the current-potential curve can be observed.



4.1.5 Cyclic voltammetry

In a cyclic voltammetry (CV) the potential applied to the WE varies at a constant rate
between two vertices. The first ramp of potential is called forward scan, and when the potential
moves in the opposite direction it is called reverse scan (Fig. 27A). The current flowing between the
WE and the CE is measured and recorded by the potentiostat, and it is represented in a current vs.
potential plot (Fig. 27B). If a current peak is present in the chosen potential range, it means that a

redox reaction is taking place at the electrode surface.

A , B
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Figure 27 - Qualitative representation of a theoretical cyclic voltammetry. A) excitation waveform, B) corresponding
voltammogram for a reversible redox reaction

Usually, in a CV experiment multiple cycles are performed, in order to allow the system to
reach a steady state. When this condition is obtained, if the height of the anodic peak isa and the
cathodic peak ic are equal, the involved reaction is chemically reversible. In addition, the reaction is
electrochemically reversible if the difference between the potential of the two peaks AE is less than
57 mV. This conclusion can be demonstrated using the Nernst equation (Eq. 7). Multi-cycle CV are
also used to observe a chemical change of the solution and/or the electrode over time, until the

system reaches the equilibrium [100].

RT a
E =E°+ F In a_w; (Equation 7)
re



The terms of the Nernst equation are: the cell potential at the given absolute temperature
(i.e. electromotive force) E; the standard cell potential E°cei; the universal gas constant R; the
absolute temperature T; chemical activity for the relevant species a; the Faraday constant F; the

number of moles of electrons transferred in the cell reaction z.

4.2 Sensing and validation of the method

4.2.1 Chemical sensor definition

A chemical sensor is a device that transforms a chemical information in a useful analytical
signal [101]. The chemical information can be about a chemical specie, a reaction or a physical
property of the whole system, such as adsorbance, refractive index, conductivity, temperature,
mass change, etc. The two major constituents of a chemical sensors are a chemical recognition
system, called receptor, and a physiochemical transducer. The receptor is the element that
transforms the chemical information in a form of energy, while a transducer is the part capable of
converting the energy generated by the receptor into an analytical signal [101]. When a sensor
employs a biologic element as receptor it is called biosensor. Biological receptors can range from
multicellular organisms to subcellular units (e.g. enzymes, antibodies, photosystems, etc.).

In electrochemical sensors, the transducer is constituted by an electrode, and the signal is a
property of the electrochemical system, such as current, voltage, impedance, etc. The signal can be
measured by an analytic instrument, and then it is converted into a digital output [86]. A flow chart
of the steps needed for a measure of is represented in the figure below (Fig. 28), and a theoretical

microbial electrochemical sensor is presented as example.

Analyte
concentration

Microbes ] [ Electrode ] [Electric current] [ Potentiostat ]

Figure 28 - Flow chart representing the elements necessary for a measurement (Blue boxes). A generic microbial electrochemical
sensor is used as example (white boxes)
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4.2.2 Sensor calibration

According to analytical chemistry, calibration is the process aimed at establishing an
“unequivocal mathematical relationship between the measured physical quantity and the analyte
concentration” [102]. The measurable physical quantity, which is the output of the sensor, is called
response signal (i.e. current in the case of amperometric sensors). The general relationship that
correlates the intensity of the signal (y) and the analyte concentration in the sample (c) can be

described by the following equation:
y=F(c)+e, (Equation 8)

where F(c) is the calibration function and e, represent the error on the response measurement
[103]. Due to its convenience, the most common calibration function is the direct proportionality

relationship:
y =ac (Equation 9)

The factor a represents the sensitivity of the sensor, and it can be calculated with
relationship the expressed in equation 10. The higher is the value, the more sensitive is the sensor

towards the selected analyte.

=—= (Equation 10)

According to the characteristics and properties of sensor setup (e.g. bioreceptor, transducer,
working conditions, etc.), the range of substrate concentrations in which the linear relationship is
valid (i.e. linear range) can be of a certain width [86]. A wider linear range allows a higher
applicability of the sensor. Below or above this range, a nonlinear correlation could be established,
until there is no correlation between the analyte and the signal. The Lower Limit of Detection (LLOD)
of a chemical sensor is defined as the lowest concentration of analyte that can be distinguished from
the absence of that substance (i.e. blank value) within a defined confidence limit [103]. It can be
obtained with the signal-to-noise approach [104] using the relationship expressed in equation 11,
where o is the standard deviation of the measure of the lowest concentration and a is the slope of

the calibration curve:



LLOD = ’ (Equation 11)

Conversely, the Upper Limit of Detection (ULOD), is the highest concentration of analyte that
can be distinguished from the saturation condition within a defined confidence limit. These
concepts are exemplified in figure 29, where a theoretical response signal of a sensor is plotted

against the analyte concentration.
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Figure 29 — Theoretical response of a sensor towards an analyte: when the concentration of analyte is below the LLOD, the signal of
the sensor is undistinguishable from the background level. For greater amounts of analyte, the correlation between signal and analyte

can be considered linear within a certain range. Then, after a certain concentration, corresponding to the ULOD, the sensor gets
saturated and the signal tends to a plateau.

4.2.3 Figures of merit of the sensor

Besides the sensitivity, the linear range and the limits of detection, there are other
parameters, or figures of merit, to evaluate performances of a chemical sensor.

A very important aspect to take in to account is the selectivity, which indicates how good is
the sensor at discriminate a particular analyte from other substances that may be present in the
sample, which can interfere with the signal [103]. This term is different from specificity, as the latter

is absolute and refers to the ability to respond only to one particular substance (e.g. antibodies with
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antigens). However, due to the similarity between analytes or to the lack of receptors that are
exclusive to the target substance, specificity is often not achievable, making selective sensing the
best option available [105]. On the other hand, arrays of non-specific sensor can still be able to
discern between analytes, in the so called “chemical nose/tongue” approach, where
multidimensional data can be used as a “fingerprint” of the analyte: a unique set of different
measures that individuate a single substance [105]. Moreover, non-specific sensors can be useful
as screening tools able to detect a broad variety of analytes. In this way they can be used as
preliminary step to the implementation of more refined techniques.

Trueness, precision and accuracy and are also very important parameters to assess the
performance of a sensor. In a set of measurements, the term trueness refers to the closeness of the
obtained measure to a given value or standard (e.g. known concentration of analyte). It is a measure
of the systematic errors that can impact on the measuring process, and it can be expressed as bias,
which is the difference between the average of the set of measure and the true value. On the other
hand, precision concerns the closeness of the obtained values to each other, thus it is an evaluation
of the random errors and the statistical variability of the measurement. Its quantitative expression
is the standard deviation from the average. Accuracy is the combination of these two factors, and it
evaluates of the overall uncertainty of the measure [106]. The representation of these concepts is

shown in figure 30.

Trueness

.
»

Figure 30 — Representation of the concepts of trueness, precision and accuracy. The true value is represented by the centre of the
target, and the measurements are represented with black dots.
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The response time is another critical characteristic of a chemical sensor: it can be defined as
the time passed between the moment when the analyte is added to the solution and the moment
when the sensor response can be considered stable [103]. This time gap is influenced by the analyte
speed of diffusion towards the receptor, which mainly depends on the stirring of the solution and
the presence of diffusional barriers. Also, the characteristics of the receptor, like the rate of activity
and the affinity towards the analyte, play a key role in the velocity of response [86]. Clearly, sensors

with shorter response time are preferable.

4.2.4 Durability of the sensor

In order to be reliable and cost effective, a sensor should be durable and consistent overtime.
This aspect can be summarized in two factors: stability and lifetime. The operational stability can be
defined as the drift of the signal obtained on the same concentration of analyte over a period of
time [86]. It is determined by the characteristic of the receptor (e.g. fragility, lifetime, self-repairing
capabilities, homeostasis) and the operational conditions at which the sensor is exposed (e.g. pH,
temperature, sample composition, solvents, fouling, clogging, etc.). Moreover, the way in which the
sensor is stored can greatly affect its long-term stability.

The lifetime of the sensor, on the other hand, refers to the overall time span in which the
sensor can be operated. It depends on the stability but also on the materials and construction

technique used to build the sensor.



5 MFC FOR WASTEWATER MONITORING

5.1 BOD monitoring in wastewater treatment plant

From: M. Tucci, A. Goglio, A. Schievano, P. Cristiani. Floating MFC for BOD monitoring in real time:
field test in a wastewater treatment plant. Proceedings of the 7t European Fuel Cell Piero
Lunghi Conference (2107) [107]

5.1.1 SCIENTIFIC BACKGROUND

The Biological Oxygen Demand (BOD) measurement is a key factor for the wastewater
treatment process. Currently the BODs test is the most widely used. However, this method has some
analytical and operational limitations, such as questionable accuracy and irreproducibility, labour
intensity and time consumption. Therefore, this method is not effective for process control and real-

time monitoring where rapid feedback is needed [51].

Since the current or the charge generated from a Microbial Fuel Cell (MFC) are proportional
to the concentration of fuel used under non saturated conditions [108], Microbial Fuel Cells (MFCs)
are attracting increasing attention as a tool for on-line BOD monitoring. Over the years, very
different set-up and configurations have been developed for this purpose [54,56,57,109]. However,
very few of them seem to focus on a real wastewater treatment application, as in most cases they
employ pure chemicals as substrates, artificial electrolytes, gas sparging, controlled temperature
and ion exchange membranes, which can undergo biofouling. Here, a low-cost, online, self-powered
MFC-based sensor for BOD is presented, and its application in a real wastewater treatment plant is

discussed.

5.1.2 MATERIALS AND METHODS
Cell construction

The structure of the sensor consisted in a polystyrene floating frame, holding identical plane
electrodes made of carbon cloth (SAATI P10) separated by a clay layer and an insulating
polypropylene felt (Fig. 31A). The submerged anode (13x10 cm) and the air cathode (16x16 cm) are
connected to a circuit with 100Q of external load. The anaerobic biofilm on the anode surface

oxidize the organic matter present in the anoxic wastewater, while the oxygen reduction reaction



(ORR) occurs at the air-exposed cathode (Fig. 31B). This simple and low-cost construction allows an
easy applicability in a real plant in multiple copies, with an estimated overall price of 1.70€ for the

construction of one cell.

A) B)
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Figure 31 — Schematic representation of the structure of the floating MFC prototype (A) and of the reactions (B)

Calibration in laboratory

Two cells constructed as previously described were placed in a stirred 40L tank and fed with
acetate as the sole carbon source. Raw wastewater was collected from the wastewater treatment
plant of Carimate (CO, Italy) and used as both inoculum and electrolyte. Calibrations were
performed by subsequent addition of sodium acetate (Sigma Aldrich). Liquid samples were collected

from the tank during the experiments for the chemical analysis.

Wastewater treatment plant

The wastewater treatment plant of Carimate treats about 5.000.000 m3/year of urban
wastewater (70.221 population equivalent, PE) and 1.000.000 m3/year of industrial wastewater. Six
identical cells constructed as previously described were placed directly in the tank of the plant,
where anaerobic denitrification occurs. The exact point is indicated on the map of the plant shown
in figure 32C. Samples of the wastewater were collected nearby the cells for the chemical analysis.

Figure 32A and B show pictures taken during the operations.
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Figure 32 — Pictures taken during the field trials A) and B), map of the wastewater treatment palnt of Carimate (CO) C). The exact
point in the denitrification tank where the cells were placed is indicated with a red pointer.
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Measurements

The Total Organic Carbon (TOC) and the Total Inorganic Carbon (TIC) were continuously
monitored with Sievers 820 Portable Total Organic Carbon Analyzer. The potential difference across
the resistance (R) of every MFC was acquired every 6 min via a multichannel Data Logger (Graphtech
midi Logger GL820). The generated current (1) was calculated by the equation | = V/R, where | is the
current flowing through the external resistance. Polarization curves were measured by linear sweep
voltammetry using a platinum counter electrode and Ag/AgCl in KCl 3 M a reference electrode. The
measure was conducted with a portable potentiostat (lvium, CompactStat). The soluble Chemical
Oxygen Demand (sCOD) of the wastewater samples was measured by a spectrophotometric
method. Each sample was filtered with syringe filters (Sartorius, 0,45um porosity), and then added
to HT-COD cuvette test (Hach Lange Gmbh), and digested at 175 2C for 15 min (Lange HT 200 S).
After cooling, the COD value was read by an UV- spectrophotometer (Lange DR 3900).

5.1.3 RESULTS AND DISCUSSION

Figure 33 shows the current trend of two cells and sCOD when subsequent additions of
acetate were performed. The increase and decrease of sCOD are followed by the current with a very
short response time. The linear correlation between the current signal and the concentration of
sCOD is shown in the inset: the range varies between between 13 and 34 ppm and the obtained R?

is 0.88.
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Figure 33 - Trends of current of two MFCs and sCOD during subsequent addition of acetate. Linear correlation between current and
sCOD (inset).



For higher concentration of sCOD the linear relationship is lost, until the system is completely

saturated and the current reaches a plateau around 100 ppm (Fig. 34).
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Figure 34 - Trends of current of two MFCs and sCOD during subsequent addition of acetate (A). Current vs. sCOD calibration curve of
the average of the two cells showing the saturation effect (B).
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Figure 35 — Trend of current, TOC and sCOD recorded over a period of three days.The current is an average of three replicates and is
stongly influenced by the daily illumination cycle, with no noticeable correspondance with the organic load present in the
wastewater.
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Initially, the six floating MFC were tested for three days in the denitrification tank of the
plant. However, the variation of the organic matter in the wastewater, measured both as COD and
TOC, seems not correlated with the current trend (Fig. 35). Instead, the trend shows the presence
of peaks in correspondence with the maximum illumination of daylight. This phenomenon was
observed also in a longer trial, which was conducted over a period of 30 days (Fig. 36). Indeed, the
current trend is characterized by daily peaks related to the periods of illumination of the cathodic
surface. In order to exclude this interference, the moving average of the current was calculated
(period 100, solid line), and this time it can be noticed how its trend follows the increase and
decrease of the soluble COD (diamonds). However, a delay between the peaks is present, which is
probably due to the presence of recalcitrant organic compounds in the wastewater. Indeed, the
degradation of these compounds operated by the anodic biofilm is normally much slower than the

sole acetate.
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Figure 36 — Trends of average current output of the six floating MFC and measured sCOD concentration in the denitrification tank
over a period of 30 days. The peaks of organic load are followed by peaks in the voltage trend with a delay of about two days.

Another critical aspect of this setup is related to the cathodic performance, as shown by the
polarization curves in figure 37. As expected, the anodic curves display a strong correlation with the

sCOD, whether no variation can be noticed on the cathode performance at the three different



concentrations. However, the current that can pass through the cathode is much lower than the
one that can be generated at the anode. For this reason, the cathode inefficiency seems to generate
a bottleneck effect on the sensor performance, as it limits the current of the overall system, and
thus the sensitivity of the anode. The lack of a catalyst for oxygen reduction, together with the fact
that the area of anodes and cathodes are very similar, could provide a good explanation of this
behaviour. If the goal is to keep a low price and sustainable materials, a solution to this problem

could be the increase of the anode/cathode surface ratio, instead of employing expensive catalysts.
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Figure 37 — Anodic and cathodic polarization curves of the floating MFC at different concentrations of sCOD

5.1.4 CONCLUSION

A new prototype of floating membraneless MFC-based sensors for BOD monitoring has been
successfully calibrated and operated in a real wastewater treatment plant. A correspondence
between the peaks of current and sCOD has been observed, which is encouraging in view of a
possible future application. Further investigations should address the decrease of the impact of
environmental factors (e.g. light, temperature, precipitations, etc.) on the current signal as well as

reducing the response time, studying the influence of recalcitrant compounds and enhance the
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sensibility of the sensor. Moreover, the performance of the cathode needs to be enhanced, for
example by increasing the active surface of the cathode and increasing the anode/cathode surface

ratio.
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5.2 Impact of physical-chemical factors on MFC-based
sensor for wastewater monitoring

From: M. Tucci, E. Barontini, A. Schievano, M. Papacchini, A. Espinoza-Tofalos, A. Franzetti, P.
Cristiani.  Influence of environmental factors on MFC-based sensor for wastewater
monitoring. Proceedings of the 8" European Fuel Cell Piero Lunghi Conference (2109)

5.2.1 SCIENTIFIC BACKGROUND

In many recent studies, the current generated by Microbial Fuel Cells (MFCs) has been
evaluated as signal for wastewater monitoring, since various physical-chemical factors (e.g. BOD,
dissolved oxygen, temperature etc.) can affect the microbial metabolism and thus the cell
performance [66,67]. Moreover, these systems require minimum maintenance and do not need
external power source, so they are especially suitable for remote sites and diffuse environmental
monitoring. However, few attempts have been made to study this technology in real field
applications. An interesting approach to this subject is represented by floating MFCs located directly
in the tank of a wastewater treatment plant: oxidation of the organic matter present in the
wastewater occurs at the submerged anode, while oxygen is reduced at the air-cathode [107]. In
this kind of systems, a clear understanding of the parameters that can influence the current output
is necessary to analyse the signal. For instance, light variation is an environmental condition that
can have a strong influence on the system in direct and indirect ways (e.g. temperature change,
enhancement of photosynthetic organisms, etc.). The oscillation of power produced in flat MFC
during the circadian cycle was recently reported, especially for flat MFC of small geometry [13]. Also,
the variability of the wastewater composition can strongly affect the MFCs performance: for
example, the presence of recalcitrant organic compounds, level of oxygenation, nitrate content etc.,
can create disturbances in the current signal [65]. Herein, the impact of light and other physical-
chemical factors on the microbial communities and the performances of floating MFCs has been

investigated.

5.2.2 MATERIALS AND METHODS

Cell construction



Two types of cells were placed in the denitrification tank of the wastewater treatment plant
of Bresso-Niguarda (MI): one constituted by a planar frame and the other with a ceramic cylinder.
Regarding the first type (Fig. 38A), the construction of the cell was similar to the prototype described
in the previous chapter. This time, however, no clay layer was put between the electrodes, and both
the anodes and cathodes were 10 x 10 cm. The second type consisted in a terracotta cylinder that
functioned both as rigid structure and separator between the electrodes. A floater ensured that the
cylinder remained afloat perpendicularly to the wastewater surface. One end of the tube was sealed
and the other was in communication with the atmospheric air. A plain carbon cloth anode (5x15 cm)
was fixed outside of the tube, while a carbon cloth cathode (18x20 cm) functionalized with carbon
nanotube paint was placed inside the cylinder (Fig. 38B). A plastic cone was placed on the top of the
tube in order to protect the cathode from sunlight and allow the passage of air. The voltage was
continuously measured across a resistance of 100Q for the first type and 500Q) for the second type
using a multichannel Data Logger (Graphtech midi Logger GL820). For each type, two groups of

triplicates were constructed and operated.
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Figure 38 — Two types of cells used for the experimentation: A) a floating planar frame holding two carbon cloth electrodes separated
by polypropylene felt, B) a terracotta cylinder that separates the inner cathode from the outer anode held by a floater. The cross
section, a 3D scheme and a picture are shown for each type.
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Wastewater treatment plant

The experimental activities were conducted at the wastewater treatment plant of Bresso-
Niguarda (Ml), group CAP Amiacque (Fig. 39A). This plant is situated in the urban area of Milan and
treats urban wastewater for about 173000 PE. The plant is involved in several collaborations with
University of Milan, University of Milan-Bicocca and Politecnico di Milano for the development of
an innovative and sustainable wastewater cycle, including the cultivation of microalgae and the
production of biogas, in the direction of a biorefinery framework. Figure 39B shows a picture of the
cells placed in the denitrification tank of the plant, and in figure 39C a picture taken during the

construction of the electric setup is depicted.
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Figure 39 — A) aerial view of the wastewater treatment plant of Bresso-Niguarda, B) Floating MFCs employed for the experiment in
the denitrification tank, C) picture taken during the setting up of the data-logger
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Physical-chemical measurements

Solar irradiance and temperature were continuously monitored using a pyranometer
(Kipp&Zonen, Fig. 40), and a thermometer (Dallas Semiconductor) respectively. A vertical profile of
redox potential and dissolved oxygen was obtained for the first 50cm of water, using submergible

probes (AMEL).
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Figure 40 — Pyranometer placed over the denitrification tank of the wastewater treatment plant

An automatic sampler was built in order to continuously collect wastewater sample from the
denitrification tank. It was constituted by a circular wooden structure holding 12 identical vessels
(Fig. 41B and C), each of them provided with a funnel in which was placed filter paper shaped as a
cone (Fig. 41E). The wastewater was collected by means of a submersible pump. The tube of the
pump was connected to a rotating arm that directed the output stream on the different vessels. The
pump and the rotating arm were synchronized by an automatic system controlled with Arduino (Fig.
41A and F) in such a way that the arm would move the tube from one vessel to the next every two
hours (Fig. 41F), thus collecting 12 samples per day. After being re-filtered (syringe filters Sartorius,
0,45 um porosity), the samples were analysed in terms of soluble COD and nitrate content using a
spectrophotometer. For COD measurement, an aliquot was added to HT-COD cuvette test (Hach
Lange, LCK 1414), and digested at 175 °C for 15 min (Lange HT 200 S). After cooling, the COD value
was read by an UV- spectrophotometer (Lange DR 3900). The nitrate was also determined using a
cuvette test (Hach Lange, LCK 339) and the concentration value was measured using the same UV-

spectrophotometer.
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Filter
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Figure 41 — A) and B) pictures of the automatic sampler used for the experimentations. C) Picture taken during the construction of
the sampler. D) Digital control system of the pump and the rotating arm. E) Scheme of the sampling technique: the wastewater is
collected by a funnel containing filter paper, which then percolates into a vessel. F) Scheme of the rotating arm that moves over the
12 different vessel during 24h cycles.

Microbial characterization

Biofilm samples at anodes and at cathodes, and a liquid sample from the bulk of the
wastewater tank were collected for microbial analysis. The taxonomic characterization of the
bacterial communities was performed by lllumina sequencing of the 16S rRNA gene. Total bacterial
DNA was extracted according to the manufacturer’s instructions using the FastDNA Spin for Soil kit
(MP Biomedicals, Solon, OH, USA). The amplification of the V5-V6 hypervariable regions of the 16S
rRNA gene was carried out as described by Daghio et al. [110]. Forward and reverse reads were
merged with perfect overlapping and quality filtered with default parameters using UPARSE pipeline
[111] and the obtained sequences were taxonomically classified by RDP classifier (confidence >80%)
[112]. To analyse the ecologic diversity of the different microbial populations, a Non-metric
Multidimensional Scaling analysis was performed: the different bacterial populations were
ordinated based on a distance or dissimilarity matrix obtained through iterative runs of the NDMS

algorithm [113].
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5.2.3 RESULTS AND DISCUSSION

Physical-chemical analysis

The trends of solar irradiance, temperature, cell potential, nitrate and sCOD content in the
wastewater over 20 days between the months of April and May 2019 are reported in figure 43.

An evident correspondence between the peaks of illumination and the peaks of temperature
measured at the wastewater surface can be observed, as the sunlight irradiation during the day
heats the wastewater surface. The content of nitrates remains below 2mg/I for most of the selected
period, while sCOD trend shows a continuous fluctuation in the range 10 - 100mg/l. No clear
correlation can be observed between the voltage trends of the cells and the other physical-chemical
factors. The signals of all MFCs are noisy, with sharp peaks and lows. In addition, the voltage of the
planar MFCs is most of the times negative, which means that the potential of the two electrodes
becomes inverted, having the electrode exposed to air working as anode and the submerged
electrode behaving as cathode. This effect is probably due to the presence of dissolved oxygen in
the first centimetres of wastewater (Fig. 42), which increases the redox potential of the solution and
hinders the formation of an anaerobic anodic biofilm. Indeed, the anodes of the planar prototype
are immersed only for a couple of cm in the wastewater, thus they can be strongly affected by this

factor.
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Figure 42 — Vertical profile of redox potential and dissolved oxygen in the first 50cm of wastewater in the denitrification tank. While

oxygen seems to be quickly depleted in the first 3 cm from the wastewater surface, the redox potential decreases within the upper
10 cm.



Conversely, the anodes of the ceramic type are immersed deeper in the tank (~ 10 cm below

the wastewater surface), and for this reason they are less influenced. The inversion occurs only for

one group of cells (Cylindrical 1) and only for short time intervals.
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Trends of solar irradiance, temperature, cell potential, nitrate and sCOD content in the wastewater over 20 days between
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Microbial characterization

Taxonomic characterization of the bacterial communities present in the biofilm of anodes

and cathodes of both prototypes and of the wastewater (Bulk) was performed by Illumina

sequencing of the 16S rRNA gene (Fig 44).
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Figure 44 — Taxonomic composition at the family level of the microbial populations present in the anodic and cathodic biofilms for the
two tested prototype and in the bulk solution of the wastewater. Each column refers to a group of three replicates.

The analysis of the bacterial communities underlines the influence of dissolved oxygen on

the anodic biofilms. Indeed, bacteria belonging to the families Nocardiaceae and Rhodocyclaceae,

which typically comprise aerobic species, were found on all the anodes of the tested MFCs. Bacteria
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of such families have been previously found on the electrodes of microbial fuel cells [114,115],
however, their presence indicates non-strictly anaerobic conditions.

The inversion phenomenon occurring to the planar MFCs could be explained with a
cooperation between the families of Rhodobacteraceae and Geobacteraceae. The abundance of
microorganisms belonging to those families on the cathodes was much higher in the case of planar
MFCs as compared to the bulk and the cylindrical-type cathodes. The family of Rhodobacteraceae
comprise species like Rhodobacter capsulatus and Rhodobacter sphaeroides, that are anoxigenic
phothotrophs capable of photofermentation in which molecular hydrogen is produced [116,117].
As they need light to grow, it is reasonable that they are more abundant on the planar type’s directly
exposed cathodes. Within the family of Geobacteraceae is present the genus Geobacter [118,119],
which is well known in the field of MES due to its ability to donate electrons to a solid metallic
substrate via EET. Bacteria belonging to this family are strict anaerobes that can use H; as electron
donor. Therefore, it is possible that Rhodobacteraceae bacteria used sunlight to produce hydrogen,
which was then used by Geobacteraceae as a source of reducing power to drive their metabolism.
Geobacteraceae then transferred electrons to the upper electrode (referred to as cathode in the

text), thus using them as anode. The characteristics of these families are summarized in table 3.

Table 3 — Families found during the microbial characterization that have been previously found in the biofilms of MFCs

Family Characteristics Sample References
Nocardiaceae e Aerobic, Gram-positive actinomycetes All samples [114,120,121]
commonly found in soil and water.
e  Previously found on anodes and
cathodes of MFCs
Rhodocyclaceae e Aerobic, Gram-negative All samples [115]
I e  Previously found on cathodes of MFCs
Rhodobacteraceae e  Aquatic bacteria Planar type cathodes [116,117,122]
I e aerobic photo and chemoheterotrophs (>20% relative
but also purple non-sulphur bacteria abundance)
which perform photosynthesis in
anaerobic environments
e Fermentation, hydrogen production
e  Previously found on anodes of MFCs
Geobacteraceae e Anaerobic, non-fermenting Cylindrical type [118,119]

chemoorganotrophic mesophiles
Exoelectrogenic (nanowires)

Can use H2 as electron donor
Previously found on anodes of MFCs

cathodes and bulk < 1%;

Planar type cathodes
and anodes ~ 6%
(relative abundance)




In addition, the presence of algae was noted on the surface of the flat type MFCs, which may

also have contributed to the oxygen diffusion towards their anodes (Fig. 45).

Figure 45 — Algal growth on the cathodes of the planar type MFCs

From the NMDS analysis of the microbial populations emerged that the anodic biofilms are
very similar to each other and not very differentiated from the bulk (Fig. 46). Conversely, the
ecologic distance between the cathodic populations types is much higher between the different
groups of MFCs. This aspect is probably once more, the presence of oxygen in the first layer of
wastewater impeded the formation of a mature anaerobic biofilm on the anodes, while the cathodic
biofilms developed according to their exposure to air and light. Indeed, the presence of phototrophs

seems to be the main difference between the planar and the cylindrical configuration.
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Figure 46 — Non-metric Multidimensional Scaling analysis of the microbial populations present on the electrodes of the different MFCs.
The anodic biofilms (square marker, dotted line) show a high similarity between them and low differentiation from the microorganisms
present in the bulk (+ markers), while the groups of different cathodes show a good level of differentiation between each other (round
markers, continuous line).
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To sum up the difference between the two configurations, the cylindrical type was less
subjected to the inversion phenomenon due to the deeper position of the anodes in the
wastewater, which reduced the impact of dissolved oxygen, and to the light-protected cathodes,

that avoided the growth of photosynthetic species.

5.2.4 CONCLUSIONS

Two different kinds of floating MFC were tested in the denitrification tank of a wastewater
treatment plant: planar and cylindrical. It was not possible to directly correlate the measured
physical-chemical factors (i.e. temperature, illumination, nitrates and sCOD) with the voltage trends
of the cells. However, the impact of light and dissolved oxygen on the cell performances was
evidenced by the microbiologic analysis. In fact, all anodes populations showed a low level of
differentiation from the wastewater and the presence of aerobic bacteria. In addition, a cooperation
between Rhodobacteraceae and Geobacteraceae was identified as the probable cause of the
inversion of potential occurring to the electrodes of planar MFCs. On the contrary, the cylindrical
prototype was much less affected by the inversion due to the deeper position of the anodes and the
protection from sunlight, therefore they showed better performances.

This study underlines the complexity of the factors that influence the signal of MFCs when
applied in real field. Further research should address how to isolate the different contributions in

order to build effective MFC-based monitoring system for wastewater treatment plants.

5.3.5 AKNOWLEDGEMENTS
The authors acknowledge WeMake s.r.l. (Ml), and especially Ing. Paolo Bonelli, for the
construction of the automatic sampler, and Gruppo CAP Amiacque for the possibility to work in the

wastewater treatment plant of Bresso-Niguarda.



6 AMPEROMETRIC DETECTION OF HERBICIDES

6.1 Benzoquinone-based photo-bioelectrochemical sensor

From: M. Tucci, M. Grattieri, S. D. Minteer, A. Schievano, P. Cristiani. Microbial amperometric
biosensor for online herbicide detection: Photocurrent inhibition of Anabaena variabilis,
Electrochimica Acta 302 (2019) 102-108 [123]

6.1.1 SCIENTIFIC BACKGROUND

Herbicide pollution has become a serious threat for human health and ecosystems [124].
Photosynthesis inhibitors, such as urea, triazines and phenolics, are among the most used herbicides
worldwide. These kinds of herbicides often damage non-target habitats, like neighbouring
vegetation and freshwater ecosystems, due to spray drift, leaching, run-off or accidental spills [125].
Moreover, many photosynthetic herbicides are relatively recalcitrant to biodegradation and
therefore persistent in the environment, especially in groundwater [97]. It has been proven that
some herbicides can act as endocrine disruptors, especially in case of long-term exposure [94]. For
example, the triazinic herbicide atrazine (6-chloro-4-N-ethyl-2-N-propan-2-yl-1,3,5-triazine-2,4-
diamine) is one of the most extensively used pesticides in agriculture, and it is frequently found in
soil, surface water and agriculture food products, due to its persistence, high mobility and slow
degradation rate [126,127]. This compound can have negative effects on the reproductive system,
endocrine system, central nervous system and immune system of freshwater fauna [128], while the
effect on human health is still controversial [129]. The European Union (EU) banned atrazine in 2003
[130]. However, it is still broadly used in around sixty countries worldwide, including the United
States, for the production of corn, sorghum and sugar cane etc. [131]. U.S. Environmental Protection
Agency (EPA) sets 3 pg/l as the maximum concentration in drinking water for any member of the s-
triazine class of pesticides [132]. Another widespread herbicide is diuron (3-(3,4-dichlorophenyl)-
1,1-dimethylurea), belonging to the urea class. This compound is very persistent in soil due to its
low solubility in water, where it can remain for up to 1 year [133]. Many different toxic symptoms
have been associated with exposure to diuron, like eye and skin irritation, mutagenic, metabolic and
carcinogenic effects [134]. Therefore, this herbicide arises serious environmental and human health

concerns [135].



In this scenario, a constant monitoring of herbicides contamination in water and soil
environmental compartments has become critical. Moreover, the availability of suitable diagnostic
methods is crucial for maintaining an effective environmental management and analysis [124].
Despite their accuracy and precision, traditional analytical methods (i.e. high-performance liquid
chromatography (HPLC), atomic absorption spectroscopy (AAS) and gas chromatography-mass
spectrometry (GC-MS)) are usually quite expensive, are time-consuming, and involve sample pre-

treatment, complex equipment and highly-trained operators [68].

As an alternative, many researchers are focusing on the development of low-cost biosensor
for herbicides. A cost-effective approach is the use of biosensor based on cytotoxicity response
(bacterial cells growth inhibition) [136]. Herbicides presence can be easily determined by a decrease
of bacterial growth; however, this approach requires relatively long time for cell culture and growth
analysis. Amperometric photobiosensors represent an interesting possibility for the fast and online
monitoring of herbicides [21]. This classification of biosensor relies on amperometric measurements
of the photocurrent generated by Photosystem Il (PSll), a protein complex located in the thylakoid
membrane of photosynthetic microorganisms. Within this complex, light energy starts a chain of
electron transfer reactions, where oxygen is produced through water oxidation [137].
Photosynthesis-inhibiting herbicides can cause a decrease in the output current, by blocking the
photosynthetic electron transport in a concentration-dependent manner [138]. In fact, herbicides
competitively displace the plastoquinone complex from the Qg binding pocket in the PSII (Fig. 47),
thus blocking the electron transport chain [139,140]. The photocurrent generated by the PSIl can
be monitored directly or with the employment of artificial redox mediators. Among them, quinones
are the most suitable compounds, as they have similar chemical properties as the plastoquinone

complex and compete with the same binding site.
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Figure 47 - Schematic representation of the mechanism of action for photosynthesis-inhibiting herbicides in the photosystem Il. The
plastoquinone pool is the natural electron acceptor for the electrons generated from water oxidation and transferred by the active
site Qg. Artificial quinones can also accept the electrons, thus competing with the plastoquinone complex. When photosynthesis
inhibiting herbicides are present, they bind the active site and block the electron transport chain.

Different kinds of biological receptors have been employed for amperometric herbicide
sensing, ranging from whole cells and organelles to purified PSII reaction centers [131]. Among
these, an interesting class of biosensors utilizes thylakoid membranes [141,142], photosystems
[125], and reaction centers proteins [131,143]. These bioreceptors have the advantage to be highly
sensitive, as well as to have a fast response time and detection limits in the nM range [143].
However, one of the disadvantages of their application is the need of complex purification methods,
and their higher fragility when isolated, making them less suitable for long-term operation [144].
Whole-cell based biosensors, on the other hand, are quite stable, and production of living cells is
simple and cost-effective [145]. To date, this kind of sensor usually relied on the amperometric
detection of photosynthetically-produced molecular oxygen [146—149], which is an indirect way of
measuring the photocurrent. In fact, this measure can be influenced by environmental factors (e.g.
temperature), making these biosensors not suitable for application in real conditions. Additionally,
some of these biosensors employ selective membranes [138,146,147,149], which can be affected

by fouling issues, particularly over long-term operation.
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Herein, a novel amperometric biosensor based on direct inhibition of the photocurrent
generated by an artificial biofilm of photosynthetic microorganisms is presented. The stability and
operational simplicity related to the employment of whole-cells are coupled with the fast and
accurate detection of the photocurrent inhibition. Photocurrent generated by living cells has been
already studied for biophotovoltaic systems, where light energy is harvested in the absence of an
organic feedstock [89], but this principle was never applied to biosensing. A very easy and low-cost
preparation was experimented for building the biosensor: living cells were encapsulated in an
alginate matrix, attached on a carbon felt electrode. Alginate is a natural biopolymer derived from
seaweed, used for the entrapment of cells [150], drugs, and proteins [151]. Immobilization of
bacterial cells in alginate capsules allows a high cell density, while enhancing the stability of bacterial
communities [152] due to the fairly inert aqueous environment inside the matrix [145]. The
encapsulation process involves mixing an aqueous solution of alginic acid with another solution rich
in calcium ions (Fig. 48). When the dissolved alginic acid is in contact with Ca?*, insoluble calcium
alginate is obtained, resulting in the entrapment of bacterial cells. At the same time, the high
porosity of the calcium alginate layer permits good diffusion rates of macromolecules and nutrients

[145].
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Figure 48 — Representation of the polimerization mechanism of alginate hydrogel: in presence of calcium ions, the soluble sodium
alginate forms an insoluble polymer

p-Benzoquinone (BQ) was recently shown to enhance the extracellular electron transfer
between purple photosynthetic bacteria and an electrode surface [91]. Figure 49 shows the
characteristic redox peaks associated with the activity of this compound. Accordingly, we utilized
monomeric BQ as redox mediator also for this study. Since cytotoxic and genotoxic effects of
guinone molecules can have a negative impact on the ecosystem[153], we aimed to entrap the
redox mediator in the alginate matrix and compared biosensor performance with a configuration in

which BQ was freely present in the electrolyte during the analysis. Activated carbon was employed



to create a conductive network inside the polymer [154], and its influence on the biosensor

performance is discussed.
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Figure 49 — Cyclic voltammogram obtained using a glassy carbon electrode in Tris/Hcl buffer + NaCl 0.1M: When benzoquinone is
present, the characteristic redox peaks indicate a reversible

The cyanobacterium Anabaena varibilis, a filamentous heterocyst-forming cyanobacterium
well-known for its numerous applications, was employed as bioreceptor of the sensor [155]. This
particular species was chosen based on the available studies on its photocurrent generation ability
present in literature [156—158]. Moreover, our group developed a consolidated knowledge in the

growth and application of this bacterium for bioelectrocatalytic purposes [159].

The current generated by photo-bioelectrocatalytic oxidation of water was measured, and
the relationship between inhibition of the photocurrent and concentration of herbicide was

evaluated, using atrazine and diuron as model photosynthesis inhibitor herbicides.

6.1.2 MATERIALS AND METHODS

Reagents and solutions
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Sodium carbonate and cupric sulfate 5-hydrate were obtained from Avantor (Macron Fine
Chemicals). Citric acid monohydrate, activated carbon powder and boric acid were purchased from
Fisher Scientific. Tris salt was obtained from Gold Biotechnology. All other reagents were purchased
from Sigma Aldrich. They were of analytical grade and used without further purification. Ultra-pure
water purified with a Millipore Milli-Q® Integral purification system was used for all the solutions. A
standard solution of atrazine and a standard solution of diuron were prepared using water as solvent

(concentration of 0.15mM).

Anabaena variabilis culture

A 500mL culture of A. variabilis SA-1 was grown using BG-11 medium (ATCC Medium 616:
Medium BG-11 for Blue-green Algae, pH 7.1) [160] with the addition of trace metal mix A5. It was
constantly stirred at 140rpm and bubbled with air. Broad spectrum (400-700nm) fluorescent grow
lights (10 mWcm™) were used as the light source. Temperature was maintained constant at 40°C.

This setup was built as previously reported by Knoche et al. [159].

The culture was maintained in stationary phase by removing 20% of the culture and adding
an equivalent amount of fresh medium once per week. The Optical Density (O.D.) of the culture at

750nm was 2.9+0.9.
Biosensor construction

In order to build the biosensor, Anabaena variabilis cells were harvested by centrifugation
for 10 minutes at 7000 x g. The cells were re-suspended in a solution of fresh medium and sodium
alginate 5gL!, and the final concentration of bacterial cells was 25mgmL™. For this study carbon felt
electrodes with a geometrical area of 1 cm? were utilized as support for the construction of the
working electrodes. The electrodes were placed for 10 min in the prepared alginate solution and
then dipped for 1sec in a CaCl, 60mgL? solution to obtain a hardened capsule on the electrode
surface. The redox mediator BQ was added in the electrolyte solution during the electrochemical
analysis (Fig. 50A). To test the entrapment of BQ in the polymer, the biosensor was prepared adding
0.1 mgmL?*of BQ directly to the alginate solution containing bacterial cells, together with 0.1 mgmL"

! of activated carbon (AC). The AC was added to ensure the electrical conductivity of the alginate



layer. In this configuration no redox mediator was added to the electrolyte during the
electrochemical analysis (Fig. 50B). Control experiments were performed with a similar setup in

absence of Anabaena variabilis.
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Figure 50 — Schematic representation of the electrode in cross section for the two configurations: A) with the mediator added to the
electrolyte and B) with the mediator entrapped in the alginate matrix together with activated carbon

Scanning electron microscopy (SEM) was performed with a FEI Quanta 600 FEG microscope

to study the surface and the section of the electrodes.

Electrochemical setup

A three-electrode setup was employed for all electrochemical analyses, where the biosensor
was the working electrode, a platinum mesh was the counter electrode and a saturated calomel
electrode (SCE) was used as the reference (Fig. 51A). All electrochemical characterizations were
performed right after the construction of the biosensor. This allowed maximizing reproducibility of
the results by limiting differences in the amount of active bacterial cells entrapped that could
possibly account for different photocurrent generations. The experiments were performed with CHI
660E Electrochemical Workstation (CH Instruments) controlled by the manufacturer’s software. The
electrochemical analyses were conducted in 0.5M Tris/HCI buffer (pH 7.1) + 0.1M NaCl to ensure
that additions of herbicide solutions did not influence pH or conductivity of the electrolyte. All the
experiments were performed at room temperature (23+2°C). The solution was continuously stirred

with a stir plate (300 rpm). A Dolan-Jenner Fiber-Lite lamp (Model 190-1) quartz—halogen
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illumination system with an optical light guide providing a light intensity of 760 W m™2 was used to
provide the illumination during the experiments. The light was set and maintained at a distance of
5.0+0.5 cm from the working electrode during operation. For the first type of sensor, 0.01 mgmL™*

of BQ was added to the electrolyte at the beginning of the electrochemical analyses.

A) B)

MEDIATED ELECTRON TRANSFER

Figure 51 — A) Sketch of the electrochemical setup used for the experiments and B) scheme of the reactions occurring at the electrode
surface

Cyclic voltammetry (CV) was performed between -0.3 and +0.5V vs. SCE at 1mV sX. The CVs
were executed in the absence and the presence of light, in order to assess the photo-electrocatalytic
activity of the biosensor. Chronoamperometry (CA) was conducted at an applied potential +0.5V vs.
SCE. The imposed potential was selected in accordance with the CV results, to operate in a potential
window where all BQ molecules were in the oxidized form. The current variation in the absence and
the presence of light was evaluated. To study the inhibition effect of the herbicides, standard
additions of atrazine or diuron were performed, and the consequent decrease of current was

measured.

6.1.3 RESULTS AND DISCUSSION

Biosensor characterization and calibration
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To confirm the successful deposition of the alginate layer on the electrode, the surface and
the cross section of an electrode prepared as previously described were analyzed through scanning
electron microscopy (SEM, Fig. 52). The obtained images show the distribution of the calcium
alginate polymer on the carbon felt, with alginate mostly localized on the external surface of the
carbon felt electrode (Fig. 52B), creating a layer with a thickness of approximately 100+20 um (based
on different measurements performed in different positions and different electrodes), which is
permeable to the organic compounds present in solution. The cross section image indicates that no
appreciable amount of polymer was formed inside the dense felt architecture. This could be
explained with the limited and slow diffusion of Ca?* ions into the fibers mat during the generation

of the polymer, resulting in the alginate layer being localized only on the surface of the electrode.

Figure 52 - SEM images of the carbon felt electrode: A) Carbon felt surface without alginate. B) Cross section of the
electrode in which is visible the alginate layer. C) Electrode surface covered with alginate

Cyclic voltammetry revealed the electrochemical response of the biosensor in the absence
and the presence of light. Figure 53A shows a clear increase of the oxidative current in presence of
Anabaena variabilis under light exposure (blue line) compared to dark conditions (green line), as
indicated by the red arrow. The oxidative current in control experiments was always lower, and no
significant difference between light on/off conditions was obtained (red and black lines,
respectively). The photocurrent generation was also analyzed by chronoamperometry, performed
at +0.5V (Fig. 53B). In presence of Anabaena variabilis, an immediate increase of current can be

noticed under illumination, while no variation in the current response occurs in all control

experiments.
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Figure 53 - Photocurrent generation of the biosensor with BQ dissolved into the electrolyter. A) Representative cyclic
voltammograms in absence and presence of light: when Anabaena variabilis is present, the anodic current is higher under
illumination (blue) than in dark conditions (green). In sterile conditions (control experiments), lower current with no significant
difference between light (red) and dark conditions (black) was obtained. B) Amperometric i-t curves (applied potential +0.5V). When
Anabaena variabilis is present (red), an immediate increase of the current can be noticed every time light is turned on. A sharp
decrease of current is obtained when light is switched off. No variation can be noticed in the control experiments (blue).

The inhibiting effect of the model herbicides atrazine and diuron was evaluated by means of

chronoamperometry performed at +0.5V vs. SCE. Figure 54A shows the influence of atrazine on the
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biosensor. After reaching a steady photocurrent baseline, standard additions of atrazine into the
electrolyte were performed. Every injection of atrazine resulted in an initial sharp decrease of the
photocurrent, which then stabilized, reaching a steady state current only for the highest
concentrations of herbicides. At low herbicide concentrations the steady state current was not
completely reached, possibly due to limited diffusion of the analyte. Accordingly, a stabilization time
of 15 min was selected prior to measure the current value and performing a new addition. The
current response needed about to stabilize after each addition. For the highest concentration of
inhibitor, the photocurrent drops almost to the background current obtained in dark condition.
Figure 54B reports the correlation between atrazine concentration and the decrease in
associated current density (4j), calculated as the difference between the photocurrent baseline and
the steady current reached after an addition. Each point is the average of three replicates, and the
calculated standard deviation is displayed as an error bar on the graph. The linear part of the curve
(R?= 0.97) shows a good sensitivity of the biosensor in a sub-micromolar range (-24.6 pA uM* cm™
up to 0.56uM). The aquatic life benchmarks set by EPA for chronic exposure of both fish and
invertebrates to atrazine [161] fall within this range. Therefore, this biosensor could be suitable for
guantitative environmental analysis of atrazine. Moreover, the obtained response is independent
from the concentration of dissolved oxygen, which is a critical aspect for the field application of the
biosensor as oxygen concentration in real water samples is subject to numerous variables. The same
calibration procedure was performed in triplicate using diuron (Fig. 55). In this case, the
concentration necessary for a comparable current drop was about an order of magnitude lower,
proving that this herbicide is a much stronger PSIlI inhibitor than atrazine. A linear correlation was
obtained up to 0.08uM (R?= 0.93), which is lower than the limits for chronic exposure of aquatic life
set by EPA. Therefore, the biosensor seems suitable as an on/off sensor, for the early warning
detection of this chemical. Accordingly, the biosensor is not selective towards any individual
herbicide, as both compounds have an inhibiting effect on the photosynthetic bioprocess. However,
the non-selectivity of the biosensor can be an advantage, allowing early detection of phytotoxic
compounds when applied in solution of unknown composition. On the contrary, application of the
biosensor in solutions where only atrazine or diuron are expected to be present will allow their

preliminary quantification.
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Figure 54 — Atrazine calibration of the biosensor with BQ dissolved into the electrolyte. Chronoamperogram showing the effect of
atrazine on the photocurrent produced by the biosensor (applied potential +0.5V). Red numbers indicate atrazine concentration in
M. B) Concentration-current relationship. Aquatic life benchmarks set by EPA are represented with red triangles: 1) Chronic exposure
concentration for invertebrates, 2) Chronic exposure concentration for fish, 3) Acute exposure concentration for invertebrates.
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Alginate-encapsulated mediator

To avoid the release of mediator in solution, the entrapment of BQ in the polymer was
tested. As mentioned before, activated carbon was necessary to create a conductive network inside
the alginate matrix. Entrapment trials performed in the absence of activated carbon showed no
response to light (data not shown). Partial adsorption of the mediator onto carbon granules is
probably the main factor ensuring the electron transfer, allowing maintaining BQ in proximity of the
conductive surface while limiting its isolation within the alginate matrix. It was demonstrated that

quinones can be adsorbed on activated carbon with different strengths, depending on the

crystalline structure [162].

With this configuration, it was possible to obtain a photocurrent of 9+3 pA, with immediate
response to light. Even though the concentration of mediator inside the alginate layer was about
ten times higher, the produced photocurrent was about 2146 % lower when the mediator is
entrapped in the polymer, meaning that a large portion of the mediator has been isolated by the

alginate and was not able to shuttle electrons from the bacterial cells to the conductive material.



The efficacy of the mediator entrapment to avoid its release in solution was evaluated trough cyclic
voltammetry. A carbon felt electrode prepared as previously described was kept into the electrolyte
solution for 6h. Cyclic voltammograms were recorded using a glassy carbon electrode as the working
electrode, both at the beginning and at the end of the experiment (6h exposure to the solution,
Supporting information, Fig. $56). The voltammogram recorded after 6h was comparable with the
one recorded immediately after exposing the modified carbon felt electrode to the electrolyte, and
did not show the characteristic reversible redox peaks associated with BQ freely available in
solution. Accordingly, diffusion of the redox mediator from the polymer to the electrolyte solution
is strongly limited, remarking the effectiveness of the encapsulation.

Calibration experiments for this configuration are reported in the Supporting Information,
(Fig. S57). It was possible to obtain a linear relationship between current and concentration up to
1.31uM of atrazine (sensitivity of -7.7 uA uM cm%; R2=0.93) and 0.13 pM of diuron (sensitivity of
-34.5 pA uM* cm?; R?=0.95). Therefore, the biosensor is able to monitor atrazine concentrations
within the thresholds of chronic exposure for freshwater fauna set by EPA, while for diuron it allows
only on/off detection. The response time was approximately 20 min. These results suggest that the

biosensor can be used as a tool for freshwater quality monitoring.

Performance evaluation

The calibration curves were fitted to a sigmoidal function (Eq. 11), where max and min are
maximal and minimal photocurrents normalized between 0% and 100%, and X is the concentration

of inhibitor. The software GraphPad Prism 8 was used for the data fitting.

. max—-min .
Y =min+ T+ (ICag/X)Hill cocf Ficent (Equation 11)

Using this model, the concentration necessary to inhibit 50% of the photocurrent (ICso) was
calculated. This value is inversely proportional to the sensitivity of the sensor: the lower the ICsg,
the higher the sensitivity. The obtained values for the biosensor with BQ in solution were 0.34 and
0.04 uM for atrazine and diuron respectively, and for the biosensor with BQ entrapped were 1.05

and 0.10 uM.

Since the level of noise of the dark current was below 5% of the uninhibited photocurrent,

the lower limit of detection (LLOD) was estimated as the concentration that inhibits 5% of the



photocurrent (ICs) [131]. The obtained values are shown in table 4. In a similar manner, the upper
limit of detection (ULOD) was estimated for 95% of photocurrent inhibition (Tab. 4). This parameter
can be considered as the saturating concentration for the biosensor: above this value an increase in

concentration generates a negligible increase of photocurrent.

Table 4 - Calculated values of Hill coefficients, ICso, LLOD and ULOD

Hill IC50 LLOD /uM ULOD /uM
coefficent /uM
Atrazine BQ in solution -1.10 0.34 0.023 4.85
BQ entrapped -1.05 1.05 0.064 17.28
Diuron  BQin solution -1.19 0.04 0.003 0.45
BQ entrapped -1.07 0.10 0.006 1.50

Comparing the two kinds of biosensor (Tab. 4), a loss of sensitivity can be noted with BQ
entrapped in the polymer, as the calculated ICs is higher. Moreover, the LLOD is lower when the
mediator is dissolved in solution. This fact could be related to the adsorption capacity of activated
carbon, resulting in a lower exposure of bacterial cells to the herbicide due to its decreased
availability in solution. Indeed, this material has been employed for wastewater treatment as

adsorbent for atrazine and other aromatic compounds [163-165].

On the other hand, this phenomenon can be the cause of the wider range of sensitivity: the
linear range is broader when the mediator is entrapped, and the saturation concentration (ULOD)
is increased of about four times. In conclusion, not only the entrapment prevented the release of
BQ in the outer solution, but also improved the operating range of the sensor. The decrease of
sensitivity is significant but it does not compromise the application of the biosensor. In fact, when
compared with a whole-cell amperometric biosensors based on oxygen detection [146] and a
biosensor based on the photocurrent generated by reaction centres [131], the present biosensor
exhibits a better sensitivity towards atrazine (Tab. 5), and the estimated LLOD is comparable to the
other two cases. The response time, however, is the highest among the three, possibly due to

diffusional limitations caused by the alginate matrix. It is critical to underline that for our study



subsequent additions of inhibitor were performed, thus the concentration of contaminant was
varying throughout the experiments. This condition is more representative of field operation
compared to the single injection performed for each experiment in the other two cases. Accordingly,
this comparison highlights once more that the presented biosensor can be a useful tool for
guantitative online monitoring at low herbicide concentrations. It remains clear that the reported
biosensor represents the first step for the development of self-powered devices capable of wireless

data transmission at small-medium distance, which would facilitate their field application [14].

Table 5 - Comparison of a whole-cell amperometric biosensors based on oxygen detection [146] and a biosensor based
on reaction centers’ photocurrent detection [131], with the present biosensor in the configuration where BQ is entrapped
in alginate. All values are referred to atrazine detection.

Reference Bioreceptor ICso / pM LOD /uM Response time /min
Present sensor -BQ Anabaena variabilis 1.0 0.07 20

entrapped

Shitanda et al. (2005)  Chlorella vulgaris 2.0 0.05 3,3

Swainsbury et al Rhodobacter 2.1 0.05 0.5

(2014) sphaeroides

reaction centres

6.1.4 CONCLUSIONS

In this work, a biosensor based on the inhibition of photocurrent generated by the
cyanobacteria Anabaena variabilis was built and successfully calibrated using atrazine and diuron as
model compounds. The entrapment of the mediator in the polymer was successful, causing only a
minor decrease of sensitivity, and increasing the operating range. The biosensor construction
comprised only few steps, none of which involving complex procedures (e.g. purification of
subcellular molecules or polymer synthesis). This aspect, together with the reported sensitivity,
makes this biosensor a powerful tool for environmental analysis with reference to EPA aquatic life
benchmarks for the tested herbicides. Future research should address the long-term operational
stability of the biosensor and the capability to avoid BQ release. The selectivity toward different
class of contaminants (e.g. heavy metals) is another aspect to be taken into account to elucidate

biosensor response while applied in the field.



6.1.5 SUPPORTING INFORMATION

p-Benzoquinone entrapment test
The cyclic voltammograms performed to confirm p-Benzoquinone (BQ) entrapment in the

alginate capsule are reported in figure $S56. The voltammograms were recorded using a glassy
carbon electrode as the working electrode, both at the beginning (blue line) and at the end (green
line) of the experiment (6h exposure of the biosensor to the solution). The voltammogram recorded
after 6h was comparable with the one recorded immediately after exposing the modified carbon
felt electrode to the electrolyte, and did not show the characteristic reversible redox peaks
associated with BQ (red line). Accordingly, diffusion of the redox mediator from the polymer to the

electrolyte solution is strongly limited, remarking the effectiveness of the encapsulation.
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Figure S56. Cyclic voltammograms showing the efficacy of BQ entrapment. A carbon felt electrode constructed as
described was placed in buffer solution for 6h. A voltammogram was recorded with a glassy carbon electrode at the
beginning (blue line) and at the end (green line) of the experiment. The difference between the two cyclic voltammogram
is negligible, and none of them show the characteristic redox peaks associated with BQ (red line).
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Biosensor calibration with entrapped BQ

Figure S57 shows calibration obtained for the biosensor with entrapped BQ. It was possible
to obtain a linear relationship between current and concentration up to 1.31uM of atrazine

(sensitivity of -7.7 pA uM™ cm™2; R = 0.93) and 0.13 uM of diuron (sensitivity of -34.5 A uM™ cm™?;
R2=0.95).
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Figure S57. Calibration of the biosensor with BQ entrapped in alginate. A) Concentration-current relationship for
atrazine. B) Concentration-current relationship for diuron. Insets show the linear range of the curves and the equation
of the linear fitting. Aquatic life benchmarks set by EPA are represented with red triangles: 1) Chronic exposure

concentration for invertebrates, 2) Chronic exposure concentration for fish, 3) Acute exposure concentration for
invertebrates.
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Table S6: Summary of the linear fitting parameters calculated from the calibration curves in the two configurations of the biosensor

for both inhibitors

Atrazine Diuron
Sensitivity Sensitivity R
Range /uM  R? ange R?
JUA pMt cm / PA pM ™t cm™? /um
BQ in solution -24.6 0-0.56 0.97 -72.1 0-0.08 095
BQ entrapped -7.7 0-1.31 0.93 -34.5 0-0.13 0095
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6.2 Mediatorless photo-bioelectrochemical sensor

From: M. Tucci, P. Bombelli, C. J. Howe, S. Vignolini, S. Bocchi, A. Schievano. A storable mediatorless
electrochemical biosensor for herbicide detection, Microorganisms, 7, 630 (2019) 1-14 [166]

6.2.1 SCIENTIFIC BACKGROUND

Several synthetic herbicides interfere with the photosynthetic electron transport chain of
photosynthetic organisms (cyanobacteria, algae, plants, etc.). Agrochemical companies have
developed a variety of herbicides that exploit this to control weeds [167]. Most photosynthetic
inhibitors can be categorized into one of two groups, those that inhibit Photosystem Il (PSIl) and
those that inhibit Photosystem | (PSI).

Roughly a third of all the sales in the herbicide market are PSIl inhibitors [168]. These
compounds are able to block the plastoquinone binding site of PSII, hence precluding electron
transfer to this intermediate [169]. Two common examples in this category are atrazine and diuron.
Atrazine is a triazine herbicide widely used in sugarcane and maize agriculture [127]. Because of its
persistence and extensive application, it tends to accumulate in surface and groundwater [170]. The
chemical can act as an endocrine disruptor, interfering with the central nervous system and the
immune system of animals and humans [171]. For this reasons, the European Union banned atrazine
in 2003 [130], but it is still in use in many other countries, such as USA, Australia and China. Diuron
is another herbicide commonly used for weed control in the culture of cotton, coffee, sugar cane
and citrus [134]. Because of its widespread application, it is ubiquitous in the environment and
causes serious risks to human and animals. Moreover, its main biodegradation product, 3,4-
dichloroaniline, is persistent in soil, water and groundwater and has a higher toxicity [172].

Photosystem | inhibitors can accept electrons from PSI to form radicals, which are extremely
dangerous for living cells because of their high reactivity [173]. Among them, paraquat (i.e. methyl
viologen dichloride) is probably the most used, despite its high level of acute toxicity to humans and
animals [174], which has led to its use even for suicide and murder [175]. In the environment, it can
remain strongly adsorbed to soil particles, with a half-life up to 20 years [176]. As a consequence,
this chemical was banned in the European Union [177] and several other nations. Unfortunately, it

is still in use in many countries worldwide.



Given this situation, constant monitoring of these compounds in environmental
compartments is crucial to ensure ecosystem and human health. Traditional analytical methods,
such as high-performance liquid chromatography (HPLC), atomic absorption spectroscopy (AAS),
capillary electrophoresis (CE) and mass spectrometry (MS), usually show good accuracy and
precision. However, these techniques present several operational and economic limitations to their
use for widespread field monitoring: high complexity, time-consuming procedures, and requirement
for sample pre-treatment, expensive instrumentation and highly trained operators [178].

A novel approach to herbicide detection is represented by low-cost biosensors, which are
based on the cytotoxicity response of photo-autotrophic microorganisms to concentrations of the
target herbicide. A common approach is represented by optical biosensors, where the population’s
growth inhibition is analysed by means of a spectrophotometer over time [16]. This method was
found effective in detecting several different herbicides, but requires a relatively long time for cell
culture and growth analysis [21]. Conversely, amperometric photo-biosensors have the advantage
of performing real-time monitoring of the process of inhibition [21]. This kind of sensor relies on
measurement of the electron flow dependent on the bio-photocatalytic oxidation of water during
the photosynthetic process. Two main types of biological materials have been employed in these
systems: subcellular units and whole cells. Examples of the first type are thylakoid membranes
[141,142], photosystems [125], and reaction centres [131], which have the advantages of being
highly sensitive, having fast response time sand low detection limits [143]. On the other hand, these
kinds of materials need complex and expensive purification techniques, are fragile after isolation
and have no self-repairing capabilities. For this reason they seem less suitable for long-term field
operations [144]. Whole-cells, instead, are robust, abundant and inexpensive to culture [145,179].
So far, amperometric biosensors based on whole-cells have mainly relied on the detection of
photosynthetically-produced oxygen [146-149]. However, this is an indirect measure of the
photocurrent, as it can be strongly influenced by environmental factors (e.g. temperature), making
them ineffective for field applications. In addition, many biosensors of this type employ selective
membranes [138,146,147,149], which over long application periods can be affected by fouling
issues.

Recently, a novel whole-cell amperometric biosensor based on direct photocurrent
monitoring was developed [123]. Unfortunately, despite the good performance achieved, it relied
on p-benzoquinone to shuttle the electrons from the photosystems inside the cells to the electrode.

Quinone-based compounds are frequently used as redox mediator in photo-bioelectrochemical



devices [91,143,180,181]. In fact, they have similar chemical properties to the plastoquinone
complex, which is the natural electron acceptor in the photosynthetic electron transport chain
[123]. Such compounds only temporarily increase the biofilm’s photoresponse [179], as they also
typically damage the biological structures [153]. Indeed, quinones are known to be good Michael
acceptors: they are able to react with macromolecules like proteins, lipid and DNA and disrupt them
[182]. In order to build long-lasting biosensors and to avoid genotoxic and cytotoxic effects caused
by these chemicals, artificial mediators should be avoided. Extracellular Electron Transfer (EET) in
absence of artificial redox mediators has been successfully obtained in the field of biophotovoltaics
(BPVs), where photo-bioelectrochemical devices are used to produce electric power [179,183-185].

In this study, we designed and fabricated a novel photo-bioelectrochemical sensor for
herbicide detection, operating in absence of any artificial electron mediators. The cyanobacterium
Synechocystis PCC6803 (wild type). was chosen as photo-active component because of its proven
electrogenic operation in BPV devices. [90,179,183-185]. A novel anodic material made by filter
paper coated with carbon nanotubes and a titanium nanolayer was used. Living cyanobacterial cells
were allowed to form a spontaneous biofilm on the surface of a carbon/titanium electrode. The
biosensor photo-response for diuron, atrazine and paraquat was tested and compared. In addition,

the stability of the biosensor was analysed to assess its durability under storage conditions.

6.2.2 MATERIALS AND METHODS

Reagents and solutions

All reagents were purchased from Sigma-Aldrich. The stock solutions of the herbicides were
prepared as follows: atrazine (0.28 mM) in ethanol and water (ratio 1:7), diuron in pure ethanol
(0.09 mM), and paraquat in ultra-pure water (0.23 mM). Ultra-pure water purified with a Millipore
Milli-Q® Integral purification system was used for the stock solutions. Distilled water was used for

the bacterial medium.

Synechocystis culture

Wild type Synechocystis PCC6803 was obtained from laboratory stocks. A Cryo-SEM image
of Synechocystis cells is shown in figure 58. It was cultured at room temperature (22+2°C)ina 1.5L
flask using BG11 liquid medium [157]. The source of illumination was natural sunlight. Bubbling

with sterile filtered air was continuously performed in the culture to provide stirring and facilitate



gas exchange. The culture was maintained at stationary phase by removing 10% of the volume and
replacing it with fresh medium every week. The Optical Density of the culture at 750 nm (OD7s0),

measured with UV-Vis spectrometer (Agilent Cary 4000), was maintained at 7+2.

det HV curr HFW mag ®@
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Figure 58 — Cryo-SEM image of Syncechocystis PCC6803 (wild type) cells

Electrode fabrication and biosensor construction

To build the electrode, a filter paper sheet was covered with 7 layers of single walled carbon
nanotube paint (SWCNT ink, Sigma Aldrich, Fig. 59C). After each layer, the paint was allowed to dry
for 1 h. The amount of nanotubes deposited for each layer was determined to be 1.12 + 0.05 pg cm”
2 by weighting. After that, a titanium nanolayer was deposited on the surface of the electrode by
evaporation, using a four-crucible e-beam evaporator (Kurt J lesker PVD 75). A picture of the actual
electrode is presented in figure 59A, and in figure 59B an image of the electrodic surface obtained
with the optic microscope. To prepare the biosensor, the electrode was placed in a Petri dish and
submerged in the cyanobacterial culture. The microbial cells were allowed to spontaneously settle
on the surface under gravity for 48h. Finally, the bioelectrode was dried for 15 min before

electrochemical analysis to assist the physical adsorption of the cells onto the electrode surface.
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Figure 59 — A) Picture of the electrode surface B) Image of the surface obtained with optic microscope. C) electrode construction:
filter paper (# = 210mm) was coated with seven layers of carbon nanotube paint and a topmost layer of titanium was added by
evaporation.

Electrochemical analysis

A three-electrode electrochemical setup was used for the analysis: the bioelectrode was the
working electrode, a platinum wire (¢ = 0.10mm Advent Research Materials Ltd) was used as
counter electrode and Ag/AgCl electrode was used as reference electrode. The biosensor was
clamped together with a stainless steel washer between two PTFE disks (Fig. 60A and B). The CE and
the RE were held by the top part of the clamp. The experiments were performed using MultiEmStat
4-channel potentiostat (PalmSens) controlled by MultiTrace software. The electrochemical analyses
were conducted using BG11 medium as electrolyte at room temperature (22+2°C) to maintain an
optimal environment for the bacterial cells. A white LED lamp (4W, 3000K; Verbatim) lamp was used
during the tests to provide illumination, at a distance of 20 cm resulting in the anodic surface being
irradiated with ~450 uE m2 s, Chronoamperometry was performed at +0.4 V vs.Ag/AgCl, and light
was switched on and off in order to assess the photocurrent production of the electrode. During the
inhibition experiments, herbicide solutions were directly injected in the electrolyte. A diagram

representing the electrochemical setup is shown in figure 60C.
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Figure 60 - A) Semi-exploded view, B) picture and C) electrochemical diagram of the setup used for the experiments: the
bioelectrode (working electrode - WE) was clamped using two PTFE disks which also held the platinum wire (counter electrode - CE)
and the Ag/AgCl reference electrode (RE). The stainless steel washer ensured electrical connection between the bioelectrode and the
titanium wire.

Chlorophyll determination

Chlorophyll content of the biofilm present on the bioelectrodes for different days was
determined by spectrophotometric measurement. Electrodes prepared as described above were
kept at room temperature in BG11 medium. Chlorophyll was extracted in 99.8% (v/v) methanol at
4°C in absence of illumination for 15 min under agitation. The content of chlorophyll a was

calculated according to Porra et al. [186].

Biosensor storage

In order to test its durability, several bioelectrodes prepared as previously described were
placed in Petri dishes containing a sponge cloth (0.5cm thickness, Houseproud) on the bottom (Fig.
65). The sponge was moistened with BG11 medium to keep the humidity inside the plates. The Petri

dish was sealed with Parafilm® and stored in a fridge at 4°C.
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Figure 61 — Setup used for storing the bioelectrodes in the fridge: A) picture of the petri dish containing the bioelectrodes on top of
the sponge, B) schematic representation of the setup

6.2.3 RESULTS

Biosensor design and photocurrent production

The novel electrochemical biosensor described here is shown in Fig. 60. The system includes
an anode made by filter paper coated with carbon nanotubes and a titanium nanolayer (Fig. 59A).
The roughness of the filter paper provides a suitable surface for the cyanobacterial cells to adhere
to. The anode is clamped between two Teflon disks. The electrochemical setup is completed with a
counter electrode made by Pt wire and an Ag/AgCl reference electrode located on the top Teflon
disk (Fig. 60A and B). Cyanobacterial cells were allowed to sediment spontaneously on the anodic
surface. More details on the fabrication of the anode are reported in the Material and Methods
section.

The novel electrochemical biosensor was tested using chronoamperometry, by applying +0.4
V bias potential vs. Ag/AgCl. No artificial redox mediator was added during the electrochemical
analysis. The anodic surface was irradiated with white LED light at ~450 pE m2 s,

As soon as the light was switched on (Fig. 61A), a rapid increase in current (~0.4 pA) was
observed for the biosensor operated with cyanobacterial cells. The increase in current on
illumination is referred to as light response. Then, when the dark condition was restored, the current
returned to its pre-illumination level. This basal level was termed the background current. As
photocurrent is intended the difference between the light response and the background current.

The light response recorded during several cycles of illumination for the electrochemical
biosensors operated with cyanobacterial cells was found to be stable over time and significantly
higher than the abiotic control (Fig.61B, t-test p=0.01). Only a relatively small light-dependent

increase in current (~0.03 pA) was recorded in the abiotic controls.
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Figure 62 - A) Light effect on the biosensor in duplicate (blue and green lines) and on the abiotic control (red line). The periods of
darkness are indicated with grey backgrounds. The biosensor showed a significant photocurrent (calculated as the difference
between the stable light response current and the background current) production, which was stable during the different cycles.
Only a very small change in current was observed in the control, where the biological material was not present. B) Histogram of the
photocurrent produced by the biosensors (replicate 1 and 2) and the control. When Synechocystis was present, the photocurrent
was about one order of magnitude higher than in the absence of Synechocystis. The error bars represent the standard deviation
between the different illumination cycles of the same biosensor.

Detection of herbicides

In order to evaluate the sensing capabilities of this device, the effect of three commonly used
herbicides was tested: diuron, atrazine and paraquat. In separate experiments the selected
herbicides were injected into the cyanobacterial medium while performing chronoamperometry

under cycles of dark and light. The percentage of inhibition was calculated by the equation 1.

PhOt. |nh|biti0n (%) = (1 - (Phafter/ Phbefore))*loo (Eq.l)

In the equation Phaferis the photocurrent measured after inhibition and Phyefore is the photocurrent

measured before inhibition as shown in the Fig. 62.
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Figure 63 — Representation of a theoretical chronoamperometry in which are indicated the different phases of the photocurrent
inhibition

Both diuron (Fig. 63A) and atrazine (Fig. 63B) caused an immediate drop in the light
response, which decreased gradually until it reached a steady level. The experiments were
conducted in triplicate, and the plots of the three replicates can be found in the Supporting
Information (Fig. S67). Even though the concentration used for diuron (0.5 uM) was more than one
order of magnitude lower than that used for atrazine (10 uM), diuron caused a faster inhibition.
Moreover, the inhibitory effect was significantly stronger in the case of diuron: atrazine was able to
reduce the photocurrent by 76+7%, versus 91+4% of diuron. The photocurrent inhibition was
calculated as the difference between uninhibited photocurrent and inhibited photocurrent. Since
the background level is subjected to slight variations, the chosen background levels used to
determine the different photocurrent values were selected as the ones just before light was
switched on for each case.

In contrast, injection of paraquat resulted in an increase of the photocurrent 203+3% (Fig.
64), for a few hours. Then, the photocurrent started to decrease. Also, the background current
tended to increase over time. This may indicate that paraquat was able to shuttle electrons
originating from metabolic processes other than photosynthesis.

The calculated photocurrents and respective errors are reported in the supporting

information (Tab. S9, Fig. S68)
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Figure 64 — Effect of diuron A) and atrazine B) on the light response of the biosensor (green lines). The periods of darkness are
represented with grey backgrounds. Under illumination, the current under illimitation decreased as soon as the herbicide was
injected. However, even if the concentration of atrazine was more than an order of magnitude higher, the inhibition process was
slower compared to diuron. The current responses of the abiotic controls are shown with red lines. Figure C) shows the percentage
of photocurrent inhibition in the two cases. The error bars represent the standard deviation for three different bioelectrodes.
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Figure 65 — Effect of paraquat on the light response (green line): when a low amount of the compound was injected (final
concentration 0.5 uM) a subsequent increase in light response was seen. For higher concentrations the photocurrent increased
further, and was more than doubled at 10 uM atrazine (final concentration). However, after a few cycles of illumination the light
response decreased again to its initial level, while the dark current remained high. The current response of the abiotic control is
shown with a red line.

Bioelectrode storage and stability

The durability of the biosensor under storage for up to 22 days was investigated. Several
bioelectrodes (i.e., anodes) were placed in Petri dishes containing a wet sponge to maintain
humidity as shown in Fig. 65 and stored in the fridge at 4 °C.

The viability and stability of the cyanobacterial biofilm on the electrode surface store at 4 °C
was tested by measuring the amount of chlorophyll a [42] extracted from colonised electrodes at
day 4, 8, 10 and 14 (Fig. S69) [186]. The amount of chlorophyll content was stable over a period of
14 days, indicating cellular stability and therefore that the cyanobacterial electrode described here
might be suitable for future biotechnological applications.

Figure 66A shows a test conducted with a bioelectrode that was stored in this way for 22
days. The performance of this bioelectrode in terms of photocurrent and sensitivity towards diuron
was slightly lower than for a freshly prepared biosensor. Indeed, only a loss of performance of ~20
% was obtained, calculated as the difference in percentage inhibition of photocurrent between the

two cases (Fig. 66B).
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Figure 66 —. A) After being stored in the fridge for 22 days (blue line), the biosensor showed similar performances in terms of
photocurrent production and diuron detection when compared with a fresh biosensor on day zero (red line). B) shows the average
photocurrent inhibition caused by diuron obtained with three different bioelectrodes for day zero and three different ones for day
22. The error bars represent the standard deviation of the three replicates.

6.2.4 DISCUSSION

When compared with other whole-cell photosynthetic-based biosensors [138,145,147], the
anode colonised by cyanobacteria displayed comparable storage stability to the cases reported in
the literature (Tab. 7). However, the whole-cell photosynthetic-based biosensors previously
published were mainly based on monitoring the oxygen produced by photosynthesis and not on the
direct electrochemical measurement of the photocurrent. Because the concentration of dissolved
oxygen can be affected by other environmental factors (e.g. temperature), the potential for such
devices to be used in the field might be limited. Recently, Chouler et al. used a MFC-based sensor
to detect atrazine in absence of photosynthetic bacteria [63]. However, the current output of MFCs
is strongly influenced by the concentration of organic substrates fed to the anodic biofilm, which

can mask or even overwhelm the response to the target toxicant [75].

Table 7 — Comparison of the storage stability of amperometric photo-biosensors found in literature and the present sensor.

Bioreceptor Storage Storage Loss of Reference
conditions time (days) sensitivity (%)

Chlorella 4°Cin CaCl, 30 20 Shitanda et al. 2009

vulgaris solution [147]

Chlorella 4°Cin Tris-HCl 10 45 lonescu et al. 2006

vulgaris + MgCl, [145]
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Chlamydomonas  25°Cin storage 25 40 Husu et al. 2013

reinhardtii buffer, light [138]
Synechocystis 4°Cin BG11 22 22 Present study
6803 wt. medium, dark

The biosensor developed and tested in this study was able to detect the presence/absence
of herbicide concentrations in the order of the micromolar. When compared with the benchmark
for acute exposure of fish set by the Environmental Protection Agency of the United States [161],
the detected concentrations are below the threshold for acute exposure of fish (Tab. 8). Therefore,
the sensor could be applied to environmental monitoring. Further studies should be directed to
obtain calibration curves for the herbicide concentration versus photocurrent.

Even though atrazine and diuron have the same mechanism of photocurrent inhibition, they
showed different impacts on the photocurrent. Both compounds bind the QB pocket in PSII (Fig.
21), thus interrupting the electron transport chain [139,140]. Nevertheless, atrazine caused a much
slower inhibition compared to diuron, even at 10-fold higher concentrations. In addition, the level
of photocurrent inhibition caused by diuron was found to be higher than the inhibition caused by
atrazine (t-test, p=0.05). These observations indicate that the biosensor is able to differentiate
between the two substances to a certain extent. Indeed, diuron was previously reported as a
stronger photosynthesis inhibitor than atrazine in terms of half maximal inhibitory concentration
ICs0 [123].

The response towards paraquat was completely different, as it temporarily enhanced the
photocurrent. This is probably due to its ability to shuttle electrons between bacterial cells and the
electrode. This compound is a well-known redox mediator, and for this reason it is used in microbial
electrochemical systems under anoxic conditions [28,187]. However, the fact that the enhancement
was only short term might be due to paraquat’s cytotoxicity caused by the formation of peroxy
radicals.

The electron transfer between Synechocystis and the electrode was achieved without adding
any exogenous electron carrier. Under this condition, a net photocurrent production was obtained,
with good reproducibility. This aspect gives several advantages to the biosensor: redox mediators
are often toxic and can increase the operational cost and complexity. because of their cytotoxicity,

the enhancement of the photocurrent with redox mediators is typically temporary [153]. Also,



guinone-based mediators may undergo photo-degradation when dissolved in aqgueous media [188],
thus their reactivity decreases overtime.

Our data suggest that, in absence of any exogenous electron carries, the biosensor could
remain functional after over 20 days of inactivity at low temperature, with only a small loss in
performances (~20%). The retention of activity was probably achieved thanks to the capacity of the
cyanobacterial biofilm to regenerate and/or stay dormant. The capacity of this biosensor to recover
after a cold season or other environmental prolonged stresses could be a key-advantage in field
applications, such as in water bodies or agriculture.

However, further investigations should complete the present study, especially focusing on
the durability of the cyanobacterial anodic biofilm over subsequent cycles of herbicide-inhibition
and recovery. Also, native cyanobacteria kept in the dark tend to lose their photosynthetic activity
[189]. The lifetime of the photoanodic population might represent a limiting factor for commercial

application of this kind of devices.

Table 8 — Decrease in photocurrent upon treatment with the tested herbicide expressed as percentage (average for three replicates),
concentrations used for the experiments and threshold of acute exposure for fish set by the Environmental Protection Agency of the
United States (EPA- Aquatic life benchmarks [161]). The biosensor could detect the presence of the selected compounds before it
reached the threshold in all three cases.

Photocurrent Conc. used Acute exp. -

variation (%) (nMm) Fish (uLM)
Atrazine -76+7 10.7 12.3
Diuron 914 0.5 0.9
Paraquat +203 £ 3 0.7 23.3

6.2.5 CONCLUSIONS

A mediatorless electrochemical biosensor operating with wild type Synechocystis PCC6803
was developed and tested. The biosensor was able to detect the presence of diuron, atrazine at
micromolar level, which are concentrations relevant to environmental analysis. Additionally, we
showed that our cyanobacteria-colonised electrode could successfully recover after more than 20
days of low-temperature conditions. This concept opens up potential applications in the field of
environmental monitoring. However, further research is needed, to assess the stability of the

photosynthetic anodic biofilm over time and to enhance the sensitivity to different concentrations.



Also, further optimization of the storage conditions (e.g. temperature, light intensity, moisture) is

needed in order to improve the storage stability of the bioreceptor.
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6.2.7 SUPPORTING INFORMATIONS
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Figure S67 — Triplicates of the chronoamperometric detection of herbicides for A) diuron, B) atrazine and C) paraquat. The gray
background indicates the periods of darkness. The applied potential was +0.4V vs. Ag/AgCl.

Table S9- Photocurrent production before and after the injection of the tested herbicides. The photocurrent is calculated as the
difference between the current obtained during illumination and the current obtained in darkness.

DIURON ATRAZINE PARAQUAT

Average St.Dev. Average St. Dev.  Average St. Dev.

Photocurrent (nA) 0.397 0.051 0.353 0.067 0.487 0.038
Photocurrent +
0.033 0.012 0.080 0.010 1.477 0.124
Herbicide (pA)
Variation % 91 4 -76 7 203 3
A B
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Figure S68 — A) photocurrent production before and after the injection of the tested herbicides. B) Variation of photocurrent after
the injection of herbicide expressed as percentage.
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7 CONCLUSIONS AND OUTLOOK

In this dissertation, the application of microbial electrochemical systems as environmental
sensing tools has been discussed. The great potential of MES-based biosensing has been proven, as
it can allow to detect several different contaminants using low-tech devices constructed with cost-
effective and sustainable materials. Moreover, fast and on-line response is obtained with low
involvement of operators. Two main environmental sectors have been analysed: wastewater

monitoring and herbicide detection.

7.1  Wastewater monitoring

Floating MFCs were employed as in-situ wastewater monitoring systems. A planar prototype
was successfully calibrated in the lab using sodium acetate as carbon source. However, the trials
conducted in the wastewater treatment plant underlined the strong impact of environmental
factors and the influence of complex organic substrates on the signal. From the comparison with a
cylindrical setup, together with a more detailed analysis of physical-chemical factors (i.e.
temperature, illumination, nitrates and sCOD) and the characterization of the microbial
communities present in the biofilms, some weaknesses of the design emerged. The main flows
identified were two: the depth at which the anode is placed, and the exposure to light. Regarding
the first one, anodes placed deeper in the wastewater reduced the contact with dissolved oxygen
diffusing from the liquid/gas interface. Light exposure, on the other hand produces changes in
temperature and allows development of photosynthetic microorganisms. Therefore, a setup in
which the cathode is protected from sunlight is preferable, as it can avoid the noise associated with
those factors.

These results prove that careful site-specific design is important to control the impact of
environmental factors and obtain meaningful signals. In addition, a better understanding of the
contributions of the different factors can be crucial to discern between them (e.g. using statistical
tools). Furthermore, the employment of an array of various MFC-based sensors with different levels
of sensitivity to the environmental factors can be an effective strategy to monitor the wastewater
treatment process, as the combination of the data can give a complete assessment of the analysed

sample.



7.2 Herbicide detection

Amperometric photo-biosensors based on the direct inhibition of the photocurrent
produced by cyanobacteria has been tested. The first prototype developed involved the
encapsulation of living cells in an alginate hydrogel and the use of p-benzoquinone as redox
mediator. The sensor proved to be effective in detecting commonly used herbicides (i.e. atrazine
and diuron) in concentrations suitable for environmental monitoring. However, since the redox
compound has cytotoxic effects and photodegradation issues, the device was not able to operate
for more than few hours. For this reason, a new prototype was built in absence of mediators. The
new biosensor was stable over significantly longer periods (i.e. 22 days under storage conditions in
the fringe), but this time it was not possible to obtain a concentration-current calibration curve,
having only a presence/absence detection mechanism. Nevertheless, the improved stability of the
device is crucial for implementation in field applications.

As general remark, a better understanding of the electron transfer between photosynthetic
microorganisms can be of great help in designing effective mediatorless photo-bioelectrochemical
sensors. Moreover, screening between different microorganisms is necessary in order to find the
best candidate to be used as bioreceptor. Genetic engineering of the microorganisms could also
bring substantial improvements for this device, by increasing the electron transfer rates, improve
the sensitivity and the selectivity of microbial receptors. The electrode materials can also be
optimized, for example using conductive hydrogels or functionalized surfaces to improve the

electron exchange and the biofilm stability over time.

7.3  Relevance of the work and future challenges

In the recent years, microbial electrochemical sensors have been increasingly studied as
means to detect of several different compounds. Nevertheless, the commercialization of this kind
of biosensors is still not viable due to their current disadvantages compared to other kinds of
sensors, like slow response, low sensitivity, and poor selectivity [21]. The results discussed in this
dissertation represent a relevant step forward within this field, which can be summarized as the

following achievements:



e Different innovative prototypes of low-cost and low-tech environmental biosensors
have been successfully tested

e The impact of environmental factors on the current output and on the electrodic
biofilms has been studied with a multiparametric approach in real field trials

e For the first time the photocurrent produced by whole cyanobacterial cells was
employed for herbicide monitoring

e The possibility of amperometric detection using whole cyanobacterial cells as

receptors in absence of artificial mediators has been demonstrated

These aspects provide new insights and strategies aimed at applying microbial
electrochemical sensors as environmental sensors.

However, some important challenges still need to be addressed to actually implement
microbial electrochemical sensors for field applications. The most urgent aspects that need to be
tackled are the detection capabilities and the reliability of the devices. Indeed, improvements in
sensitivity and selectivity may result in biosensors that outperform the commercial sensors for
specific chemicals. This development could be obtained by either by genetic engineering of the
microbial receptors, up-regulating or down-regulating with specific metabolic pathways, or building
sensor arrays that provide a “fingerprint” (i.e. unique) response pattern for the selected
contaminants [102]. Optimization of the operational stability and shelf-life is also key challenge for
the commercialization of this kind of devices. For this reason, immobilization techniques must be
improved, ensuring mechanical stability while preserving cell viability and functions.

To further advance microbial electrochemical devices, miniaturization could be of great
interest as it can decrease the start-up times, enable their integration into existing facilities and
reduce the chemicals and materials needed. Nanostructured materials and nanotechnologies can
play a crucial role to this end, for example integrating microbes in microfluidic chips, going towards
a Lab-on-Chip approach [102]. Another important feature that can be implemented is the
integration of an on-line data transmission system, which would allow to create a diffuse
environmental monitoring network able to collect data even in remote areas.

To conclude, both the technological and the scientific aspect require further studies in order
explore the full potential of these devices, so that they can play an important role in environmental

protection and health safety in the near future.
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Figure 31 — Schematic representation of the structure of the floating MFC prototype (A) and of the
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Figure 34 - Trends of current of two MFCs and sCOD during subsequent addition of acetate (A).
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Figure 35 — Trend of current, TOC and sCOD recorded over a period of three days.The current is an
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Figure 37 — Anodic and cathodic polarization curves of the floating MFC at different concentrations
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Figure 39 — A) aerial view of the wastewater treatment plant of Bresso-Niguarda, B) Floating MFCs
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Figure 42 — Vertical profile of redox potential and dissolved oxygen in the first 50cm of wastewater
in the denitrification tank. While oxygen seems to be quickly depleted in the first 3 cm from the
wastewater surface, the redox potential decreases within the upper 10 cm........ccooeecviviiieeeeninne, 68
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Figure 44 — Taxonomic composition at the family level of the microbial populations present in the
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