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Abstract

Bacillus subtilis, a Gram-positive, spore-forming bacterium, exhibits a versatile
metabolism and biofilm-forming ability, making it a promising candidate for the
production of industrially relevant metabolites. Under anoxic or nutrient-limited
conditions, B. subtilis can engage in extracellular electron transfer (EET), a mechanism by
which bacteria exchange electrons with charged surfaces or minerals through redox
mediators. This process can contribute to the bacterium's energy metabolism and has been
associated with enhanced production of primary and secondary metabolites in various
electroactive microorganisms. However, B. subtilis is considered a weak electricigen, and

its electroactivity must be enhanced to optimize its biotechnological potential.

This study investigates two key hypotheses regarding the enhancement of B. subtilis
electroactivity through biocompatible nutrient additives. The first hypothesis posits that
incorporating deep eutectic solvents (DESs), particularly choline chloride (ChCl)-based
DESs, into the growth medium at subtoxic concentrations can improve B. subtilis
electroactivity by acting as both nutritional supplements and osmoprotectant. The second
hypothesis explores the role of osmotic stress regulators, specifically the combination of
inorganic salts and ChCl-containing DESs, in promoting biofilm formation and enhancing

EET in B. subtilis under static anoxic conditions.

To evaluate the first hypothesis, Chapter 4 demonstrates that the addition of ChCl-based
DESs (ChCl:glycerol, 1:2 mol/mol) significantly enhances the current output and biofilm
formation of B. subtilis at subtoxic concentrations (55-500 mM). This effect is attributed
to the nutritional and osmoprotective properties of ChClI, which acts as a precursor to the
compatible solute glycine betaine. Electrochemical analyses and high-performance liquid
chromatography (HPLC) further reveal that the enhanced electroactivity is linked to
increased riboflavin production, a known redox mediator secreted by B. subtilis. The results
indicate that low concentrations of DES promote planktonic growth without altering the
growth pattern, while higher concentrations induce pseudo-diauxic growth due to the
metabolization of choline chloride. Moreover, ChCl at concentrations above 36 mM

independently enhances biofilm biomass, whereas glycerol has a minimal impact.



The second hypothesis is addressed in Chapter 5, where a low-carbon tryptone-yeast
extract medium supplemented with inorganic salts (NaH2PO4 and KH2PO4) is used to
induce salt stress. The combination of salts with D-sorbitol/ChCI DES (1:1 mol/mol)
mitigates osmotic stress, enhances biofilm formation, and stimulates electroactivity. The
results indicate that ChCl acts as both an osmoprotectant precursor and a stimulant of
electroactive exopolymeric substances within the biofilm matrix, while sorbitol serves as
a secondary carbon source and a carbon pool for exopolysaccharide (EPS) synthesis.
Bioelectrochemical experiments reveal that ChCl has a small positive effect on charge
output in the presence of salts but does not alleviate osmotic stress on planktonic growth

at higher concentrations.

Overall, this research highlights the potential of ChCl-based DESs as cost-effective and
biocompatible nutrient additives to improve B. subtilis electroactivity and biofilm
formation. The findings suggest that the combination of osmotic stress regulators and DESs
can optimize bioelectrochemical processes, such as electrofermentation, particularly in
media with high ionic strength. The outcomes of this work provide an optimistic approach
to enhancing B. subtilis electroactivity and bioproduction of its high-added-value

metabolites under EF conditions.
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Chapter 1.  Introduction

1.1 Background of study and problem statements

The chemical industry plays a vital role in providing fundamental products for human life.
However, the current reliance on non-renewable fossil fuels for chemical manufacturing is
becoming increasingly problematic due to the rapid depletion of these finite resources
(Obileke et al. 2021).

Additionally, the production processes linked to these fuels have profound environmental
impacts, including contributions to climate change, generation of waste, toxic by-products,
and end products that pose challenges in terms of degradation and recycling(Wright et al.
2020).

Consequently, there is a pressing need for alternative production technologies that are
environmentally friendly and based on non-fossil fuel feedstocks. Considering this
perspective, industrial biotechnology has great potential to be a key technology for a
sustainable future(Verma et al. 2021)(Obileke et al. 2021).

Biotechnology enables the biocatalytic production of chemicals, materials, and fuels using
renewable biomass and organic and inorganic recyclable wastes(Eric M Conners,
Rengasamy, and Bose 2022)(Maria Perna et al. 2021).

Electrofermentation is an innovative biotechnological process that integrates
electrochemical techniques with traditional fermentation. Unlike conventional
fermentation, which relies solely on microbial metabolism to convert substrates into
desired products, electrofermentation employs an external electrical input to influence
microbial activity and metabolic pathways. This integration allows for enhanced control
over the redox environment, potentially improving vyields, reducing by-products, and
enabling the use of a wider range of substrates. Economic efficiency in biotechnological
processes is still crucial due to the context of the electrofermentation process(Gong et al.
2020)(Schievano et al. 2016). The production yield of the desired product could decrease
due to the synthesis of unwanted organic acids as the inherent microbial strategy aims to

maintain cellular redox balance.



Microbial electrochemical technology (MET), as an emerging interdisciplinary area,
provides beneficial tools for stabilizing microbial redox and energy states. METs allow
microorganisms to use anode or cathode as external electron sources in a
bioelectrochemical system (BES) to enhance the production of the target compounds
(Marsili et al. 2008a)(Méhes et al. 2020).

Bioelectrochemical systems focus on the study of electron transfer processes that occur in
biological systems, particularly at the interface between biological molecules (such as
enzymes, proteins, and cells) and electrode surfaces. It investigates how biological entities
can participate in or influence electrochemical reactions and how these reactions can be
harnessed for various applications, including sensors, energy conversion, and bioelectronic

devices.

BES works based on the microbial electron transfer (ET) mechanism and is a promising
technology in producing electrically driven industrially relevant chemicals. Extracellular
electron transfer (EET) refers to the transfer of electrons between microorganisms and
charged surfaces or minerals. Microorganisms with this property are called “Electroactive
microorganisms,” and their electron transfer mechanisms have been investigated for
bioenergy production and biosensors. While strong electroactive produces relatively high
current at strong oxidizing potentials (~1-10 A/m2), most microorganisms show much
lower current output under the same conditions (~0.1 A/m2) and thus are termed weak
electricians(Doyle and Marsili 2018a). Further, only a small subset of weak electroactive
produce a current output under native conditions, while others require exogenous electron
transfer agents that facilitate EET(Viti et al. 2014).

Bacillus subtilis is a Gram-positive, spore-forming bacterium with a versatile and adaptable
metabolism, which makes it a viable cell factory for microbial production. B. subtilis
classifies as a weak electroactive microorganism with various applications in industrial
bioprocesses (e.g., enzymes, biopolymers, biosurfactants, antimicrobial peptides, etc.).
Electroactivity enhancement can potentially affect the metabolic activity of B. subtilis and
improve the production of its high-added-value metabolites, such as alkaline proteases,
biopolymers, biosurfactants, and antimicrobial peptides under -electrofermentative
conditions(Boch, Kempf, and Bremer 1994)(Su et al. 2020)(L. Chen et al. 2019)



It has been recently reported that weak electricigens' metabolic pathways and activity are
affected by the electrochemical potential and current they are exposed to. However, the
electroactivity of weak electricians must be enhanced to achieve significant results.
Different approaches for improving EET in bacteria have been adopted, ranging from redox
mediator-based inducements to genetic and metabolic re-wiring of electrical circuits in
these bacteria. Despite these improvements, there are still challenges with the cost of these
approaches (e.g., for genetic enhancements) and potential toxicity or product alteration

attributed to redox mediators.

Deep eutectic solvents (DESSs) are a new emerging class of green solvents(Perna, Vitale,
and Capriati 2020). Many DES compositions with various applications are available due
to their feasibility for customized design. High biodegradability, non-toxicity, low cost,
low volatility, and eco-friendliness, besides several other characteristics, make them an
attractive candidate to replace them with conventional ionic solvents(Pandey et al.
2017)(Karimi, Mohammadi, and Hooshyari 2020)(Hansen et al. 2021). Further, DESs
enable heterogeneous catalytic processes(Belviso et al. 2021)(Maria Perna et al. 2021). It
is hypothesized that they can also be functional in whole bacterial cell interactions and
biosynthetic processes and can be extensively involved in redox activities in enzyme or
bacterial systems. Thus, DESs can be potentially applied to enhance the electroactivity of

bacteria.

In most microorganisms, the respiratory system is embedded in the cytoplasmic matrix,
where the most significant percentage of the available oxygen is used up as a terminal
electron acceptor in the ETC(Schievano et al. 2016)(Esar et al. 2009). Hence, monitoring
and estimating the electron transport to oxygen or another electron acceptor of similar
physicochemical properties directly reflects microbial respiration and their cellular
activity(Kato 2016)(Choi, Kim, and Chang 2018). This is more adaptable to biofilms as
their electron transport can easily be intercepted on the solid surface (electrodes, as in the

case of laboratory conditions) upon which their cells are growing.

Electroactivity is enhanced in the presence of biofilm, where the short distance between
the electron donor and acceptor and the high microbial concentration enhances the EET

rate. Thus, stimulating biofilm production would likely increase electroactivity and,
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consequently, the biosynthesis rate of key high-added value metabolites in the so-called

electrofermentation process(Schievano et al. 2016).

Biofilms are aggregations of microorganisms that adhere to a surface and are enveloped
within a self-produced matrix (EPS)(Paquete et al. 2022a). Formation of the biofilm is an
important parameter affecting the electron transfer between the bacterial cells and the
anode and, therefore, the electricity generation. The intensity of bacterial electroactivity
can be correlated with biofilm characteristics.(Chai et al. 2018)(Xiao and Zhao 2017).

B. subtilis biofilm is capable of producing membrane-bound cytochrome- ¢ and flavin,
which both play a crucial role in the extracellular Electron Transfer process (EET) by
facilitating electron transfer reactions that generate a proton gradient for ATP
synthesis(Bruce E. Logan et al. 2019a) (Yin et al. 2019).

Microbial electrochemical systems (MES) work based on the ability of naturally- or
artificially induced electrochemically active microorganisms to generate/consume and
transfer to/from polarized electrodes(Méhes et al. 2020) (Schroder, Harnisch, and
Angenent 2015). These systems are easy to set up and implement and are relatively cheap.
A three-electrode system is a conventional set-up consisting of a working electrode (WE)
where the biofilm attachment and growth take place, the counter/auxiliary electrode (CE)
to maintain charge balance, and the reference electrode(RE)(Aiyer and Doyle 2022).
However, in recent years, there has been an increasing interest in using printed electrodes
(SPEs) as disposable, portable, simple-to-use, low-cost, and extremely sensitive biosensing
devices for the analysis, detection, and characterization of various microbes. Moreover,
SPEs show versatility and amenability characteristics for specific modifications (Alonso-

Lomillo, Dominguez-Renedo, and Arcos-Martinez 2010).

1.2 Hypothesis

There is a correlation between electroactivity and the production of key metabolites in
many microorganisms. Stimulating biofilm production is expected to increase EET and,
consequently, the biosynthesis rate of high-value metabolites in electro-fermentation (EF)
processes (Xiao and Zhao 2017) (Viti et al. 2014).Thus, enhancing biofilm-based



bioprocesses through electrical current or potential is an interesting and industrially
applicable subject(Viti et al. 2014).

Enhanced electroactivity can be achieved through several strategies, including genetic
modifications or induction of redox mediators and metabolic re-wiring of the EET
chain(Chiranjeevi and Patil 2020) (Gong et al. 2020). However, some of these techniques
are expensive, time-consuming, and may result in product alteration. Alternatively, media
optimization and process intensification can be considered as a simple and cost-effective
method for EET enhancements in weak electricigen. With these bases, we hypothesized
that the addition of selected deep eutectic solvents (DESs) to the bacteria growth medium
formulation in sub-toxic percentage could boost biofilm formation in B. subtilis, electrical

properties, and redox processes associated with microbial activity.

1.3 Aim and specific objective

This work is focused on the use of DES in order to boost the electroactive performance of
Bacillus Subtilis biofilms, referenced as a weakly electricigen bacterium. The aim of the
experiments was to define the most effective DES as well as its conditions of use, then to
identify the parameters explaining the improvement in electroactive performance. Thus,
planktonic growth, biofilm concentration, charge output, and redox profiles were measured
and compared at different solvent concentrations as well as for variations in solvent

component concentrations.
To achieve this aim, the following specific objectives were formulated:

1) To evaluate the effect of various DESs on the planktonic growth of B. subtilis to
find out the promising DES composition and concentrations for bacterial planktonic
growth

2) To assess the boosting of B. subtilis biofilm biomass in the presence of selected
DESs and their components

3) To Determine the effect of selected DES and their components on EET of B. subtilis
through electrochemical, biochemical, and microscopy methods

4) To Propose a mechanism for the effect of DESs on the redox process in biofilms.



1.4 Significance and Novelty

The findings of this study represent a significant advancement in the field of
bioelectrochemistry by introducing deep eutectic solvents (DESs) as novel, biocompatible
nutrient additives to enhance the electroactivity of Bacillus subtilis. To the best of our
knowledge, this is the first study to systematically evaluate the role of DESs in promoting
extracellular electron transfer (EET) and biofilm formation in B. subtilis, a weak

electricigen with significant potential for industrial applications.

The novelty of this research lies in the demonstration that choline chloride (ChCl)--based
DESs can act as electroactivity-enhancing agents at sub-toxic concentrations. Previous
studies have primarily focused on genetically engineered bacteria or exogenous redox
mediators to improve EET, both of which present cost and scalability challenges. By
contrast, the use of DESs, which are inexpensive, biodegradable, and readily available,

provides a more sustainable and versatile approach to bioelectrochemical enhancement.

this could open doors for future research into the non-genetic enhancement of
electroactivity in weak electricigens, potentially broadening the range of microorganisms

that can be applied in bioelectrochemical technologies.

Another key novel finding of this work is that specific DES compositions (such as ChCl:
glycerol (1:2) and D-sorbitol: ChCl (1:1)) DESs not only enhance electroactivity but also
mitigate osmotic stress, likely by acting as precursors to osmoprotectant like glycine
betaine. This dual functionality—both as electroactivity enhancers and osmoprotectants—
makes DESs particularly attractive for applications involving high-ionic-strength media,
which are common in industrial bioelectrochemical processes. Furthermore, the
investigation of DESs under salt-induced osmotic stress conditions represents an additional
layer of novelty. The use of D-sorbitol/ChCI (1:1 mol/mol) DES in combination with salt
stress not only improved biofilm formation but also mitigated the detrimental effects of
high ionic strength environments—a common challenge in microbial biotechnology. This

finding highlights the potential of DESs as multifunctional additives that can both enhance



microbial electroactivity and improve microbial tolerance to osmotic stress. The observed
improvement in biofilm formation and electroactivity suggests that DESs could be used to
engineer more robust microbial communities for sustainable bioprocessing in saline and

high-electrolyte environments.

1.5 Structure/overview of the thesis

Chapter One presents the fundamental aspects of the thesis topic, offering essential
background information on bioelectroactive microorganisms, Deep eutectic solvents, their
potential role in electroactivity enhancement, and the mechanism of electron transfer in
electroactive microorganisms in bioelectrochemistry. Also, the inter-relatedness and how
these concepts evolved into what is today referred to as microbial electrochemistry or
Electromicrobiology is highlighted. The study hypothesis and aims are also described in
this chapter.

In chapter two, an up-to-date review of existing literature on the subject of my work is
presented. This includes the historical perspective, current studies, and future outlook on
the fundamental concept related to this subject. The state of the electrochemical techniques
and their mechanisms, the challenges with existing methodologies, and the gaps in
knowledge on bioelectrochemical mechanisms at the molecular level are presented in this

chapter.

Chapter three outlines the fundamental principles underlying the experimental techniques

employed in this PhD research.

Chapter four focused on studying the electroactivity of Bacillus subtilis biofilms in a
solution containing deep eutectic solvent components. In this work, we investigated and
compared several DESs to find the most effective DES and its conditions of use that
improve the electroactivity performance of B. subtilis. This work was published as an

article in the Journal of Bioelectrochemistry.

Chapter five focused on studying the combined effects of selected deep eutectic solvents
and salts on biofilm formation and electroactivity of Bacillus subtilis. This study

demonstrated that the addition of a ChCl-containing DES mitigated the inhibitory effect of



inorganic salts while enhancing biofilm formation and electroactivity of B. subtilis. Further,
DES components mitigate the osmotic stress in the presence of the salts NaH2PO4 and
KH2PO4 at sub-inhibiting concentrations. These findings could contribute to developing

more effective MET processes for producing high-value metabolites in B. subtilis.

In chapter Six, I have described part of the project I contributed at Aarhus University. The
work investigated peroxidase-zinc oxide biohybrids for sustainable bio electrocatalysis and
provides evidence pf HRP’s activity when coupled with ZnO NPs. The biocidal experiment

in this project was done by me and included as chapter six.

Finally, in chapter seven, concluding remarks and suggestions for future research were

provided.

Chapter 2.  Literature review

2.1 Electroactive biofilms: What they are and their difference from conventional
biofilms
Although the word “biofilm “traditionally evokes adverse effects related to human health

(Jiang et al. 2021)(Mukhi 2022) or industrial processes(Alvarez-Ordonez et al. 2019)(Park
et al. 2023), the discovery of “Electroactive biofilms “in the early 2000s has garnered
increasing attention due to the unique ability of electroactive biofilms in generating,
transferring, and harnessing electrical currents. This opened doors to interdisciplinary areas
of research involving topics dominated by Chemical engineering, Microbiology, and

bioelectrochemistry(Godbole et al. 2023)(Erable et al. 2010)(Reimers et al. 2001).
Electroactive biofilms (EABs), called electrochemically active biofilms, can exchange
electrons with conductive solid surfaces such as electrodes (You et al. 2023)

(Eric M. Conners, Rengasamy, and Bose 2022).

It becomes evident that electroactive biofilms have the potential to revolutionize various
industries and address critical environmental challenges, including green chemistry (Eric
M. Conners et al. 2022) and sustainable energy development (Saratale et al. 2017),

bioengineering and bioproduction(Godbole et al. 2023), corrosion control(Saleem Khan et



al. 2019), bioelectronics, bioelectrosynthesis, and nanomaterials production(Seker et al.

2017).

Electroactive biofilms play a central role in facilitating the conversion of organic waste
into green energy and byproducts within MFCs (Zhou et al. 2022)(Reimers et al.
2001)(Seker et al. 2017). The application of MFCs in waste treatment has been reported in
many literatures (Wei, Liang, and Huang 2011)(Vijay, Sonawane, and Ghosh
2022)(Saratale et al. 2017).

Recent studies indicate the potential application of electroactive biofilms in the
bioremediation of heavy metals bioremediation(Jasu and Ray 2021). The structure and
quantity of biofilm could significantly change when exposed to different metal
contaminants; this consequently increases the pollution tolerance ability(Jasu and Ray

2021)(de Aratijo and de Oliveira 2020).

Electroactive biofilms can help control MIC by competing with corrosive microorganisms
for nutrients and space on metal surfaces. Pyocyanin isolated from Pseudomonas
aeruginosa TBH2 is an electroactive microorganism that can form a massive electroactive
biofilm. The anticorrosion role of pyocyanin as a cheap and eco-friendly biofilm inhibitor
towards the control of MIC on Cu metal surface in a cooling water system was reported in

a study by Narenkumar et al, (Narenkumar et al. 2017).

The word biofilm’ was initially introduced by Costerton et al. in 1978 (Costerton, Geesey,
and Cheng 1978)(Joo and Otto 2012). Biofilms are defined as aggregations of
microorganisms (such as bacteria, fungi, and algae) that adhere to a surface or interface
and are enveloped within a self-produced matrix (EPS)(Jiang et al. 2021)(Yin et al. 2019).
The EPS layer is the major product of the biofilm structure composed of polysaccharides,
proteins, nucleic acids, lipids, and other substances generated by the microbial community
(You et al. 2023)(Flemming and Wingender 2010)EPS not only shields the cells from the
surrounding environment but also serves as a carbon and energy source for biofilm and
promotes its chance of survival. Also, extracellular polymeric substances (EPS) secreted
from the cell immobilize the biofilm and make it intact(Limoli, Jones, and Wozniak

2015)(Xiao and Zhao 2017).



Biofilms provide structural stability, protection, and a platform for interactions among the
enclosed microbial cells. These features make them resistant to environmental stresses,

including antibiotics and immunological reactions.

Biofilm formation is a complex and dynamic developmental process that typically results
in the irreversible adhesion of a microbial community encapsulated within a self-produced
extracellular polymeric substance (EPS) onto a living/non-living surface (Aliane and
Meliani 2021). This multi-step process initially starts with weak and reversible attachment
of microbial cells to the proper surface, followed by proliferation and subsequent synthesis
and accumulation of polymeric extracellular matrix, which consists of various
molecules/compounds (e.g., lipids, proteins, polysaccharides, and nucleic acids) in varying
proportions (Achinas, Charalampogiannis, and Euverink 2019)(Ghosh, Jayaraman, and
Chatterji 2020). This “cement” structure will make a more robust contact and irreversible
attachment of the cells to the surface that firmly anchors the cells to the substrate
(Winkelstroter et al. 2014). The third step is called maturation, in which microbial cells
grow and form microcolonies (Winkelstroter et al. 2014)(Ghosh et al. 2020). The
maturation process is influenced by quorum sensing (QS) signaling and the release of
extracellular polymer materials (Paquete et al. 2022b), which trigger the recruitment of
planktonic cells from the surrounding liquid to join the growing biofilm (Jiang et al.
2021)(Saratale et al. 2017)(Mukhi 2022). The biofilm develops a matured three-
dimensional (3D) structure as more cells accumulate. Finally, the dispersal stage involves
the detachment of microbial cells from the matured biofilm. This dispersion can result in
the release of planktonic cells back into the surrounding environment, allowing them to
colonize new surfaces and initiate the formation of new biofilms, leading to recurrent

biofilm growth cycles(Meireles et al. 2015).
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Figure 2.1 Stages of biofilm formation. (Reprinted from Holly Barker, Infographic: Stages

of Biofilm Formation).

Although the biofilm concept is generally consistent and centered around main elements
including microorganisms; suitable surface, and an extracellular polymeric matrix simply
called ‘cement’(Flemming and Wingender 2010)(Limoli et al. 2015), a specific subset of
biofilms called “electroactive biofilms” attracted particular interest due to their versatile
biotechnological and environmental application(Dulon et al. 2007)(Godbole et al.

2023)(Babauta et al. 2012).

Identification of Electroactive biofilms (EABs) caused significant advancements in an
emerging field of research known as “electro-Microbiology”(Godbole et al. 2023).This
field has experienced considerable advancement due to the extensive research in diverse

bio-electrochemical systems (BESs)(Godbole et al. 2023).

The distinguishing feature of Electroactive biofilms (EABs) is their unique electrochemical
capabilities. Electroactive biofilms (EABs) matrix composed of electrochemically active
microorganisms that are capable of transferring electrons to/or from electrodes, which
allows them to participate in electrochemical reactions(Godbole et al. 2023)(Jasu and Ray

2021).
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2.2 Anodic and Cathodic Biofilms
The EABs can be categorized into anodic and cathodic biofilms based on their function

and location within an electrochemical system(Wei et al. 2011)(Godbole et al. 2023).

In anodic biofilms, electroactive microorganisms interact with the anode (the electrode
where oxidation reactions occur) and donate electrons to it as part of their metabolic

Processes.

Microbial Fuel Cells (MFCs) are one of the main applications of anodic biofilms, which
harness gram-negative exo-electrician bacteria such as Shewanella and Geobacter to form
anodic biofilm and generate electrical current (Marsili et al. 2008b) (Lovley 2012)(Marsili,
Sun, and Bond 2010).

Organisms that reside on the anodes of microbial fuel cells (MFCs) generate power by
using acetate or various types of wastes, such as aqueous wastes (Nevin et al. 2008).
Geobacter sulfurreducens species are capable of inducing acetate oxidation within the
anode. They can form a thick layer of biofilm on the surface of a carbon anode (Von
Canstein et al. 2008). Geobacter metallireducens species can cause the oxidation of
various types of aromatic compounds present within the wastes (Marsili et al. 2010)(Yi et
al. 2009). These Geobacter sp. have multiheme-c-type cytochromes on their outer
membranes, as well as conductive cell surface appendages, that associate with the

extracellular electron transfer process (Richter et al. 2009).

In cathodic biofilms, on the other hand, electroactive microorganisms interact with the
cathode (the electrode where reduction reactions occur) and accept electrons from it as part
of their metabolic processes (Borole et al. 2011)(Babauta et al. 2012). The number of
studies performed in the field of cathodic biofilm is much fewer in comparison to the

anodic counterparts(Lahiri et al. 2022).

Sulfate—and nitrate-reducing anaerobic bacterial species naturally present in the
environment can facilitate the formation and growth of electroactive biofilms (EAB) on
the cathode. (Lefebvre, Al-Mamun, and Ng 2008). Bacterial species frequently associated
with the cathode include Brevundimonas diminuta, S. putrefaciens, P. aeruginosa, P.

fluorescens, Shigella flexneri, etc. (Rosenbaum, Aulenta, Villano, & Angenent,
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2011)(Cournet et al. 2010).The acceptance of electrons by these species from the cathode
can reduce terminal electron acceptors like sulfate, nitrate, metal ions, carbon dioxide,
organic compounds, oxygen, and protons(Song, Zhu, and Li 2019)(Ucar, Zhang, and
Angelidaki 2017).

Microbial electrosynthesis (MES) and the production of biochemicals from carbon
dioxide(CO2) is an emerging application of cathodic biofilms in which microorganisms
facilitate the reduction of various compounds (Aryal et al. 2017)(Rabaey et al. 2008). The
utilization of a cathode in catalyzing the reduction of oxygen within MFCs has been
studied in several investigations (Behera, Jana, and Ghangrekar 2009) (Aryal et al.
2017)(Rabaey et al. 2008).

2.3 Electron transfer mechanism in EABs

As previously noted, electroactive bacteria (EABs) are recognized for their ability to
transfer electrons to the electrode surface. Biofilm-embedded electroactive
microorganisms (EAMs) transmit electrons from the quinone pool to the electron acceptor
substrate (i.e., anode electrode) through conductive elements across the cell membrane
(You et al. 2023). Extracellular Electron transfer (EET) mechanism can occur via two
pathways: (i) a direct pathway, which refers to the direct physical contact between cell and
electron acceptor and involves direct transfer to the electrode through multiheme
cytochromes or pili, filaments, and conductive nanowires(T.-H. Lan et al. 2018)(Lahiri1 et
al. 2022). (ii) an indirect pathway, which occurs through the redox mediators which can
carry electrons between EAMs and electrodes. Redox mediators can be either soluble (such
as flavin, phenazine, hydrogen, formic acid, etc.) or membrane-bound(Godbole et al.

2023).

Redox mediators are crucial in facilitating electron transfer within the biofilm, and protein
mediators should be chosen based on the microorganism species and

characteristics(Pankratova et al. 2019)(Godbole et al. 2023).
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In bacteria, type IV pili also play a crucial function in biofilm formation. Pili is responsible
for establishing a structural network, which is essential for arranging the cytochromes
within the biofilm and thus enhancing electron transfer efficiency. Type IV pili comprise
two isomers named short and long PilA, respectively. According to the literature, short pili
is responsible for the bacterial biofilm’s conductivity. However, the absence of long PilA
in some bacterial strains could result in reduced attachment to the electrode surface during
biofilm formation, highlighting the critical role of long PilA in the biofilm
formation/development process(Li et al. 2022)(Vijay et al. 2022)(You et al. 2023).

For example, in Shewanella oneidensis, Flavins, riboflavin, and cytochrome MtrF heme

network are responsible for the electron transport process(Xu et al. 2018).

In G. sulfurreducens, the outer membrane c-type cytochromes (c-Cyts) and conductive type
IV pili (pilA) play significant roles in biofilm formation. Type IV pili, c-type cytochrome
gene encoded by gene OmeZ, Omp B, Pgc A are responsible for transferring electrons to
electrode and oxidation-reduction process (Saratale et al. 2017)(Borole et al. 2011)(You et

al. 2023).

If the expression of the omeZ gene (responsible for c-type cytochrome Z) and the pilA
gene (responsible for type IV pili) in G. sulfurreducens are suppressed, then biofilm
formation could be inhibited completely(T.-H. Lan et al. 2018)(Lovley 2012)(Marsili et al.
2010).

In Shewanella putrefaciens, c-type cytochromes (MtrC and OmcA), as well as the FAD
transporter and the cytochrome MtrF heme network, not only play a crucial role in electron
transport but also contribute significantly to the formation of biofilms (Saratale et al.

2017)(Xu et al. 2018).
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Figure 2.2 Schematic of Electron transfer mechanism in an electroactive Bacterium
Created with BioRender.com by Neda Eghtesadi.

2.4 Factors Affecting Electroactive Biofilm Formation

The rate of EAB enrichment is a complex and dynamic process that can be directly
influenced by many factors, including the bacterial species, the intrinsic metabolic pathway
of microorganisms, and the material utilized for electrode constructions. Electrode surface
characteristics like biocompatibility, hydrophobicity, conductivity, and porosity can
regulate EAB development (Wei et al. 2011)(Rabaey et al. 2005). Electrode surface
modification using chemical catalysts such as surfactants can also boost EAB

formation(Song et al. 2015).
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The effective parameters on EAB growths generally can be categorized into (1) biological
parameters (2) system design parameters (3) operating parameters (Vijay et al.
2022)(Borole et al. 2011)(Saratale et al. 2017).

This thesis focused mainly on boosting the electroactivity performance of B. subtilis by
addition of Deep Eutectic Solvents (DESs) at optimum concentration into the medium
source. This involves altering the composition or characteristics of the system, typically
categorized as a modification of the system design parameters in this case, the medium

source, to improve its electroactivity.
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Figure 2.3 An overview of effective parameters on Electroactive Biofilms (EABS)
formation, created by BioRender.

2.5 Deep Eutectic Solvents (DESs)
2.5.1 What are DESs

Green technology has become essential to consider in recent years regarding its positive
effect on various industrial processing and, finally its long and short-term impact on an

ecosystem (Wikene et al. 2017)
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Deep Eutectic Solvents (DES) are species of green solvents that are prepared by mixing
two or more safe and usually inexpensive Solid components in specific molar ratios
physically interact, often through mechanisms such as hydrogen bonding, to form a eutectic
mixture that remains liquid at temperatures significantly lower than the melting points of
the individual compounds, and even below room temperature (Maria Perna et al. 2021)(Liu
et al. 2019).

DESs are biodegradable and recyclable; also they show low vapor pressure, low costs, and
low toxicity, which makes them a good candidate as a reaction media in comparison to
traditional solvents(Socas-Rodriguez et al. 2021). Moreover, deep eutectic solvents can
serve as reaction media for catalysis, enabling efficient and selective chemical
transformations (Kim et al. 2016).

2.5.2 Bondings in deep Eutectic Solvents structure

DESs are formed by hydrogen bonding acceptors (HBAs) and hydrogen bonding donors
(HBDs), making them liquid eutectic solvents(Wang et al. 2016). Hydrogen Bond
Acceptor (HBA) is often a quaternary ammonium salt or a metal chloride, serving as the
Lewis acid in the solvent system. A Hydrogen Bond Donor (HBD) component is usually a
hydrogen bond donor, such as a carboxylic acid, an amide, or an alcohol which acts as the

Lewis base in the solvent system(Abbasi, Farooq, and Anderson 2022).

In a hydrogen bond, the donor is typically a highly electronegative atom like N, O, or F
covalently bonded to hydrogen, while the acceptor is an electronegative atom with a lone

pair from a neighboring molecule or ion that engages in the bond(Maria Perna et al. 2021).

Hydrogen bonding in Deep Eutectic Solvents (DES) can be crucial for boosting Electron
Transfer (EET) in electrochemical systems, even at low concentrations. In DES, hydrogen
bonding may assist in facilitating the movement of protons (H*) within the solvent medium.
In redox reactions, transportation of protons can frequently occur with electron transfer. In
DES, the formation and breaking of hydrogen bonds may generate ways for protons to

travel, thereby contributing to the overall electron transfer process(Sun et al. 2022).
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Additionally, due to their hydrogen bonding capability, DES could solubilize a wide range
of electroactive species, including ions and redox-active molecules. DES can effectively
dissolve and stabilize electroactive substances at low concentrations, providing their

availability for electron transfer processes(Pandey et al. 2017).

The hydrogen bonding networks in DES can also affect ion mobility inside the solvent.
The enhanced flow of ions across hydrogen-bonded networks can improve the efficiency
of electron transfer processes. This is particularly relevant for ionic species that engage in

electrochemical reactions(Pandey et al. 2017).

Hydrogen bonding in DES may also alter the physical and chemical properties of the
solvent, affecting the dielectric constant and viscosity. Hydrogen bonding interactions
between DES and electrode surfaces, on the other hand, may help to stabilize the
electrochemical interfaces(Monhemi et al. 2014). At low concentrations, DES may form
a thin, stable layer on the electrode surface via hydrogen bonding, improving effective
electron transport between the electrode and the electroactive species in solution. The
dielectric constant and viscosity of DES may also be influenced by hydrogen bonding. The
redox potentials of electroactive species can also be influenced by the hydrogen bonding

environment in DES(Hansen et al. 2021).

It can be concluded that the hydrogen bonding characteristics of DES help to improve
Electron transfer (EET) in electrochemical processes(Karimi et al. 2020). The potential of
DES to improve proton transfer, solubilize electroactive species, increase ion mobility,
stabilize surfaces, regulate solution characteristics, and impact redox potentials all work
collaboratively to promote effective electron transport even at low

concentrations(Torregrosa-Crespo et al. 2020).

2.6 Role of Extracellular Polymeric Substances (EPS) in EABFs

Extracellular polymeric substances (EPS) surround the majority of microbial cells in nature
and determine the physiochemical features of a biofilm(Xiao and Zhao 2017). In addition
to housing the electroactive elements of the biofilm matrix, such as nanowires and c-type
cytochromes, the EPS encloses the biofilm cells in the matrix and keeps them in close
contact with the electrode(Markraphael Ajunwa et al. 2021). From the electrochemical
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point of view, the EPS features of conductivity and redox ability highlight the critical roles
of EPS in microbial extracellular electron transfer (EET). So, basic information regarding
EPS structure and components will provide a better understanding of the EET mechanism
in bioactive biofilms(Flemming and Wingender 2010)(Vijay et al. 2022)(Esar et al. 2009).

2.6.1 EPS composition in Electroactive biofilms
EPS was described as "biologically derived extracellular polymeric substances that

contribute to the formation of microbial aggregates." With the continuous discovery of
additional EPS roles, this definition expanded to any adhesive materials found at or outside

the cell surface regardless of their origin(You et al. 2023)(Tuck et al. 2021).

The localization and composition of Extracellular Polymeric Substances (EPS) in
electroactive biofilms can vary depending on the specific microbial species, environmental
conditions, and the particular biofilm's characteristics. The ratio of these components can
also vary as it is a consequence of multiple processes, including active secretion, shedding
of cell surface material, cell lysis, and adsorption from the environment. Polysaccharides
are usually considered the primary constituents of EPS (Paquete et al. 2022b)(Saleem Khan
etal. 2019).

They serve as the biofilm's structural framework. Within the biofilm, polysaccharides can
potentially act as an electron-conductive network. Moreover, cytochromes, as well as other
redox-active proteins, play a role in extracellular electron transport(Aliane and Meliani

2021).

Extracellular DNA (eDNA) participates in charge transfer pathways and helps to maintain
biofilm stability(You et al. 2023). EPSs may also contain lipids, which can influence the
hydrophobicity of the biofilm and its contact with electrode surfaces (Kouzuma et al.

2010).

Electroactive biofilms may also contain ions and metals, which can be involved in electron
transfer processes and biofilm growth. Certain biofilms produce and release small
molecules like flavins or other quinones, which act as electron shuttles to facilitate
extracellular electron transfer. Some electroactive biofilms, such as those produced by
Geobacter sulfurreducens, contain conductive nanowires that could facilitate long-distance

electron transport (Bond and Lovley 2003).
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Although the composition of EABF has scarcely been studied, it is almost certain that there
is no biofilm without an EPS matrix. Moreover, studies on EABF grown on different
substrates using chemical methods and FTIR spectroscopy prove that EPS composition is
almost similar and substrate composition and shape do not have any significant effect on it

(Borole et al. 2011).

2.6.2 EPS role in electroactive biofilms
EPS's main role in traditional biofilms is providing structural stability, which is mainly

attributed to the Polysaccharides component in EPS(S. Chen et al. 2019). The specific part
of polysaccharides in the EABFs is not certainly understood, as different investigations
have proposed different ideas. For instance, a study on the mutant strain of S. oneidensis
MR-1, which had a genetic alteration in a gene related to cell surface polysaccharide
biosynthesis, exhibited several favorable characteristics, including increased cell surface
hydrophobicity, enhanced attachment to graphite anodes, and higher current generation

(Kouzuma et al. 2010).

On the other hand, Tapia et al. used a combination of SEM and TEM techniques to study
bacterial adherence to carbon surfaces with the participation of EPS(Tapia et al. 2011).
They discovered that an EPS matrix covers the superficial carbon defects following intense

cell adhesion, implying that the bacteria may transport electrons through this EPS matrix.

Given the inherently low conductivity of polysaccharides, Ter Heijne et al. suggested that
precipitates and deposits of exopolysaccharides (EPSs) may have partially obstructed the
electrode surface (ter Heijne et al. 2021). Considering various studies, it can be concluded
that EPS components as conductive biofilm matrix play a crucial part in ET, and EPS
composition may be impacted by the availability of electrode surface area for electron
donation (design parameter) and the system's ability to deliver substrate (operation factors
such as loading, flow rate, and so on)(Zhou et al. 2022)(Kohlstedt et al. 2014)(Aelterman
et al. 2008).

2.6.3 EPS conductivity properties in an EABF
As discussed earlier, EPS structure includes glycoproteins, polysaccharides, proteins,

glycolipids, humic substances, and extracellular DNA. According to several studies,

nucleic acids, humic substances, flavins, and protein substances with the EPS structure
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show redox-active or semiconductive properties(Li et al. 2016)(Xiao and Zhao 2017).
Moreover, it was found that hydrated or ionized polysaccharides are considered biobased

electroactive polymers (Finkenstadt 2005).
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Chapter 3.  Materials and Methods

This chapter compiles the materials, experimental designs, and setups employed
throughout this thesis and provides a comprehensive description of the analytical

techniques and methods used for result interpretation.

3.1 Inoculum and cell culture

3.1.1 Inoculum
The inoculum used in this study was B. subtilis strain ATCC 6051 (Bacillus Marburg

strain). The Bacillus subtilis Marburg strain is a widely studied variant of Bacillus subtilis,
extensively utilized in scientific research owing to its fully sequenced genome and
significance in various industrial applications. Bacillus subtilis is a Gram-positive, spore-

forming microorganism typically found in soil and has wide-ranging uses in biotechnology.

3.1.2 Materials and Reagents

Pipette tips in the range of 20 to 1000 pl Eppendorf®, Sterile Petri dishes 100 x 15 mm
500/cs (Fisher Scientific), Sterile 15 and 50ml falcon tube (Fisher Scientific), Inoculating
Loop (Sigma-Aldrich), Drigalski spatula (3bscientific, model: 1010258), Growth
Conditions based on Product Sheet Bacillus subtilis (Ehrenberg) Cohn 6051 , Medium:
Nutrient agar and nutrient broth , Tryptone yeast extract broth (TY) Temperature: 30°C,
Atmosphere: Aerobic, Nutrient Agar (Sigma-Aldrich), Glycerol (Sigma-Aldrich), DES1.:
ChCI/U (1:2 mol mol-1); DES2: ChCI/LA (1:2 mol mol-1); and DES3: ChCI/Gly (1:2 mol
mol-1).

3.1.3 Equipment

Erlenmeyer flask (Fisher Scientific), Pipettor (Gilson), Orbital Shaker (Thermo Fisher
Scientific), Refrigerated incubator (Thermo Fisher Scientific, Thermo ScientificTM,
model: HerathermTM General Protocol Microbiological Incubators), Freezers (-20 °C; So-
Low Environmental Equipment), Fiber Optic Light Source (Carl Zeiss Stemi), Vortex
(Sigma-Aldrich)
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3.1.4 Procedure

3.1.4.1 Bacillus subtilis glycerol stock preparation
(i) A'loop (10 pl) from the glycerol stock culture of B. subtilis strain will be inserted on an

LB agar plate, the inoculum streaks, and then incubated at 37 °C while maintaining axenic

working conditions.

Note: LB agar plates with bacteria can be kept at 4 °C up to three weeks. However, they
should be cryopreserved in cultures with 25% glycerol for long-term storage. The addition
of Glycerol can stabilize frozen bacteria, protecting cell membranes from deterioration and
maintaining cell viability. Up to several years of stable storage at -80 °C are possible for
the cryopreserved Bacillus. To recover microorganisms from the glycerol stock, the
glycerol stock bacteria first need to be thawed. Then, a small drop should be put on the top
of the agar plate using a sterile loop or pipette tip, and the surface should be scrapped. The
glycerol bacterial stock should be kept on ice during the procedure. The main benefit of
working with spores is their stability over time. Also, thermal shock is imposed on the

bacteria during the glycerol stock preparation process.

(Keeping bacterium for 15 min at 80°C) will decrease the possibility of microbial

contamination.

(it) Fill a sterile 15 mm falcon tube with 5 mL of sterile NB broth. Inoculate the medium
with one colony developed as described in the previous stage.

(iii) Incubate the culture for 48 h at 37 °C with shaking (150 rpm).

(iv) To calculate the bacterial cellular yield (number of cells, or colony-forming units
(CFU), per ml), several sequential dilutions of the grown culture are required. The most
diluted culture should then be plated on the LB agar plate and incubated for 24 h at 37 °C
before CFU counting.

3.1.4.2 Serial dilutions' preparation

100 pl of the cell suspension should be taken, 900 pl of deionized sterile water must be
added to it and vortexed. This suspension is labeled as “10-1”. Before the sample settles,
100 pl of the abovementioned cell suspension should be taken with a pipette and transferred

into 900 pl deionized sterile water. The sample should be Vortex and labeled as “10-2”.
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This dilution step usually repeats seven times, with the addition of 100 ul of the previous
suspension and 900 pl-deionized sterile water to reach the appropriate dilution. The last
dilution is labeled as “10-7.”

100 pl of the dilutions 10-5 to 10-7 will be spread out on the surface of the LB agar plates
and incubated for 24 h at 37 °C in triplicate.

The concentration of colony-forming units (CFU) per milliliter is determined using the

following formula:
CFU/mL = (N/V) x DF
Where:
CFU/mL.: Colony-forming units per milliliter (the desired concentration).
N: The number of colonies counted on a Petri dish or agar plate.
V: The volume of the original sample plated (usually in milliliters).

DF: The Dilution Factor: If the sample was diluted before plating, it is equal to the final

volume divided by the aliquot volume.
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Figure 3.1 Principle of dilution method. Reprinted from https://microbenotes.com/serial-
dilution/

3.1.4.3 Preparation of B. subtilis culture for experiments
100 mL of NB broth will be prepared based on the instructions provided by the

manufacturer in a glass flask and autoclave at 121 °C for 15 minutes, then cool down
afterward. The amount of 8 x 105 C.F.U./ml of a B. subtilis strain grown as indicated in
the previous Procedure will be prepared and incubated at 37 °C with shaking (140 rpm) for
14-16 hours to reach the mid-log (O.D. = 0.5). The obtained culture can be used in the

experiments immediately.

3.2 Electrochemical experiments

3.2.1 Chronoamperometry

Chronoamperometry (CA) is a highly sensitive method widely used in electrochemistry
analysis(Baluta et al. 2022). It has been extensively used in various research studies,
independently or in conjunction with other electrochemical methods like cyclic
voltammetry (CV)(Rafiee et al. 2024). Moreover, chronoamperometry offers the advantage
of providing direct, real-time insights into electroactivity. This technique has the capacity
to provide valuable physiological information about the metabolic status of cells within
biofilms. It is especially useful for distinguishing between live and dead cells, a crucial

capability absent in conventional gold standard methods. Chronoamperometry is a time-
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based electrochemical method that involves the application of step potential to the working
electrode(Baluta et al. 2022). The current flows through the electrode and is recorded over
time, as a function of time, and fluctuates according to the diffusion of an analyte from the
bulk solution toward the sensor surface(Trivinho-Strixino, Santos, and Souza Sikora 2017).
This technique enables the investigation of how current varies with time, particularly in the
context of diffusion-controlled processes at the electrode, which is influenced by the
concentration of the analyte(Khater, El-khatib, and Hassan 2018).

3.2.2 Differential pulse voltammetry (DPV)

Differential Pulse Voltammetry (DPV) is a highly sensitive technique used for both
qualitative and quantitative analysis of redox species. The method exploits the differing
decay rates of charging and faradic currents when a potential pulse is applied. During the
procedure, a series of short voltage pulses are applied to the electrode, and the resulting
current is recorded at the start and end of each pulse. This generates a peak-shaped
voltammogram. DPV is particularly useful for examining the concentration and behavior
of electroactive redox species, such as membrane-bound FAD molecules, over time,
offering critical insights into their role in electron transfer processes. (Khan et al. 2013) (S.

S. Kumar, Kumar, and Basu 2019).

Marsili et al. (2008) used the DPV technique in their study on Shewanella, and they found
out flavin plays an essential role in the electron transfer mechanism of multilayered, old

biofilms(Marsili et al. 2008c).

Choi et al. acquired the DPV technique to detect and characterize the extracellular electron
transfer in S. oneidensis MR-1 biofilms. Their finding indicated that the initial electron
transfer is via a direct pathway using cytochrome due to the direct contact of microbial
biofilm with the electrode. After several days and by the growth of biofilm and its
thickening, flavin-like mediators were found to be more actively involved in facilitating

the ET mechanism (Choi et al. 2018).
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Even though electrochemical techniques such as DPV and visual methods can stand alone,
merging the advantages of these techniques creates an excellent and powerful tool for
understanding and gaining more details on the nature of electro-active biofilms (Y. Kumar

etal. 2019).

Differential Pulse Voltammetry (DPV) is a pulse electrochemical technique used to
determine the concentration of specific compounds in a sample solution. It is particularly
useful for the selective and sensitive analysis of electroactive species, such as ions or

molecules that undergo redox reactions (oxidation or reduction) at an electrode surface.

Differential pulse voltammetry is preferred due to its differential nature and low-capacity
current, which help minimize the effect of background charging current during analysis
and make it a precise and efficient technique for distinguishing analytes that exhibit similar

oxidation potentials.

DPV involves applying varying voltage levels across electrodes and measuring the
resultant current flow through the electrolytes. This technique investigates the relation of
voltage potentials (E), current (i), and time (t) over a specific duration of time for the

collected samples.

Differential pulse voltammetry (DPV) is a variation of linear sweep voltammetry where a
series of voltage pulses are applied to the electrode with an incrementally increasing
baseline. The current is measured just before the application of each subsequent pulse. The
DPV setup consists of a working electrode (WE), a counter electrode (CE), and a reference
electrode (RE) that regulates the CE's voltage. The CE transmits the voltage pulses, while
the WE measure the resulting current. Pulse durations typically range from 10 ms to 100
ms, with increments between 10 and 100 mV. After each pulse, a 1-2 second idle period
allows only Faradaic current to be detected, minimizing interference from the charging

current.

In differential pulse voltammetry (DPV), current is measured at two distinct points: before
the pulse is applied (11) and at the end of the pulse (12). This enables the recharging of the

redox pool at the electrode interface. The initial current (I11) corresponds to the direct
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current ramp, while the difference between the two measurements (Al = 12 — I1) represents
the current response due to the potential pulse. The DPV signal is thus the difference
between the current just before and at the end of the pulse. The peak potential (Ep)
approximates the half-wave potential (E1/2), meaning the peak potential in DPV
corresponds to the half-wave potential for the redox reaction (oxidation or reduction). The
resulting DPV curve, known as a differential pulse voltammogram, plots the difference in
current against applied potential. The peak current height is directly proportional to the

analyte concentration.(Furst and Francis 2019).
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Figure 3.2 Representative plots of selected electrochemical techniques. Reprinted
from(Haslett 2012)

3.2.3 The potentiostat

A potentiostat is an electronic amplifier system that regulates the potential difference
between the working electrode (WE) and the counter electrode (CE).A potentiostat

measures the current based on the potential difference at WE-RE. Depending on the
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electrochemical experiment's specific requirements, a potentiostat can operate with either

a two-electrode or a three-electrode configuration.

. A two-electrode system comprises the WE and the CE only, while a three-electrode

system also has a reference electrode (RE). (Sanchez et al., 2020).

The three-electrode system is preferred over the two-electrode system due to the precise
control of the potential difference at WE-RE, which results in higher sensitivity and

repeatability of the electrochemical analysis.

In a standard three-electrode system, an "uncompensated resistance™ arises between the
reference electrode (RE) and the working electrode (WE). This affects the system

functionality due to the ohmic potential drop, especially at higher currents.

Unfortunately, the resistance between the RE and WE is due to its inability to incorporate
it into its feedback loop. However, this issue can be resolved by reducing the distance
between the WE and RE. In some situations, a small glass capillary, known as a Luggin
capillary, may be employed to alleviate the uncompensated resistance. It's worth noting
that this capillary may become clogged, especially during long-term experiments, leading
to instability characterized by voltage fluctuations and consequently resulting in poor

electrochemical performance (Zhang 2011).

Furthermore, the characteristics of the various components that make up the
electrochemical system, including electrodes, electrolytes, and microorganisms, tend to
change over time. This may lead to unstable current flow and complicate the assessment
of individual components. While the potentiostat is engineered to maintain control over the
potential at the WE by compensating for resistance between the RE and CE (as illustrated
in Fig. 2.2), this capability is contingent upon the compliance voltage range of the device.
This range is determined by the limitations of the potential control amplifier (as shown in
Fig. 2.2). However applying a larger WE can result in an uneven distribution of potential,
which could lead to non-uniform biofilm growth and reduced electrochemical system
efficiency(Hernandez-Fernandez et al. 2015)(Oliot et al. 2017) (Hernandez-Fernandez et
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al., 2015; Oliot et al., 2017). Therefore, electrodes with smaller surface areas prove more

advantageous for sensing and analytical applications (Sanchez et al., 2020).

One of the challenges with traditional potentiostats (e.g., Fig. 2.2(B)) is that they are
relatively bulky, expensive and unsuitable for use in remote locations (Sanchez et al. 2020).
Fortunately, technological advancements have led to the creation of portable potentiostats,
which are not only cost-effective but also user-friendly(Huang et al. 2018)Additionally,
conventional laboratory setups involving two—and three-electrode systems necessitate the
purchase, preparation, and upkeep of separate electrodes (RE, CE, and WE). This will
increase both the cost and the need for specialized labor in conducting experiments,
rendering them less adaptable for biosensing and bio-analytical applications.

Screen-printed electrodes (SPEs) are considered a good solution for the abovementioned
limitations. They integrated three electrodes in a compact, cost-effective, versatile, and
user-friendly structure. Screen-printed electrode SPEs offer simplicity and adaptability for
handling, which makes them a good choice for various electroanalytical techniques
(Popescu 2016)(Garcia et al. 2021)(Munteanu et al. 2018).

While concerns exist, especially regarding the potential replacement of conventional
methods, the prospects offered by SPEs are immense, and their applications, particularly

in the fields of biosensing and clinical diagnosis, are increasingly being explored.

3.2.4 Screen-printed electrodes (SPEs)

A typical SPE resembles a conventional three-electrode cell, with WE, RE, and CE
combined into a single arrangement. The CE is often formed of carbon, platinum, or even
gold, whereas the RE is typically made of silver or silver/silver chloride layer (Ag or
Ag/AgCl). Carbon is primarily utilized for WE due to its affordability, ease of access,
strong functionalization potential, and superior electrochemical characteristics, such as low
background current, a broad potential range, chemical inertness, and good compatibility

with other materials and molecules.

the representative of a typical SPE structure is presented in Figure 3.3.
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The procedure generally follows a similar pattern. It involves (1) designing electrodes and
configuration and manufacturing via ink-printing on sequential layers of ceramic or plastic
materials, depending on the final intended application. The application of SPE in
bioelectrochemical systems has attracted considerable attention as it seems a promising

alternative to conventional systems setups with three electrodes.

This method has been effectively utilized in quality control evaluations of food and
beverage samples, environmental pollution monitoring and analysis, forensic
investigations, cancer biomarker detection, and the study of key biomolecules. It has also
been applied in fundamental microbial research to identify and characterize microbial
pathogens and their metabolites.(Garcia et al. 2021)

SPEs can be preferred over conventional three-electrode systems due to their simplicity of
use and portability, which makes them suitable for fieldwork. They are also user-friendly;
no specific training is needed to assemble them. SPEs are also known for their low
background noise, which can lead to improved signal-to-noise ratios in electrochemical
measurements. Three-electrode systems generally have higher background noise levels.
SPEs also have a broad application range compared to three-electrode systems. They are
applicable in many areas, including environmental monitoring, clinical diagnostics, food

safety, and biosensing.(Alonso-Lomillo et al. 2010)(Garcia et al. 2021).

It should be considered that despite the numerous advantages of SPEs, traditional three-
electrode systems may still be preferred in some cases for specialized research or when

certain features are necessary.
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Figure 3.3 Graphical representation of the electrochemical setup, created using Biorender

3.3 Crystal Violet Staining (CV) for Quantitative Biofilm Analysis

Crystal Violet staining is a quantitative technique used to assess and quantify the amount
of biofilm formed on walls and surfaces. The microtiter plate assay's ease of use, flexibility,

and low cost have made it a critical tool for quantifying biofilms.

Biofilms are complex communities of microorganisms that adhere to surfaces (e.g.,
microtiter dishes). The microtiter dish assay is an essential tool for studying the early stages
of biofilm formation and can be applied primarily to any type of biofilm, including fungal

and bacterial biofilms.
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Crystal violet staining uses static conditions of the growing batch and does not work with
flow cell systems. However, the biofilms grown in microtiter dishes develop some

properties of mature biofilms, which are good representatives of mature biofilms.

A simple microtiter dish assay allows biofilm formation on the wall surfaces and/or bottom
of a microtiter dish. The assay's simple nature makes it applicable for quantification of
biofilm formation for a wide variety of microbes, including but not limited to B. subtilis

(the bacteria this work is focused on).

The protocol measures the extent of biofilm formation using crystal violet dye (CV). In
this work, this assay was used to study B. subtilis biofilm formation.

Biofilm quantification assay using crystal violet has several steps:

1. Growing biofilm: biofilm formation is a dynamic and cyclic process, and it takes
24 up to 48 hours for the initial biofilm to attach and grow on the wall and surfaces of

microtiter plate wells

2. Biofilm Staining Procedure: Following incubation, the microtiter plates were
inverted and the liquid was gently removed by shaking. The plates were then carefully
submerged in a water bath, shaken to remove unattached cells and media components, and
this rinsing process was repeated twice. The plates were subsequently air-dried at room
temperature for 20 minutes. A 1000 pL aliquot of 0.1% crystal violet solution in water was
added to each well of the 48-well microtiter plates, followed by an incubation at room

temperature for 10-15 minutes.

3. Biofilm Quantification: To assess biofilm formation, 1000 puL of 30% acetic acid
in water was added to each microtiter plate well to solubilize the crystal violet (CV). The
plates were then incubated at room temperature for 10-15 minutes. The solubilized CV was
subsequently transferred to a new flat-bottomed microtiter plate, and the absorbance was
measured at 570 nm (OD570) using a Gen5TM Microplate Reader and Imager Software
(BioTek Instruments). Each experimental condition was analyzed with four independent
biological replicates, and a solution of 30% acetic acid in water was used as a blank for

absorbance measurement at 570 nm.
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Figure 3.4 Diagram of Crystal Violet Assay for Biofilm Formation in a Microtiter Plate.
(A) Biofilm formed in 48 well microtiter plate after 48h. (B) crystal violet absorbed by
biofilm (C) CV suspension in acetic acid 30% transferred to the new plates (D)OD
measurement using a microtiter plate reader

3.4 Confocal microscopy
An upright Zeiss of Axio Zoom.V16, Carl Zeiss confocal microscope was used to image

the crystal violet stained biofilms formed on the surface of the SPE electrodes. Electrodes
were collected after a 48h electrochemical experiment and immersed in the 0.1% crystal
violet for almost 30 minutes; the extra CV was then washed off the electrode by gently
immersing the electrode into the distilled water. The electrodes dried after that for about
an hour, and then the stained biofilm on the surface of the electrode was observed using
Zeiss of Axio Zoom.V16, Carl Zeiss confocal microscope, the result was recorded by ZEN
software, and later the biofilm quantification calculation was done by a MATLAB code.

Confocal microscopy is an advanced bioimaging technique that captures detailed images
from various depths within a sample. Its optical system collects light from a thin, defined
region known as the focal plane. By selecting a specific depth for analysis, the microscope
filters out light from surrounding areas, allowing only the light from the designated focal

plane to reach the detector, thereby enhancing image clarity and resolution. (Kuehn et al.
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1998) Z-scan involves capturing a series of images at different focal planes, which allows
for the reconstruction of a three-dimensional (3D) representation of the sample, particularly
biofilm (Xavier and Bassler 2003)(Popescu 2016). To keep the accuracy of the result
compared to what was collected from the electrodes, samples for confocal microscopy were
immediately prepared after disassembling the potentiostat setup. This was due to the fact
that the membrane of bacterial cells could lose its intact structure while removed from the
initial experiment condition. Samples were stained using a Crystal Violet Kit and based on
the protocol for CV biofilm staining. The confocal microscope was configured with three
distinct channels: the first channel, represented in green, for detecting live cells; the second
channel, visualizing propidium iodide (PI) in red, to identify dead cells; and the third
channel, visualized in blue, to capture the reflectance of optically opaque graphite fibers.
A comprehensive overview of the confocal microscopy channels and their settings is
provided in Table 3.1.

The staining protocol consisted of preparing the 0.1% crystal violet solution (by dissolving
1 gram of crystal violet powder dye into the 10 mL of 95% ethanol and addition of water
to reach 100 mL volume). After completing the staining process and removing the excess
dye, the samples were placed on coverslips and positioned on the microscope stage. Since
the microscope used a reversed lens, the lens was positioned beneath the coverslip. A
magnification of x25 was utilized for imaging, allowing the entire area of the working
electrode to be captured. Three different replicates were selected for each condition, and

all quantitative analyses were averaged from these three replicates.

ZEN blue software was employed to determine the threshold for each channel in the
images, allowing for the exclusion of background noise. The biofilm coverage on the
electrode was quantified for the designated region of the working electrodes using Image
J software. To verify the accuracy of the analysis and eliminate the potential impact of

noise, a bare electrode rinsed with ethanol served as a negative control.
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Table 3.1 The setting of the confocal microscopy

Channel Color Mode Excitation Emission Targeted
object
Red Fluorescence 590 nm 635nm Biofilm
3.5 HPLC

High-performance liquid chromatography (HPLC) is an advanced analytical method
designed for separating, identifying, and quantifying individual components within a
mixture. It represents a significantly enhanced version of traditional column
chromatography. The principle of liquid chromatography is based on dissolving a sample
mixture in a proper liquid solvent and passing it through a chromatographic column. Within
the column, the sample components interact with a stationary phase, which may be a solid

material or a bonded phase on the column’s inner surface.
HPLC analysis typically includes several steps:

1) A small volume of the sample is injected into the HPLC system. This is mostly an

automated process using an injector.

2) A liquid solvent, known as the mobile phase, is pumped through the

chromatographic column. The mobile phase carries the sample through the column.

3) Inside the column, the sample components interact with the stationary phase.
Components with different chemical properties will interact differently with the stationary

phase and, as a result, separate from each other.

4) As the separated components exit the column, they pass through a detector that
measures their concentration. Standard detectors include UV-visible spectrophotometers,

fluorescence detectors, and refractive index detectors.

5) The detector's collected data will be analyzed to determine the identity and

concentration of the sample components.
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HPLC can be used in various fields, including chemistry, pharmaceuticals, biochemistry,
environmental science, and food analysis. It allows for high-resolution separation of
complex mixtures and is known for its accuracy and precision in quantifying analytes.
Different HPLC methods, such as reverse-phase HPLC, size-exclusion chromatography,
and ion-exchange chromatography, are employed based on the specific separation

requirements of the analysis.

The HPLC technique allows the separation of complex mixtures with high resolution and
is highly accurate in quantifying analytes. It can be used in various fields, including
chemistry, pharmaceuticals, biochemistry, environmental science, and food analysis.
Various HPLC methods, such as reversed-phase HPLC, size exclusion chromatography,

and ion exchange chromatography, are used based on specific separation requirements.

B. subtilis (under-study bacteria in this work) has the capability of secreting riboflavin

(vitamin B2) extracellularly and into the medium environment.

B. subtilis can secrete compounds such as menadione and riboflavin, most probably due to
metabolic activity. Change in the riboflavin secretion pattern could be due to the influence

of the availability of electron donors/ acceptors.

Many studies have investigated the riboflavin secretion by B. subtilis to optimize its
production and understand the metabolic pathways involved in this process.

This work investigated the presence of Riboflavin (vitamin B2) and menadione (vitamin
K) in the supernatant secreted from B. subtilis treated with different conditions using the
HPLC technique. B. subtilis is a water-soluble compound that can secrete riboflavin

(vitamin B2) into its surrounding environment.

The bacterium may secrete riboflavin due to metabolic activity, which could be influenced
by the availability of electron donors and acceptors. Changes in riboflavin secretion

patterns might indicate variations in metabolic activity, potentially related to EET.

3.6 Ultraviolent-visible spectrophotometry
3.6.1 What is UV-vis technique
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Ultraviolet-visible (UV-Vis) spectrophotometry, also known as Ultraviolet-Visible
spectrophotometry, is a widely used analytical technique in many areas of science ranging
from chemistry and biochemistry to bacterial culture and drug identification. This
technique measures the absorption of ultraviolet (UV) and visible (Vis) light by a
substance. UV-Vis can also be employed to determine the concentration of a particular
substance in a solution and to gather information about the chemical properties of a

compound.

UV-Vis spectroscopy operates by measuring the specific wavelengths of ultraviolet or
visible light absorbed or transmitted by a sample, compared to a reference or blank sample,
using light as its primary tool. This property can provide information on the sample

composition and concentration.

Light has a certain amount of energy, inversely proportional to its wavelength. Thus,

shorter wavelengths of light carry more energy, and longer wavelengths carry less energy.

Absorption refers to the energy required to excite electrons in a substance to a higher
energy level. Electrons in distinct bonding environments within a substance require
specific amounts of energy for this excitation, leading to absorption at different
wavelengths for different substances. This variation in absorption explains why different
substances absorb light at different wavelengths. Humans perceive visible light across a
spectrum ranging from approximately 380 nm (violet) to 780 nm (red). Ultraviolet (UV)
light has shorter wavelengths, down to about 100 nm. In UV-Vis spectroscopy, light is
characterized by its wavelength, which helps identify or analyze substances by pinpointing

the wavelengths corresponding to their maximum absorbance.
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Figure 3.5 A simplified diagram of the key components of a UV-Vis spectrophotometer.
Credit: Dr. Justin Tom. Adapted from
https://www.technologynetworks.com/analysis/articles/uv-vis-spectroscopy-principle-
strengths-and-limitations-and-applications-349865

3.6.2 Light source
UV-vis is a light-based technique, and it requires a steady source that can emit light across

a wide range of wavelengths.

UV -vis spectrophotometers are categorized into (i) single xenon lamps and (ii) two
tungsten or halogen lamps. Singel Xenon lamps are applicable for both UV and visible

ranges, while equipment employing two lamps is mainly used for visible lights.

3.6.3 Sample analysis
Wavelength selection is a very important step in UV-vis analysis. The appropriate

wavelengths of light are chosen based on the sample type, and specific analytes must be
selected from the wide range of wavelengths emitted by the light source for detection. Once
the wavelength is selected, the light passes through the sample. For all analyses, it is
essential to measure a reference, commonly referred to as a "blank sample,” such as a

cuvette containing the same solvent used to prepare the sample.

The sterile culture media is used as a reference when examining bacterial cultures. The
instrument later automatically uses the reference sample signal to help obtain the true

absorbance values of the analytes.
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It is essential to be aware of optimizing the materials and conditions used in UV-Vis
spectroscopy experiments. Quartz sample holders are the best cuvettes for UV examination
compared to plastic and glass ones, as quartz is transparent to most UV light. A special and
more expensive setup is usually required for measurements with wavelengths shorter than
200 nm.

3.6.4 Detection
Once light passes through the sample, a sensor converts the light into a readable electronic

signal. Typically, photoelectric coatings or semiconductor materials are used for such

purposes.

3.6.5 UV-Vis spectroscopy analysis, absorption spectrum, and absorbance units
UV-Vis spectroscopy data is generally presented as a plot showing absorbance, optical

density, or transmittance as a function of wavelength. Typically, wavelength is plotted on
the x-axis, while absorbance is shown on the y-axis, producing an absorption spectrum.
Absorbance (A) is calculated as the logarithm of the ratio between the initial light intensity
(lo) and the light intensity after passing through the sample (I). The ratio of I to lo is termed
transmittance (T), representing the proportion of light that successfully passes through the

sample.

I 1
A =¢€Lc =Log,y (70> = Log,o (T) = —Log10(T)

UV-Vis spectrophotometry operates according to Beer’s Law, which establishes a direct
linear correlation between the solute concentration in a solution and the amount of light

absorbed by the solute.:

A=cexcx*]

A is the absorbance of the sample.

€ (epsilon) is the molar absorptivity (also known as the molar extinction coefficient), a

constant specific to the substance and the wavelength of light being used.

c is the concentration of the analyte in the solution.
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| is the path length of the cuvette or cell through which the light passes.

Building a calibration curve depends on the purpose of analysis, and it requires some data
analysis.

This technique is a very precise way to accurately obtain a particular substance's
concentration in a sample based on absorbance measurements.

However, the calibration curve is not required for OD measurements for bacterial culture,

collecting absorbance ratios at specific wavelengths to detect the purity of nucleic acids, or
identifying specific medications in a solution.

3.6.6 Strengths and limitations of UV-Vis spectroscopy

 The method is non-destructive; the sample can be utilized again for further analysis.

* Measurements can be made quickly, allowing easy integration into experimental
protocols.

+ Instruments are user-friendly, requiring little user training before use.

» Data analysis generally requires minimal processing

* The instrument is generally inexpensive, making it accessible for many laboratories.
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Figure 3.6 The UV-Vis spectrum for the selected sample is displayed in the graph on the
left. On the right, a calibration curve has been generated from standard diluted solutions
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of the sample, using a least squares linear regression equation for accurate analysis.
Credit: Dr. Justin Tom

https://www.technologynetworks.com/analysis/articles/uv-vis-spectroscopy-principle-

strengths-and-limitations-and-applications-349865

Chapter 4.  Electroactivity of weak electricigen Bacillus subtilis
biofilms in solution containing deep eutectic solvent
components

This chapter is adapted from my following research paper:

Eghtesadi, N., Olaifa, K., Perna, F. M., Capriati, V., Trotta, M., Ajunwa, O., &
Marsili, E. (2022). Electroactivity of weak electricigen Bacillus subtilis biofilms in
solution containing deep eutectic solvent components. Bioelectrochemistry, 147,
108207. (Scopus Percentile: 88%, Q1)

This chapter mainly focuses on using deep Eutectic Solvents as biocompatible nutrient
additives in boosting the electroactive performance of Bacillus Subtilis biofilms,
referenced as a weakly electricigen bacterium. The experiments aimed to define the most
effective DES as well as its conditions of use and then to identify the parameters explaining
the improvement in electroactive performance. Thus, planktonic growth, biofilm
concentration, charge output, and redox profiles were measured and compared at different
solvent concentrations. For variations in solvent component concentrations, the
components of DES are then used alone rather than together. Several eutectic mixtures
were studied and compared, and the aqueous choline chloride glycerol (ChCI: Gly 1:2 mol
mol™) showed the best results in terms of electroactivity. It appears in conclusion that the
choline chloride component stands out on its own because it makes it possible to improve
planktonic growth, biofilm growth, and electroactivity. The authors propose several
hypotheses to explain this significant increase in performance and its role in the EET
process. However, further investigations are required to validate them. The complementary

research is presented in the following chapters.
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4.1 Introduction

Bacteria capable of extracellular electron transfer (EET) are often termed electricigens
(Schroder et al. 2015) and their electron transfer phenomena have been investigated for
bioenergy production and biosensor applications. Strong electricians, such as Geobacter
sp., grown on graphite electrodes produce high current density at strong oxidizing
potentials via electrically conductive protein nanowires(Bruce E Logan et al. 2019). Most
microorganisms show low current output under the same conditions (~0.1 Am) and are
weak electricigen as they require exogenous redox mediators to facilitate EET(Doyle and
Marsili 2018b). Weak electricigens have been observed in river sediments, beach sand,
compost, water samples, and hydrothermal ecosystems. Thus, it is interesting to investigate
the relationship between electroactivity and the production of essential metabolites and
how biofilm-driven bioprocesses can be optimized by applying electrical current or
potential. (Markraphael Ajunwa et al. 2021)(Aiyer and Doyle 2022).

Improved electroactivity can be obtained through genetic alterations, such as the induction
of redox mediators and reprogramming of the extracellular electron transfer (EET)
pathway. However, these genetic modifications can be time-intensive and may lead to
changes in the final product. Alternatively, optimizing growth media and intensifying
processes have been suggested as more efficient approaches to enhance EET in organisms

with weak electrochemical activity.(Astorga et al. 2019)(Jing et al. 2019).

Bacillus species are Gram-positive, spore-forming microorganisms with weak
electroactivity, known for their role in producing alkaline proteases, biopolymers,
biosurfactants, and antimicrobial peptides. The electroactivity of B. subtilis is closely
associated with its growth and metabolic processes, with studies suggesting a link between
electroactivity and its ability to survive extreme temperature and pH conditions. Integrating
extracellular electron transfer (EET) with biosynthetic pathways in Bacillus species holds
potential for enhancing bioprocess efficiency.(Su et al. 2020)Here, we investigate for the
first time the use of Deep Eutectic Solvents (DESs) added to the bacterial growth medium

at sub-toxic concentrations to boost B. subtilis electroactivity.
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Deep Eutectic Solvents (DESs) represent a novel category of sustainable solvents
characterized by their composition of two or three benign and cost-effective components,
typically involving Brgnsted or Lewis acids and bases. When these components are
combined in specific molar ratios, they form hydrogen bonds, creating eutectic
mixtures.(Hansen et al. 2021). Typical DES components (e.g., choline chloride (ChCl),
lactic acid, urea (U), glycerol (Gly), amino acids, vitamins, and polyalcohols) are
biodegradable and show low toxicity(Cicco et al. 2021)(Milano et al. 2017). Due to their
small ecological footprint, ease of preparation, the ability to act as solvents, catalysts, and
even reagents, and amenable physicochemical properties, DESs are progressively
replacing toxic and volatile organic compounds (VOCs) in catalysis, dissolution, and
extraction processes, and electrochemistry(Milano et al. 2017)(Maria Perna et al. 2021).

The use of DES as a minor component of a solution was recently explored in the
crystallization of the lysozyme, a small hydrophilic protein(Belviso et al. 2021). DESs were
found to reduce significantly solvent evaporation during the crystallization process,
favoring the increase of the dissolution time of the protein crystals, playing a sort of
protective role(Belviso et al. 2021)(Karimi et al. 2020)Similarly, the toxicity of DES used
as a minor component of a bacterial nutrient broth was also recently investigated to assess

its effect on the environment.

This study explores the impact of specific Deep Eutectic Solvents (DESs) on the
electroactivity of B. subtilis. At non-toxic concentrations, a solution of the eutectic mixture
ChCI enhances planktonic cell growth, biofilm development, and electroactivity of B.
subtilis. These findings suggest that such DESs could potentially boost the production of
crucial metabolites in electrofermentation processes involving B. subtilis.

4.2 Materials and Methods
4.2.1 Materials

The Deep Eutectic Solvent (DES) formulations used in this study are detailed in Table 4.1:
DES1: ChCI/U (1:2 mol/mol); DES2: ChCI/LA (1:2 mol/mol); and DES3: ChCI/Gly (1:2
mol/mol). The experiments employed two types of media: a nutrient broth (NB) composed
of 3 g/L beef extract and 5 g/L peptone, and a chemically defined medium (CDM)
containing 10 g/L glucose, 5 g/L NHA4CI, 0.5 g/L K2HPO4, 0.15 g/L FeCI3, 0.5 g/L
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MgSO4, 0.7 g/L CaCl2, 0.5 g/L NacCl, and 0.104 g/L MnSO4, all adjusted to pH 6.5. All
media were prepared using deionized water and sterilized by autoclaving at 121°C and 109
kPa for 15 minutes. The 2-hydroxy-1,4-naphthoquinone (2-HNQ) redox mediator was

sourced from Sigma Aldrich, Kazakhstan.

All commercial chemicals and reagents used were of analytical grade and prepared
according to the manufacturer's specifications. The bacterial strain Bacillus subtilis ATCC
6051 was cultured and maintained on nutrient broth (NB) throughout the study.
Electrochemical measurements were conducted using Screen-Printed Carbon Electrodes
(SPE Ref. C110) from Metrohm DropSens, Spain, which included a graphite counter
electrode, an Ag pseudo-reference electrode, and a graphite working electrode (WE) with
a 4 mm diameter and a surface area of 0.126 cmz2. Potentials are referenced against the Ag
pseudo-reference electrode. The electrochemical cells employed in the experiments had a

total capacity of 10 mL and a working volume of 8 mL.

Table 4.1: Composition and Characteristics of the DESs evaluated in this study

# C1 C2 Molar Density
ratio
C1:.C2
1 Urea Choline 2:1 1.19
chloride
2 Lactic Choline 2:1 1.17
acid chloride
3 Glycerol Choline 2:1 1.18
chloride
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4.2.2 Methods
4.2.2.1 Bacterial growth studies

The growth curves of Bacillus subtilis at various concentrations of DESs and DES
components were determined in both NB and CDM using 48-well plates and Gen5TM
Microplate Reader and Imager Software (BioTek Instruments).

The experiments were carried out in quadruplicates, and the absorbance was measured at
the wavelength of 600 nm. The results were presented as mean + standard deviation (SD).
Different DES concentrations and DES component concentrations, from about 15 mM to
about 1 M, were prepared, filtered through sterile 0.2 pum filters, and then added to the final
volume of 1000 pL per well.

The conditions for the incubation were 37 °C and 48 hours, respectively. To generate the
inoculum, fresh cultures were grown for 24 hours at 37 °C with continuous agitation (180
rpm) and adjusted to an optical density of 0.1 (ODsoo), which was previously calculated to
represent the approximate number of colony-forming units (CFU) per milliliter.The redox

mediator 2-HNQ (50 pM) was added in selected experiments.

4.2.2.2 Bioelectrochemical analyses

With a computer-controlled VSP multichannel potentiostat (Bio-Logic, France), the
following measurements were made in order: chronoamperometry (CA), differential pulse
voltammetry (DPV), and cyclic voltammetry (CV) right after the inoculum and at the

conclusion of the experiments.

In order to reduce the impact of planktonic bacterial growth on current output, an inoculum
size of 0.5 OD600 (or roughly 5 x 106 CFU mL-1) was employed. In this condition, the
planktonic cell concentration remains relatively constant, and the current output is mostly
due to the viable cells in the biofilm. SPEs were air dried, surface sterilized in 70% v/v
ethanol, and then cleaned in sterile deionized water three times before the experiments
began. The following parameters were established for Differential Pulse Voltammetry
(DPV): initial potential (Ei) of -0.4 V, final potential (Ef) of 0.4 V, pulse height of 50 mV,
and pulse duration of 200 ms. DPV measurements were conducted immediately after
inoculation and again after 48 hours. For Chronoamperometry (CA), the working electrode
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was maintained at 0.4 V for 48 hours. Each experiment's electrical charge output (measured
in milliCoulombs) was calculated using EC Lab® software (Biologic, France). During
incubation, the electrochemical cells were kept at a consistent temperature of 37 °C using
dry baths containing steel beads. Following the assessment of Deep Eutectic Solvents
(DES) effects on the electroactivity of Bacillus subtilis, additional bioelectrochemical
analyses were conducted to evaluate the impact of the individual components of the
eutectic mixtures on the bacterium's electroactivity. Both DPV and CA analyses were
performed using molar concentrations of the individual components equivalent to those
present in the DES mixtures.

4.2.2.3 Biofilm assay

Biofilms that developed on the carbon Screen-Printed Electrodes (SPEs) following
electrochemical analyses were quantified using the crystal violet staining method. After
each experiment, electrodes were removed from the electrochemical cells at the 48-hour
mark and immersed in sterile deionized water to eliminate planktonic cells and media
residues. The electrodes were then air-dried and exposed to a 0.5% (w/v) crystal violet
solution for 10 minutes. Subsequently, the stained biofilms were washed and solubilized
by placing the electrodes into wells of a sterile 48-well microtiter plate, each containing
1000 pL of 33% (wi/v) glacial acetic acid. The absorbance of the solubilized dye was
measured at 570 nm using a SmartSpec™ 3000 Spectrophotometer (Bio-Rad Laboratory,
Helsinki, Finland). Each experimental condition was evaluated with four independent

biological replicates.

4.2.2.4 HPLC analysis

An UltiMate 3000 HPLC system (Thermo Fisher Scientific) was used to detect and analyze
riboflavin and menadione peaks in cell-free supernatants. Electrochemical cells medium
was collected immediately after 48h and centrifuged at 5000 rpm for 10 minutes, followed

by filtration through 0.22 um microporous membrane to obtain cell-free supernatant.

The reference standard samples Riboflavin (Vitamin B2) and Menadione (Vitamin K3),

which are commercially available, were prepared as described. A standard stock solution
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for Vitamin B2 (riboflavin) was prepared by dissolving 6.9 mg of riboflavin in 100 mg of
extraction. The extraction solution was made by mixing 25 mL of acetonitrile with 5 mL
of acetic acid, and the volume was adjusted to 500 mL using double-distilled water. The
standard stock solution for Vitamin K3 (Menadione) was prepared by dissolving 9.5 mg of
menadione in 10 mL of 96% ethanol. Both standard stock solutions were filtered through

a 0.22pum microporous membrane before injection in the chromatography column.

Following separation in the HPLC column, riboflavin and menadione peaks were detected
spectrophotometrically at 270 and 245 nm wavelengths, respectively. All samples were
analyzed with a C18 column (Hypersil Gold, 150x250mm,1.9 um) at a flow rate of 0.2 mL
min. The mobile phase was a solution of methanol (chromatographic grade, Phase A,
65%) and a mixture of water and acetic acid 1% (chromatographic grade, phase B,35%).

4.3 Results

4.3.1 Growth experiments

In NB, B. subtilis cells grow quickly, reaching a peak concentration of 12—14 hours based
on ODeoo measurements. The ODsoo did not plateau in 48 hours, and cell growth in CDM
was slower (Figure 4.1 ). Therefore, NB was selected for additional experiments. The cell

concentration in NB was higher for DES3 at concentrations lower than ~1 M (Figure 4.2).
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Figure 4.1 The growth curves of Bacillus subtilis in nutrient broth (NB) and chemically
defined medium (CDM) demonstrate that the nitrogen sources in NB are more readily
accessible compared to NH4CI in CDM. This enhanced bioavailability in NB leads to faster
microbial growth.

On the other hand, DES1 showed the highest cell concentration in CDM (Figure 4.3).
Inhibited growth was observed in DES2, most likely due to lactic acid's low pH, which
damages cell membranes and reduces viability. According to Hou et al., organic acid-based
DESs inhibit bacterial growth (Hou et al. 2013).

B. subtilis growth in CDM was more significant than in NB in the presence of DESLI.
Increased growth in CDM could result from the additional urea supplied by DES1 as a
nitrogen source in nitrogen-limited CDM. Additional studies were carried out with DES3
and NB, as these factors best facilitated B. subtilis growth. According to previous studies,
DESs demonstrate low microbial toxicity, with little effect on microbial growth in Mueller-
Hinton broth at concentrations below 200 mM (LC50 approximately 400-500 mM).
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However, studies based on antibiograms might not be adequate to ascertain long-term DES
toxicity.

According to a 48-h study, no toxicity was found on the DES acetylcholine chloride
(AcChCl): acetamide (1:2) below 300 mM, partial inhibition was observed between 300
and 450 mM, and complete inhibition of growth was detected above 600 mM. Our findings
confirm earlier studies demonstrating that ChCl-based DESs may function as supplemental
nutrients and are non-toxic at concentrations below 200 mM. Higher DES concentrations
inhibit cell development and extracellular respiration, suggesting that the DES formulation

should be modified for improved biocompatibility.
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Figure 4.2 Growth curves of Bacillus subtilis in nutrient broth (NB) medium were assessed
at two concentrations for each of the three deep eutectic solvents (DESs): ChCI/U (1:2)
(red), ChCI/LA (1:2) (blue), and ChCI/Gly (1:2) (green), with a control in unmodified NB
(black). Of the DESs tested, ChCI/Gly (1:2) exhibited the most pronounced effect on
growth over 48 hours, followed by ChCI/U (1:2), while ChCI/LA (1:2) demonstrated
inhibitory effects on growth at both concentrations.
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Figure 4.3 The growth curves of B. subtilis in a chemically defined medium (CDM)
modified with the three tested DESs reveal that DES1 had the most significant impact on
microbial growth.

At a concentration of 55 mM, DES3 promotes planktonic cell growth without altering its
growth pattern( Figure 4.4A). However, concentrations exceeding 110 mM result in a
pseudo-diauxic growth pattern, similar to the growth observed with ChCl alone (Figure 4.4
C). In contrast, Gly alone does not affect the cell growth over 48 hours or modify the
growth pattern (Figure 4.4 B). Diauxic growth refers to a biphasic bacterial growth
response where two distinct carbon sources, typically carbohydrates, are utilized
sequentially, as indicated by the inflection point on the growth curve. (Chu and Barnes
2016). ChCl seems to function as a nutrient undergoing metabolism similar to that of amino
acids. It it unlikely to be utilized as an alternative carbon source. However, earlier research

has shown that bacteria may use ChCl as their only carbon source (Wargo 2013).
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We hypothesize that ChCl may act as a nutritional supplement or trigger transcriptional
regulators that modify carbohydrate metabolism, enhancing growth. The increase in
growth was more pronounced when DES3 was present at concentrations exceeding 110
mM (Figure 4.4A). These findings suggest a synergistic interaction between ChCl and Gly,
even when diluted significantly. However, additional experiments using different Gly and
ChCI molar ratios, such as 1:1 or 1:3, may be required to determine the optimal medium
composition. Control tests using 50 uM 2-HNQ, a standard redox mediator concentration
in bioelectrochemical studies (Figure 4.4 D), had no observable impact on bacterial growth.
Gly has previously been examined as a medium additive for B. subtilis in microbial fuel
cells (Nimje et al. 2011) However, combining ChCl and Gly as bacterial media additives
remains challenging. Various studies (Wen et al. 2015)(Hou et al. 2013) have shown that
DESs, such as DES3 (see Table 4.1), can inhibit microbial growth in Escherichia coli and
Listeria monocytogenes at high concentrations, consistent with the findings reported here.
At the lower concentrations applied in this study, the impact on planktonic growth is not
attributed to the solvent properties of DESs. The hydrogen-bonding structure of DES forms
at concentrations above 50% w/w, which corresponds to around 4-5 M DES, depending on
the specific DES used(Ferreira et al. 2021). Therefore, a DES3 concentration range of 55-
547 mM was selected for bioelectrochemical experiments.
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Figure 4.4 The growth behavior of B. subtilis was monitored over 48 hours at different
mass concentrations of DES (A), ChCI (B), Glycerol (C). While Gly alone had little effect
on growth, its combination with ChCI significantly promoted growth. Control tests
conducted with 50 uM 2-HNQ demonstrated no influence on cell growth (D).

4.3.2 Biofilm analysis-crystal violet

Since electroactivity relates closely to biofilm concentration(Koch and Harnisch 2016)
(Viti et al. 2014)(Paquete et al. 2022a)(Naradasu et al. 2020)After 48 hours of growth, the
biofilm was quantified using crystal violet. Whereas DES3 has a negative or slightly
positive effect on biofilm concentration at all investigated concentrations, ChCl at
concentrations more than 36 mM considerably increases biofilm biomass, whereas Gly has

a smaller effect (Figure 4.5).
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Figure 4.5 Concentration of Biofilm at varying concentrations of DES3 and DES3
components in CDM and NB nutrient mediums. ChClI elevates biofilm concentration by
50% in NB and nearly 500% in CDM.

Overall, biofilm quantification shows that ChCl increases both planktonic growth and B.

subtilis attachment on graphite electrodes.

4.3.3 Bioelectrochemical analysis

Bioelectrochemical analysis conducted with B. subtilis cells at an optical density of 0.5
(OD600) cultured at 37 °C under an oxidative potential of 0.4 V (vs. Ag/AgCl) showed
that the introduction of DES3 delays the onset of current but increases the peak current
(Figure 4.7). The highest charge output (Figure 4.6) was observed with the addition of
ChCl at concentrations of 36 and 73 mM, followed by Gly at 73 and 146 mM, and DES3
at 110 and 219 mM. The charge output produced by ChCl was notably higher than that
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achieved with 50 uM of 2-HNQ, suggesting that ChCl has a distinct role in the extracellular
electron transfer (EET) process. The charge output of B. subtilis grown in NB with DES3
and its components (Gly and ChCl) did not show a significant difference when mixed into
NB without heating at equivalent concentrations (Figure 4.8). Differential pulse
voltammetry (DPV) analysis of the cell-free supernatant showed prominent peaks at E =0
V. The addition of standard menadione solutions increased in peak intensity, indicating
that these peaks are likely linked to the presence of extracellular menadione (Figure 4.10).
Further research is needed to elucidate the distinct roles of menadione and riboflavin in B.
subtilis electroactivity when exposed to choline and choline-based deep eutectic solvents
(DESS). In studies supplemented with 55,110, and 547 mM DES3, a significantly lower
charge output of 3.73+0.74, 3.11+1.42, and 2.27+£2.18 mC was reported, indicating that a
bioavailable nitrogen supply is required to induce electroactivity under the challenging
situations that result from the presence of Gly and ChCI. As noted earlier, adding DES at
high dilutions (less than 1 M) is unlikely to result in any significant changes to the
hydrogen-bonding structure of the solvents. A control experiment with pure ChCl and Gly
mixed in the NB medium at the same concentration as DES3 showed no substantial
difference in charge output, confirming that the solvents had minimal influence on

electroactivity within the tested concentration range (Figure 4.9).
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Figure 4.6 Electrochemical charge outputs of B. subtilis after 48 hours of cultivation in
NB medium modified with DES3 and its individual components.
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Figure 4.7 Chronoamperometric results in the presence of various concentrations of DES3
and the HNQ mediator.
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Figure 4.8 The charge output of B. subtilis grown in NB with DES3 and its components
(Gly and ChClI) did not show a significant difference when mixed into NB without heating
at equivalent concentrations.
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After 48 hours of growth, differential pulse voltammetry (DPV) was employed to assess
the redox-active species within the bioelectrochemical system (Figure 4.9). The analysis
revealed two prominent peaks: a lower potential peak at 0.1 V, which likely corresponds
to cell biomass and remained unaffected by the addition of Gly, and a higher potential peak
at 0.2 V, which is probably associated with the metabolism of ChCI. Additionally, a smaller
peak at -0.1 V was observed in experiments with 219 and 547 mM of DES3 (Figure 4.9),
potentially indicating the toxicity of DES3 at these concentrations. This peak could be
linked to partial cell lysis and the release of intracellular enzymes or other redox-active
compounds. It is also possible that the low-potential peak is due to a redox mediator
generated by DES3. However, chronoamperometry (CA) measurements at 0 V showed no
current or charge output, suggesting that electron transfer processes were not feasible at
this potential (Figure 4.11). Consequently, it can be inferred that the peak observed at -0.1
V, which appeared infrequently at 219 mM and more frequently at 547 mM DES3, likely
results from partial cell lysis or cellular damage rather than indicating electron transfer at
low potential. This interpretation is corroborated by the observed decrease in charge output
at 219 mM, particularly at 547 mM DES3. Overall, the DPV data (Figure 4.9) indicate that
while both ChCI and Gly enhance the electroactivity of B. subtilis, their combined effect
diminishes, particularly at higher concentrations such as 547 mM. The position and
intensity of the peak at 0.1 V suggest that the addition of Gly enhances electroactivity,
likely due to increased cell electroactivity rather than the presence of additional redox-
active species. Gly does not significantly affect biofilm biomass or planktonic cell
concentration. Therefore, Gly appears to enhance the electroactivity of B. subtilis cells
specifically. Conversely, the increase in electroactivity with ChCl addition results from a
combination of planktonic and biofilm growth as well as specific electroactivity, as
indicated by the peak at 0.2 V. This peak is similar to that observed with 2-HNQ,
suggesting the formation of quinone or hydroquinone during the metabolism of ChCl and
Gly.

The electrochemical signature of the supernatant is radically different from that of the
biofilm (Figure 4.10). No peak was observed at a potential higher than 0 V, indicating that

the EET process is due to redox active species in the biofilm and not in the supernatant.
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Initial experiments were carried out to identify the redox-active species in the supernatant.

The addition of 10 pM menadione (2-Methyl-1,4-naphthoquinone) to cell-free supernatant

increased the baseline current and the main peak height in DES3 219 mM. However, the

peak potential shifts to a more negative value (Table 4.2). Thus, it cannot be concluded that

menadione is responsible for increased EET in B. subtilis added with a small concentration

of DES3. However, further research is needed to determine the nature of the hypothesized

redox mediator(s). Selected DPV curves of supernatants after 48 h of growth at 0.4 V vs.

Ag. Also presented in Appendix 4.5:
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Figure 4.9 presents Representative differential pulse voltammetry (DPV) curves of
B. subtilis after 48 hours of growth at 0.4 V. The curves have been adjusted for
clarity and readability
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Figure 4.10 Selected DPV curves of supernatants after 48 h of growth at 0.4 V vs. Ag.
Baselines are translated along the y-axis to increase readability.

Table 4.2: Potential and height of the main peak in the cell-free supernatant.

Menadione (uM) DES3 219 mM ChCl 73 mM

Peak potential Peak  height Peak potential Peak  height

V) (HA) V) (LA)
0 -0.204 133 -0.161 35.2
10 -0.227 23.0 -0.149 311
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Figure 4.11 Charge output from B. subtilis cultured in DES3 and NB was measured
on electrodes maintained at 0.4 V and 0 V over 48 hours. Negligible charge output
was observed at 0 V.

4.3.4 HPLC analysis

The cell-free supernatant was characterized through HPLC (Figure 4.12, Figure 4.13). A
peak near the elution time of standard riboflavin was detected in the supernatant of B.
subtilis grown with 219 mM DES (Figure 4.12), and a peak near the elution time of
standard menadione was detected in the supernatant of B. subtilis grown with 36 mM ChCl
(Figure 4.13). Results confirmed the presence of these components in the cell-free
supernatant, most likely secreted by B. subtilis. The retention time for riboflavin and
menadione was 3.5 and 10.75 minutes, respectively. While this preliminary

characterization shows the presence of putative redox mediators in the cell-free
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supernatant, it is unclear whether these redox mediators contribute to the increased current
output observed in the DES3-amended and ChCl-amended NB growth medium of B.

subtilis.

In general, HPLC analysis confirmed that Menadione and riboflavin were found in the cell-
free supernatant of B. subtilis cultured for 48 hours in electrochemical cells with 36 mM
ChCl and 219 mM DES3 (Figure 4.12, 4.13). Appendix 4.6 also shows the Menadione
peak in the sample containing 36mM ChCI
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Figure 4.12 Riboflavin peak detection in the sample with 219 mM DES3 (blue trace). The
black trace represents a standard riboflavin sample solution with 183 pM concentration.
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Figure 4.13 Menadione peak detection in the sample with 36 mM ChCl (blue trace). The
black trace represents a standard menadione sample solution with a 55um concentration.

4.4 Discussion
Regarding DES growth, Gly might be used as a supplementary carbon source by bacterial

cells in a booster or diauxic mode, particularly at the outset of nutrient depletion in the NB
medium(Martinez-Gomez et al. 2012). However, this may not be the primary cause of the
unusual growth pattern, as Gly alone did not display the pseudo-diauxic impact on B.

subtilis development.

The growth trend observed in DES3 (110-219 mM) exhibited an initial exponential
increase in biomass for 7-12 hours, followed by a pseudo-diauxic transition to a brief lag
phase, which extended the logarithmic growth phase and led to overall enhanced growth
(Figure 4.4A). The accumulation of Gly within bacterial cells is concentration-dependent,
with concentrations exceeding 0.05 mM potentially inducing bacteriostatic effects due to
intracellular saturation(Schlievert et al. 1992). The high cell growth over time suggests a

synergistic effect of the two DES3 components (Gly and ChCl).

The medium'’s osmolarity drops as the media's nutrients are consumed. This could increase
turgor pressure on bacterial cells, limiting cell reproduction and possibly increasing cell
death. Bacteria have devised several strategies to manage osmolarity and avoid osmotic

shock (Rojas, Theriot, and Huang 2014). Bacteria may balance osmolarity by synthesizing
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compatible solutes such as proline and glycine betaine, which operate as fine osmo
regulators(Kempf and Bremer 1998)(Cesar et al. 2020).

ChCl serves as a precursor to glycine betaine, which B. subtilis uses to regulate cytoplasmic
osmolarity(Kappes et al. 1999). As the nutrients in NB become depleted, extracellular
osmolarity increases, leading to reduced growth of B. subtilis and necessitating an
intracellular osmoregulatory response for survival. Gly acts both as a humectant and as a
carbon source. Its humectant properties help retain water within cells, preventing
dehydration. As a carbon source, Gly is taken up by the cell via facilitated diffusion.
However, its utilization is inhibited in the presence of more preferred carbon sources, such
as glucose, due to the action of the phosphoenolpyruvate phosphotransferase system
(Deutscher, Francke, and Postma 2006).

Depleting primary nutrients in the medium leads to a gradual increase in cell density and
the utilization of Gly as a secondary carbon source, converted into metabolic products to
facilitate ATP production. (Murarka et al. 2008).

The ATP produced through this mechanism may be used by specific ATP-binding cassette
(ABC) transporters to facilitate the uptake of choline into the cytoplasm, thus maintaining
cellular osmolarity (Kappes et al. 1999). For extracellular electron transfer (EET), B.
subtilis utilizes cytochromes and the NAD*/NADH pathway. (L. Chen et al.
2019). Participation of Flavians as a redox mediator has been hypothesized (Higashitsuji
etal. 2007). The ability of DESs to alter membranes or boost mediator-based electroactivity

has yet to be investigated.

Differential pulse voltammetry (DPV) results indicate the involvement of metabolites from
ChCI degradation in extracellular electron transfer (EET), while Gly enhances the specific
electroactivity of Bacillus subtilis biofilms. This observation aligns with previous studies
that demonstrated improved EET in the presence of low concentrations of Gly. (Nimje et
al. 2011). However, the influence of ChCl on biofilm electroactivity has not been

investigated previously.

Glycine betaine is a choline metabolite that can raise the concentration and activity of

cytochrome oxidase, particularly under stress circumstances (Lee 2021), resulting in
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increased electroactivity. glycine betaine acts as an osmoprotectant and modulates
membrane ionic flow in B. subtilis(Cesar et al. 2020). This might explain the observed

electroactivity.

Nicotinamide Adenine Dinucleotide (NAD)(Chini, Tarrag6, and Chini 2017) is a signaling
molecule for EET in B. subtilis, whereas acetylcholine(Stanaszek, Snell, and O’Neill
1977)(Yamada et al. 2005) is thought to have a similar role in other species. These
signaling molecules can be generated extracellularly through choline metabolization.
However, further research is required to verify this strategy. The observed increase in
charge production is most likely due to variations in EET as B. subtilis biofilms adjust to

osmotic shifts in the environment.

4.5 Conclusion
At low concentrations (55 mM), the DES combination choline chloride/glycerol (1:2 mol

mol™) promoted planktonic growth of B. subtilis in NB without affecting its pattern; at

higher concentrations (>110 mM), a pseudo-diauxic growth is observed.

These findings were consistent with choline chloride metabolization when added alone at
18 and 36mM, respectively. Glycerol alone did not affect cell development over 48 hours
or influence the growth curve's shape. The growth curves showed a switching point when
DES and choline chloride were introduced as secondary carbon sources to the system. This
supports the idea that choline chloride might operate as a substitute nutrient or stimulate

the transcription of cell growth regulators.

The DES mixture of choline chloride/glycerol (1:2 mol mol™) had little impact on biofilm
concentration, whereas the independent addition of choline chloride at concentrations >36

mM significantly enhanced biofilm biomass.

Also, glycerol had little influence on biofilm biomass in NB but enhanced it at
concentrations of more than 364 mM in CDM. Overall, choline chloride promotes both

growth and attachment of B. subtilis under the tested electrochemical conditions.

The charge output data demonstrate that B. subtilis electroactivity increases in the presence

of the DES mixture choline chloride/glycerol (1:2 mol mol™) in the concentration range
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55-547mM. The highest charge output was reported when choline chloride was added at
36 and 73 mM.

After adding choline chloride, the charge output was much larger than that of 2-HNQ,
indicating that ChCl plays a unique role in the EET process.

In summary, DESs like choline chloride/glycerol (1:2 mol mol™) can be introduced into
growth media at non-toxic levels to enhance the electroactivity of the weak electricigen B.

subtilis.

Although the observed impact is attributed to the components of DES rather than their
solvent characteristics, non-toxic DES formulations could likely be employed at higher
concentrations to enhance extracellular electron transfer (EET) between biofilms and
electrodes.
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Chapter 5. Osmoregulation by Choline-based deep Eutectic
Solve (DES) induces electroactivity in Bacillus subtilis biofilms

This chapter is adapted from my following research paper:

Eghtesadi, N., Olaifa, K., Pham, T. T., Capriati, V., Ajunwa, O. M., & Marsili, E.
(2024). Osmoregulation by choline-based deep eutectic solvent induces electroactivity in
Bacillus subtilis biofilms. Enzyme and Microbial Technology, 180, 110485. (Scopus
Percentile: 79%, Q1)

https://doi.org/10.1016/j.enzmictec.2024.110485

The previous chapter demonstrated that incorporating compatible solute precursors, such
as choline chloride (ChCl), into the growth medium enhances current output and biofilm
formation in Bacillus subtilis. In this study, a low-carbon tryptone-yeast extract medium
supplemented with salts was used to subject B. subtilis to salt stress and investigate the
osmoregulatory and nutritional effects of a D-sorbitol/choline chloride (ChCI) (1:1 mol
mol™!) deep eutectic solvent on biofilm electroactivity. The results indicate that the
presence of ChCl and D-sorbitol alleviates osmotic stress caused by NaH.PO4 and KH2PO.
salts while significantly promoting biofilm production. This is likely attributed to ChCl's
osmoprotective function, as it serves as a precursor to the osmoprotectant glycine betaine,
and its role in stimulating the production of electroactive exopolymeric substances within
the B. subtilis biofilm. Given that high ionic strength media are frequently utilized in
microbial biotechnology, the combination of ChCl-containing deep eutectic solvents with
salt stress could enhance biofilm-based electrofermentation processes, offering significant

advantages for biotechnological applications.

5.1 Introduction
Extracellular electron transfer (EET) refers to the transfer of electrons between

microorganisms and an externally charged surface or material. Electroactive substances
can serve as electron acceptors or donors for metabolic processes affecting the transport of
nutrients and other molecules across the bacterial cell membrane. Electron transfer
pathways can occur via (i) a direct pathway, which involves utilizing protein structures that
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are attached to the surface, such as bacterial nanowires, pili, filaments, and multiheme
cytochromes, or (ii) an indirect pathway, which involves the use of redox mediators that
can either be soluble or membrane-bound. Weak electricians are likely more adapted to the
use of soluble electron acceptors(Kato 2016)(T. H. Lan et al. 2018)(Chai et al.
2018)(Sasaki et al. 2014).

Microbial Electrochemical Technology (MET) is one of the areas that uses electricigens
for energy recovery and bioelectrosynthesis(Rabaey et al. 2009)(Schrdoder et al. 2015).
MET aims to manipulate the metabolism of electricigens by applying electrochemical
potential or current at electrodes that serve as electron acceptors or donors, thereby
increasing the production of platform chemicals(Rabaey and Rozendal 2010), active

pharmaceutical(Cantillo 2022) ingredients, and biopolymers(Bajracharya et al. 2016).

Bacillus subtilis is a Gram-positive spore-forming bacterium with versatile and adaptable
bioprocess applications due to its ability to produce industrial interests, including
extracellular enzymes, proteins, and secondary metabolites. The unique features of B.
subtilis, such as the ability to grow in harsh environments and its well-developed protein
secretion system potential for secreting large amounts of proteins such as enzymes and
antimicrobial peptides, make it an attractive host for biotechnological applications like
drug discovery, food processing, agricultural and pharmaceutical production(Duanis-
Assaf, Steinberg, and Shemesh 2020)(L. Chen et al. 2019).

Recent investigations on potentiostat-controlled electrochemical cells have revealed that
B. subtilis has weak electricigen characteristics, producing just a small current when
exposed to oxidizing potential(L. Chen et al. 2019)(Doyle and Marsili 2018a). B. subtilis
can also secrete outer membrane cytochromes (Omc) and membrane-bound flavins, known
as redox-active molecules in EET mechanisms(Bruce E. Logan et al. 2019b)(Yin et al.
2019).

The growth of B. subtilis at set electrochemical potential can affect the metabolic activity
of B. subtilis and increase the yield of high-value metabolites, such as alkaline proteases,
biopolymers, biosurfactants, and antimicrobial peptides under electrofermentative
conditions(Eric M Conners et al. 2022)(Gu et al. 2018)(Su et al. 2020). However, a close
interaction between the microorganisms and the electrodes is required to boost the EET
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rate and get an effective MET process(Xiao and Zhao 2017). For this purpose, the
immobilized microorganisms should be used(Viti et al. 2014). Cells can be immobilized
using a coating incorporating living microorganisms in a biocompatible, conductive

polymeric matrix(Mehrotra et al. 2021).

By Immobilization, it is possible to control the concentration of microorganisms and
coating thickness. (Berillo, Al-Jwaid, and Caplin 2021). However, it requires careful
optimization and is susceptible to the biodegradation of the polymer(Flemming et al. 2016),
which leads to lower activity and mechanical detachment of the coating(Sultana, Babauta,
and Beyenal 2015).

Biofilm production is an inherent process that could be facilitated by adjusting the medium
composition, nutrient content, and temperature. However, because biofilms are complex
and dynamic systems, achieving consistent coating thickness and function over time is
challenging(Angelini et al. 2009)(Nguyen et al. 2020).

Biofilms are aggregations of microorganisms that adhere to a surface and are enveloped
within a self-produced matrix (EPS). Extracellular polymeric Substances (EPS), the main
component of biofilm structure, play a pivotal role in the extracellular electroactivity
mechanism. (Fathollahi and Coupe 2021)The EPS layer, as a main product of
bioelectrochemical systems, is not only a shielding for the cells from the surrounding
environment, which serves carbon and energy sources for biofilm, but also many
components of the EPS matrix, such as polysaccharides, proteins, nucleic acids, and lipids,
are redox active or electrochemically active and could possess semiconductive properties
that facilitate the transfer of solutes in the defined extracellular, and stabilize protein
complexes which may act as electron conduits through the biofilm (Kostakioti,
Hadjifrangiskou, and Hultgren 2013)(Xie et al. 2023)(Isaac et al. 2017)(Luo et al. 2015).

Biofilms are exposed to local-scale dispersal in the presence of specific physicochemical
stress or under flow conditions and in continuous processes(Kostakioti et al.
2013)(Angelini et al. 2009).

Several studies have determined the effect of contaminants and pollution, such as heavy

metals (Fathollahi and Coupe 2021) and organic compounds at sub-inhibitory
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concentrations, on biofilm development and dispersal (Zhou et al. 2022)(Tuck et al.
2021). Inelectro-fermentation (EF) procedures, stimulating biofilm formation is predicted
to boost EET and, as a result, enhance the rate of biosynthesis of high-added value
compounds(Eghtesadi et al. 2022). EET rate has been enhanced through several strategies,
including physical and chemical pretreatment of the inoculum source, amendment of the
growth medium with specific nutrients, media optimization, and biofilm engineering(Luo
et al. 2015)(S. Chen et al. 2019)(Chiranjeevi and Patil 2020). EET rate can also be
improved by increasing the conductivity of the growth medium, for example, by adding
salts. Salts, on the other hand, can influence the membrane potential of microorganisms
and decrease metabolic activity(Rath et al. 2016). Therefore, novel media formulations that
protect biofilms from osmotic stress are worth investigating.

Deep eutectic solvents (DESS) are a new emerging class of solvents comprised of a mixture
of hydrogen bond acceptors (HBAs) and hydrogen bond donors (HBDs). Many DES
compositions with various applications are available due to their feasibility for customized
design(Abbasi et al. 2022)(Pandey et al. 2017). DESs are broadly substituted by toxic and
volatile organic compounds (VOCs) in many biotechnological and biomedical
processes(Pandey et al. 2017), such as photosynthesis reactions and
bioelectrochemistry(Belviso et al. 2021). Besides several other characteristics, high
biodegradability, non-toxicity, low cost, low volatility, and eco-friendliness make them an
attractive candidate to replace them with conventional ionic solvents(Hansen et al.
2021)(Mbous et al. 2016).

The ability of choline chloride: glycerol (1:2 mol mol!) DES composition to boost the
electroactive performance of B. Subtilis biofilms was studied in our previous
work(Eghtesadi et al. 2022). The DES mixture was found to increase the planktonic
growth, biofilm formation, and electroactivity of the B. subtilis at specific concentrations.
The increase in planktonic growth was most likely due to the nutritional effect of Choline
Chloride (ChCI) as a substitute carbon source. Biofilm biomass enhancement was most
likely due to ChClI being a precursor of glycine betaine(Boch et al. 1996)(Kapfhammer et
al. 2005). This compatible osmolyte likely plays an essential role in osmoregulation and
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also seems to enhance the electroactivity through ionic flow and induce transmembrane
potential(Wargo 2013)(Venkova et al. 2017)(Kay 2017).

Environmental salinity is an effective parameter in biofilm development. Under salt-stress
situations, EPS production may be boosted as a protective strategy for bacterial cells,
helping them to survive osmotic stress(Yin et al. 2019)(Gregory and Boyd 2021). Glycine
betaine synthesis is one the initial responses of B. subtilis to osmaotic stress. In high salinity
conditions, synthesizing glycine betaine osmoprotectant might control the ionic membrane
flow of B. subtilis and boost its cytochrome oxidase activity, resulting in enhanced
electroactivity(Lee 2021)(Wargo 2013)(Bremer and Kramer 2019)(Strem 1998).

In the current study, planktonic growth, biofilm formation, and the improvement in
electroactive performance were studied in the presence of a deep eutectic mixture (DES)

of D-sorbitol/ChCI (1:1 mol mol™) and its components) at non-toxic concentrations.

It was found that the presence of DES as a mixture and its components could enhance
biofilm formation. EPS, as the main structure of the biofilm in B. subtilis, is capable of
producing membrane-bound cytochrome- ¢ and flavin and facilitating and boosting the
extracellular Electron Transfer process (EET)(Li et al. 2016)(Olar, Badea, and Chifiriuc
2022)(Epstein 2003). This, in turn, could enhance the electroactivity of the B. subtilis.

To find the optimum condition for electroactivity enhancement, planktonic growth, and
biofilm formation were studied in the presence of two selected salts at low concentrations
(less than 5%) and Glycine betaine as an osmoprotectant that B. subtilis could synthesize
in the presence of ChCI. Salinity conditions up to a certain level could enhance biofilm
formation to protect the cell from the lysis. Redox-active components of EPS structure in
the biofilm could enhance the electroactivity. Also, adding glycine betaine to the system
or its synthesis in the presence of ChCI in the environment could regulate the ionic
exchange activity of the membrane and enhance the electroactivity of the B. subtilis.
Results confirmed that the direct addition of Glycine betaine to electroactivity

enhancement is higher than when it is synthesized due to its precursor ChClI.
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5.2 Materials and Methods

5.2.1 Materials

A chemically defined Tryptone-Yeast (TY) medium (Tryptone 20 g/L, Yeast extract 6.7
g/L) with a pH adjusted to 6.5 was employed as a nutrient medium. This medium was then
modified with a biocompatible deep eutectic solvent (D-sorbitol/ChCI (1:1 mol/mol)), its
components (choline chloride (ChCI) and D-sorbitol), two inorganic salts (NaH2PO. and
KH:PO4), and a compatible solute (anhydrous betaine ((CHs)sNCH2CO-)). All media were
prepared using deionized water and sterilized at 121 °C and 104 kPa for 20 minutes.

The chemicals used were of analytical grade and sourced from Sigma Aldrich and Thermo
Fisher Scientific, Kazakhstan, following the manufacturers’ guidelines. B. subtilis ATCC
6051 was sub-cultured and maintained on TY medium at 37 °C throughout the
experiments. Electrochemical studies employed Screen-Printed Carbon Electrodes (SPE)
with a 4 mm diameter graphite working electrode (WE), graphite counter electrodes (CE),
and Ag pseudo-reference electrodes (Metrohnm-Dropsens SPE Ref. C110). All
electrochemical potentials are reported relative to the Ag pseudo-reference electrodes. The
electrochemical experiments were conducted in 10 mL methacrylate cells with an 8 mL

working volume.
5.2.2 Bacterial growth curves

The growth curves of Bacillus subtilis at varying concentrations of choline chloride (ChClI),
D-sorbitol, their eutectic mixture (DES), and their simple combination in response to
different concentrations of monosodium phosphate (NaH2PO.) and monopotassium
phosphate (KH2PO.) salts in TY medium, were measured using 48-well flat-bottom plates
and analyzed with a Gen5™ Microplate Reader and Imager Software (BioTek

Instruments).

Absorbance was measured at 570 nm (ODs70), and experiments were performed in three
dependent biological replicates, with results presented as the mean + standard deviation
(SD). The concentrations of ChClI, D-sorbitol, and their eutectic mixture varied from 5 mM

to 6210 mM. The components were dissolved in the prepared TY medium for each
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experiment and then sterilized using a 0.2 um filter. Each well in the 48-well plate was
filled with 1 mL of the solution. The incubation temperature and time were 37 °C and 48
h, respectively. For inoculum, 10 mL of fresh overnight culture were grown in 50 mL
volume sterilized tubes with caps closed for 16 h at 37 °C, under constant agitation (180
rpom), and the resulting bacterial suspension was used as inoculum. The wells were
inoculated with ODs7 = 0.1, which was earlier determined to be approximately 10°
colonies forming units (CFU) per mL. Four dependent biological replicates (i.e., four

wells) were analyzed for each experimental condition

5.2.3 Biofilm assay

The crystal violet assay was employed for semi-quantitative biofilm detection formed in
the microtiter plate wells at the end of the growth curve determination described in
Section 3.3.

Following the 48-hour incubation period, the wells were gently emptied of unattached cells
and media, and the microtiter plates were air-dried for 15-20 minutes at room temperature.
Next, 1000 puL of 0.1% crystal violet solution (Crystal Violet, ACROS organics) was added
to each well, and the plates were incubated at room temperature for 15 min. Next, 1000 pL
of 33% acetic acid in water was added to each microtiter plate well and incubated at room
temperature for 10-15 minutes to solubilize the biofilm-bound crystal violet dye.
Subsequently, the solubilized crystal violet was transferred to a new microtiter plate, and

the ODs70 was measured using a Gen5TM Microplate Reader and Imager Software

(BioTek Instruments). Four dependent biological replicates (i.e., four wells) were analyzed

for each experimental condition.

5.2.4 Microscopy analysis

At the conclusion of the experiment, biofilms formed on selected screen-printed electrodes
(SPEs) were visualized using an Axio Zoom.V16 microscope (Carl Zeiss). After 48 hours,
the electrodes were extracted from the electrochemical cells and immersed in a 0.1% (w/v)
crystal violet solution for 1 hour. The SPEs were then rinsed by immersing in deionized

water to remove excess stains and allowed to air dry. The stained biofilms were examined
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under 25x magnification, and the biofilm coverage on the SPE surface was quantitatively

analyzed using MATLAB code developed by our research team.

5.2.5 HPLC analyses (Riboflavin detection in the supernatant)

The riboflavin concentration in the supernatant was collected immediately after
bioelectrochemical experiments. Cell-free supernatants were collected, sterile filtered, and
subsequently injected into the HPLC system (Accela 600, Thermo Scientific, USA). All
the preparation steps and equipment settings were identical to those described in Chapter
Four (section 4.2). The riboflavin concentration was then quantified from the peak at 3.7
min. Four independent biological replicates (i.e., four electrochemical cells) were analyzed

for each experimental condition.

5.2.6 Determination of riboflavin in the supernatant using UV-vis spectrophotometry

After electrochemical experiments, the riboflavin concentration in the supernatant was
determined through UV-visible spectrophotometry. The supernatants were collected and
centrifuged in ultra-clear tubes at 20000 rpm for 30 min at 4 °C. The samples were then
filtered using sterile 0.22 pm filters to obtain cell-free supernatant. The absorbance of the
collected sample was then measured at 440 nm sing SmartSpec™ 3000 Spectrophotometer
(Bio-Rad Laboratory automated Multiscan EX reader Lab systems)(Chu et al.
2022)(Bartzatt and Wol 2014). Four dependent biological replicates (i.e., four
electrochemical cells) were analyzed for each experimental condition.

5.2.7 Bioelectrochemical analysis

In all electrochemical experiments, screen-printed carbon electrodes (SPEs) with a 4 mm
diameter and a 0.126 cm2 carbon working electrode (WE), carbon counter electrode (CE),
and Ag pseudo-reference electrode (Metrohnm-Dropsens SPE Ref. C110) were employed.
All reported potentials are relative to the Ag/AgCl pseudo-reference electrode. The
electrochemical experiments utilized 10 mL polymethacrylate electrochemical cells with a

working volume of 8 mL. Chronoamperometry (CA) and differential pulse voltammetry
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(DPV) were conducted sequentially to investigate the electrochemical activity of Bacillus
subtilis in the presence of the chemicals outlined in Section 2.1, using a VSP multichannel
potentiostat (Bio-Logic, France). Prior to each experiment, the SPEs were surface-
sterilized with 70% (v/v) ethanol, rinsed twice with sterile deionized water, and air-dried
in a sterile Petri dish within a fume hood. The electrochemical cells were maintained at 37
°C using a dry steel bead bath throughout the experiments.

For the CA, the WE were set at 0.4 V for 48 h. For DPV, parameters were set as follows:
Ei=-0.4Vand Ef =0.4 V, pulse height 50 mV, and pulse time 200 ms. Each experiment's
cumulative charge output (mC) was also calculated by integrating the current output with

time using EC Lab® software (Biologic, France).

5.2.8 Statistical Data Analysis

The statistical significance of biofilm formation for each treatment (n=4) under varying
experimental conditions was assessed using one-way ANOVA, followed by Tukey's post
hoc test. Prior to conducting the post hoc analysis, the normality of the data distribution
was evaluated using the Prism Normality and Lognormality test. Results were expressed
as mean values * standard deviation (SD), and all statistical analyses were conducted at a
significance level of 0.05. Data analysis was performed using Prism and Origin 8.5

software.

5.3 Results

5.3.1 Planktonic Growth Results

The addition of D-sorbitol/ChCl (1:1 mol mol ™) DES in the range of 20-200 mM increased
maximum growth and prolonged the growth phase of planktonic cells. The effect was not
considerable. At lower concentrations (< 20 mM), while at higher concentrations (>200
mM), the DES has a toxic impact on planktonic growth (Figure 5.1)

B. subtilis rapidly metabolizes sorbitol with the help of sorbitol dehydrogenase (SDH),
which transforms sorbitol to fructose in cellular metabolism by utilizing NAD" as a

coenzyme. As DES comprises both a carbon source (D-sorbitol) and an Osmo protective
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agent precursor (ChCI) (Brill et al. 2011), experiments were conducted with the separate
DES components at the same quantities to deconvolute their influence on planktonic
development (Figure 5.2 and 5.3). The addition of ChClI to the TY medium slightly boosted
maximum growth and delayed the death phase (Figure 5.2).

Tryptone is a nutrient source lacking in carbohydrates, and introducing ChCl or ChCl-
containing compounds into the medium could help compensate this deficiency while
promoting carbohydrate metabolism.(Eghtesadi et al. 2022).

This subsequently promotes additional growth. Interestingly, there was little to no
difference in the maximum OD570 at all concentrations tested up to 200 mM. However, at
ChCI concentrations of 200 mM and higher, a prolonged stationary phase and a decrease
in maximum ODs70 were observed. The impact of D-sorbitol was minimal at concentrations
below 200 mM.At higher concentrations, the maximum ODs7o declined without
significantly affecting the exponential phase of the growth curve. (Figure 5.3).

The addition of D-sorbitol and ChCI in the same proportions (Figure 5.4) did not
substantially boost the growth rate or maximum growth compared to DES. These results
support a synergistic impact of the components in the form of DES.

When using whole cells of Arthrobacter simplex, the ChCl-urea DES displayed a similar
effect on bacterial viability, membrane integrity, retention of metabolic activity, and the
efficiency of 1,2-dehydrogenation of cortisone acetate.(Mao et al. 2018) Figure 5.1
includes only the selected concentration for clarity. See Appendix 5.1 (a to d) for all the

concentrations tested.
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Figure 5.1 B. subtilis Planktonic growth was monitored over 48 hours at varying molar

concentrations of the DES composed of D-sorbitol and ChCI (1:1 mol/mol).. Number of

independent biological replicates = 4.
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Figure 5.2 B. subtilis planktonic growth was monitored over a 48-hour at various molar

concentrations of ChCIl. Number of independent biological replicates = 4.
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3.0 -
Control (No sorbitol) —— 5 mM sorbitol
1 —— 20 mM sorbitol —— 40 mM sorbitol
2.5 4 —— 80 mM sorbitol — 200 mM sorbitol

| — 621 mM sorbitol

O D 570nm
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Figure 5.3 B. subtilis planktonic growth was monitored over a 48-hour at various molar

concentrations of D-sorbitol. Number of independent biological replicates = 4.
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Figure 5.4 B. subtilis planktonic growth was monitored over a 48-hour at an equivalent

concentration of (D-sorbitol + ChCI). Number of independent biological replicates = 4.

B. subtilis is widely considered a halotolerant bacterium, with some strains tolerating salt
concentrations up to 30% wt/wt (Yin et al. 2019) (Santos and Da Costa 2002; Ji et al.
2022). Furthermore, the addition of a small amount of salt may serve as a source of ions

that are beneficial to many cellular activities (Strathmann 2004).

For NaH2PO4 or KH2PQOg4, concentrations lower than 5% wt/wt enhance the maximum
growth and slow the death rate. However, the lag phase was extended at higher

concentrations, and at 10% wt/wt, the planktonic growth was completely inhibited
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(Figures 5.5 and 5.6). The effects of sub-toxic concentration of DES were tested at two
selected concentrations of NaH2PO4 and KH2POs, one below the maximum tolerance (2%
wt/wt) and one above the maximum tolerance (5% wt/wt) to verify if the additions of DES
could increase B. subtilis growth (Figure 5.7 and Figure 5.8). The results reveal that the
addition of 40 mM DES induces a second growth phase at 11-12 h and delays the onset of
the death phase at 2% wt/wt salt concentrations for both salts but has no considerable
impact at 5% wt/wt salt concentrations (Figure 5.6). (Thayalakumaran, Bethune, and
McMahon 2007).Error! Hyperlink reference not valid. This is consistent with the
osmoprotective effect of ChCl contained in the DES. Results for the wider range of the salt

concentration are presented in Appendix 5.2.
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control (B. subtilis only) ——0.5% NaH2PO4
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Figure 5.5 B. subtilis planktonic growth in the presence of A) increasing concentrations of

NaH2PO4 (wt/wt). Number of independent biological replicates = 4.
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3.0 |
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OD 570nm

time (h)

Figure 5.6 B. subtilis planktonic growth in the presence of increasing concentrations of

KH2PO4 (wt/wt). Number of independent biological replicates = 4.
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Figure 5.7 Planktonic growth of B. subtilis in the presence of A) increasing concentrations
2 and 5 % wt/wt NaH2PO4 with 40 mM DES. Number of independent biological replicates

=4,
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3.5

control (B. subtilis only) 2% KH2PO4
5% KH2PO4 ——DES 40 mM + 2% KH2PO4
3.0 ——DES 40 mM + 5% KH2PO4

OD 570nm

time (h)

Figure 5.8 Planktonic growth of B. subtilis in the presence of 2 and 5 % wt/wt KH2PO4
with 40 mM DES. Number of independent biological replicates = 4.

5.3.2 biofilms results

Increasing the DES concentration in the range tested (5-100 mM) increased biofilm
formation (Figure 5.9). Interestingly, the addition of ChCI had no impact on biofilm
development (Figure 5.10), but D-sorbitol had a favorable effect on biofilm formation only
at concentrations less than 60 mM, with 10 mM demonstrating the highest optical density

value (Figure 5.11).
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Although lower concentrations of D-sorbitol (<60 mM) showed an able effect on biofilm
formation, the higher concentrations of D-sorbitol (100 mM) are expected to enhance
osmolarity and reduce nutritional medium water activity (aw) (Schultz 2016; Cesar et al.

2020).
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Figure 5.9 Biofilm formation in the presence of increasing concentrations of DES. Number
of independent biological replicates = 4. %, %%, *x*, %% indicate statistically significant
difference between treated cells and control cells at p<0.05, 0.01<p<0.05, 0.001<p<0.01,
and 0.0001<p<0.001, respectively, following to Tukey’s test from ANOVA.
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Figure 5.10 Biofilm formation in the presence of increasing concentrations of ChCI.
Number of independent biological replicates = 4. *, #x, %%, *%%* indicate statistically
significant difference between treated cells and control cells at p<0.05, 0.01<p<0.05,
0.001<p<0.01, and 0.0001<p<0.001, respectively, following to Tukey’s test from
ANOVA.
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Figure 5.11 Biofilm formation in the presence of increasing concentrations of D-sorbitol.
Number of independent biological replicates = 4. x, %%, %%, *%%* indicate statistically
significant difference between treated cells and control cells at p<0.05, 0.01<p<0.05,
0.001<p<0.01, and 0.0001<p<0.001, respectively, following to Tukey’s test from
ANOVA.

While the presence of NaH2PO4 and KH2PO4 reduces biofilm development at
concentrations of more than 1% wt/wt (Figure 5.12), the addition of betaine alone had no
effect on biofilm formation at concentrations ranging from 5 to 200 mM (Appendix 5.3).
Subsequently, when salt stress was applied under a specific concentration of betaine (40
mM), betaine stabilized biofilm biomass with increased concentrations of 1-2% (wt/wt) of
NaH2PO4 and KH2POs salts.
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Furthermore, the addition of 40 mM betaine to a medium containing 2% KH2PO4 (wt/wt)
could increase biofilm development (Figure 5.13). This increase, however, was not
detected for 2% NaH2PO4 (wt/wt). This indicates that betaine treatment has an ion-

dependent (Na vs. K ions) effect on biofilm formation.

3.5

25+

20+ ns ns

OD5TD nm

05 L ) ok ook ok
0.0 1 1 1 | | 1 1 1 1 1 1
> ] De > D > > ] ] I
L O O @) O O O ) O O O
%‘b %’b \gb {a % [} o\k-' Q\(:&- Q\G\k- Q\G\k- Q\D\L-'
06\0 e g e \@‘P S N AN ~ M\

Figure 5.12 Biofilm formation in the presence of NaH2PO4 and KH2PO4.Number of
independent biological replicates = 4. #, x, ®%x, %% indicate statistically significant
difference between treated cells and control cells at p<0.05, 0.01<p<0.05,
0.001<p<0.01, and 0.0001<p<0.001, respectively, following to Tukey’s test from
ANOVA.
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Figure 5.13 the effect of betaine and salts on biofilm formation. Number of independent
biological replicates = 4. *, »#, %**, %% indicate statistically significant difference
between treated cells and control cells at p<0.05, 0.01<p<0.05, 0.001<p<0.01, and
0.0001<p<0.001, respectively, following to Tukey’s test from ANOVA.

The effect of DES and its components at 40 mM concentration on B. subtilis biofilm
formation in the presence and absence of NaH2PO4 and KH2POx4 salts differ (Figure 5.14
to Figure 5.16). DES and ChClI increase slightly the biofilm formation in the presence of
salts at 1 and 2% (wt/wt), while the effect of sorbitol is much stronger, although it does not

change between 1 and 2% (wt/wt) of salt.
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Figure 5.14 Effect on biofilm formation of ChCl and salts. The number of independent
biological replicates = 4. *, %x, ®%%, **%* indicate a statistically significant difference
between treated cells and control cells at p<0.05, 0.01<p<0.05, 0.001<p<0.01, and
0.0001<p<0.001, respectively, following to Tukey’s test from ANOVA
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Figure 5.15 Effect on biofilm formation of DES and salts. The number of independent
biological replicates = 4. *, %x, *%%, **%* indicate a statistically significant difference
between treated cells and control cells at p<0.05, 0.01<p<0.05, 0.001<p<0.01, and
0.0001<p<0.001, respectively, following to Tukey’s test from ANOVA
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Figure 5.16 Effect on biofilm formation of sorbitol and salts. The number of independent
biological replicates = 4. =, *%, *x%, ***% Indicates a statistically significant difference
between treated cells and control cells at p<0.05, 0.01<p<0.05, 0.001<p<0.01, and
0.0001<p<0.001, respectively, following to Tukey’s test from ANOVA.

5.3.3 Bioelectrochemical results

DPV was conducted to investigate the redox-active species produced in bioelectrochemical
experiments (Appendix 5.5). The highest peaks were observed at the potential between
0.03 and 0.1 V, and the peak current increased at 48 h due to the accumulation of redox-

active species in the biofilm grown on the SPE surface (Figure 5.22). However, in samples
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containing 40 mM ChCI and above, the peak potential shifted to a more positive potential
(Appendix 5.5A).

Overall, the DPV results show that adding a pure organic Choline Chloride (ChClI)
compound, either independently or in the form of ChClI-containing Deep Eutectic Solvents
(DES), to B. subtilis increases the biofilm's electroactivity. This is likely due to the
increased production of biofilm EPS. (Li, Kong, and Wu 2021) Or the involvement of
metabolites from ChCI degradation in EET. Electrical stimulation at 0.4 V vs. Ag/AgCl
could enhance ionic flux, transmembrane potentials, and electroactive EPS production at
high salinity conditions.

The results of the bioelectrochemical experiments at 0.4 V confirm that adding DES and
NaH2PO4 salts can delay the onset of current and increase the maximum current produced
(Figure 5.17). The highest charge output (Figure 5.18) was observed upon the addition of
DES 40 mM and ChCl 40 mM + NaH2PO4 2% (wt/wt), respectively, which is consistent
with the biofilm amount detected on the working electrode of the SPE.

The highest peaks were identified at the potential between 0.03 and 0.1 V, and the peak
current increased at 48 h, most probably due to the accumulation of redox-active species
in the biofilm grown on the SPE surface (Appendix 5.6). However, in samples containing
40 mM ChCl and above, the peak potential shifted to a more positive potential (Appendix
5.7). Electrical stimulation at 0.4 V vs. Ag/AgCl might increase ionic flow, transmembrane

potentials, and electroactive EPS production at high salinity conditions.
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Figure 5.17 Chronoamprometry (CA) output for B. subtilis after 48 h growth at 400 mV

in TY medium.
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Figure 5.18: cumulative charge output for B. subtilis after 48 h growth at 400 mV in TY

medium.

5.3.4 UV-VIS spectroscopy analysis

Riboflavin concentration in selected supernatants was assayed by UV/VIS
spectrophotometer as a fast and broadly applicable approach due to the aqueous solubility
of riboflavin. The standard curve was obtained using riboflavin detection with
spectrophotometry protocols (Bartzatt and Wol 2014)(Chu et al. 2022) . The absorbance of
the collected and filtered sample was measured at 440 nm (ODa40). Table 5.1 shows the

standard Calibration data for riboflavin determination by UV-VIS spectroscopy.
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The average value of the four independent biological replicates was fitted to the standard
curve, as presented in Table 5.2 and Figure 5.19 .Comparison of calculated concentrations
from supernatants to those obtained from the standard curve shows a very high statistic
accuracy of R2=0.997. The concentration of secreted riboflavin into the supernatant shows
a higher value for the DES 40mM condition.

We could not track a clear relationship between riboflavin concentration and
electroactivity. This implies that other electron transfer processes within the biofilm are
mediated by the observed EET in the presence of ChCI, DES, and DES components, as

well as concurrent salt stress.
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Figure 5.19 Spectrometric estimation of riboflavin concentration in supernatants
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Table 5.1: Calibration data for riboflavin determination by UV-VIS spectroscopy.

No. Concentration Absorbance Mean

(ppm) S.D (n=3)
1 5 0.144+0.001
2 10 0.255:0.002
3 15 0.380:£0.001
4 20 0.493+0.002
5 25 0.619:+0.004
6 30 0.736:0.005

Table 5.2: Determination of riboflavin concentration in selected supernatant.

Sample  Absorbance Mean Concentration

S.D (n=4) (ppm)
Control 0.641+0.001 26.49+0.04
NaH2PO4 1% 0.487+0.001 19.84+0.06
NaH2PO4 2% 0.513+0.001 20.96+0.05
KH2PO4 1% 0.665+0.002 27.51+0.09
KH2PO4 2% 0.513+0.006 20.96+0.26
DES 20 mM 0.565+0.002 23.22+0.09
DES 40 mM 0.786+0.002 33.73+0.09
ChCl 40 mM 0.467+0.001 18.98+0.05
ChCl 60 mM 0.689+0.002 28.55+0.09
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5.3.5 Microscopy results
Following a 48-hour electrochemical experiment, fluorescence microscopy was employed

to assess biofilm growth on the WE surface (Figure 5.20), with biofilm coverage quantified

using MATLAB (Figure 5.21).

As fluorescence microscopy is a two-dimensional imaging method, biofilm coverage does
not directly correspond to the total biomass on the electrode and is presented here for
qualitative comparison. A significant increase in biofilm coverage is observed with rising
concentrations of DES and ChCl, particularly in the presence of NaH2PO4. This is
consistent with enhanced biofilm formation detected via crystal violet staining on SPE
selected results are presented as Figure 5.22 and with the wider range of data presented in
Appendix 5.8. The results suggest that exopolysaccharides (EPS) are produced to alleviate

osmotic stress.
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Figure 5.20 Biofilm formation on the SPE WE after 48 h CA at 0.4 V in various
conditions. (A) Bare electrode (B) B. subtilis biofilm only (C) B. subtilis biofilm with
20 mM DES (D) B. subtilis biofilm with 40 mM DES (E) B. subtilis biofilm with 40
mM ChCl and 1% wt/wt NaH2PO4 (F) B. subtilis biofilm with 40 mM ChCI and 2%
wt/wt NaH2PO4. All the electrodes were observed under the same condition with a
25x10 lens.
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Figure 5.21 Heat map of biofilm intensity formed on the SPE WE after 48 h CA at 0.4 V
in the presence of various conditions. (A) Bare electrode (B) B. subtilis biofilm only (C)
B. subtilis biofilm with 20 mM DES (D) B. subtilis biofilm with 40 mM DES (E) B. subtilis
biofilm with 40 mM ChCI and 1% wt/wt NaH2PO4 (F) B. subtilis biofilm with 40 mM
ChCl and 2% wt/wt NaH2PO4. All the electrodes were observed under the same condition

with 25x10 lens.
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Figure 5.22 Biofilm on SPE for selected conditions. Number of independent biological

replicates =3.

5.4 Discussion
According to the growth curves ((Figure 5.1 to 5.4), the presence of the DES at a range of

20-200 mM accelerated growth by delaying the start of the stationary phase, particularly
during the transition from exponential to stationary phases. However, both 40 mM and 80
mM DES had the most significant effects on growth because the addition of DES at these
doses resulted in continuous growth throughout a 24-hour period. On the other hand, Figure
5.1 compares 40 mM and 80 mM concentrations and reveals that 40 mM results in the
higher individual OD570nm. This finding agreed with the previous work result that showed

ChCl at a concentration of almost 40mM, which showed the optimum growth and biofilm

102



formation. The impact was not noticeable at lower concentrations (< 20 mM), and higher
concentrations (> 200 mM) of DES showed toxicity to planktonic growth and inhibited the
growth (Figure 5.1). Adding Sorbitol dehydrogenase (SDH) to the growth medium, which
uses NAD™ as a cofactor in cellular metabolism to convert sorbitol to fructose, helps B.
subtilis quickly metabolize sorbitol. The observed pattern for DESs in the range of 20 to
200mM was not observed when individual components of the DES were used (figures 5.2
and 5.3).

Growth in the presence of DES was primarily seen during the transition from the
exponential phase to the stationary phase by delaying the onset of the stationary phase.
This pattern was not observed with the individual DES components, where growth rapidly
declined and the stationary phase transitioned more quickly. This suggests a distinct benefit
of eutectic solvents for bacterial growth compared to simple mixtures of the same
individual components, as the eutectic mixtures are combined at specific ratios and
temperatures below the melting points of the individual components. Since tryptone is a
nutrient source lacking in carbohydrates, adding ChCIl or ChCl-containing agents to the
medium may compensate for this deficiency, boosting carbohydrate metabolism and
leading to an overall increase in maximum growth (Figure 5.2). The slight variation in
results observed in this study compared to the findings in the previous work (Chapter 4) is
likely due to differences in growth response to the media used. In the earlier study,
tryptone-yeast extract medium and nutrient broth were utilized. Although both media are
complex, the mineral content may differ, which could account for the minor differences in
how B. subtilis metabolizes ChCl at similar concentrations. The impact of D-sorbitol alone
was minimal at concentrations below 200mM. However, when D-sorbitol and ChCI were
combined in the same proportions as in DES (figure 5.4), the behavior did not replicate
that of DES, suggesting that the synergistic effect of DES components differs from that of

the individual compounds.
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On the other hand, the addition of 40 mM DES as the optimum DES concentration induces
a second growth phase at 11-12 h and delays the onset of the death phase at 2% wt/wt salt
concentrations for both salts but does not show any considerable impact at higher (5%
wt/wt) salt concentrations. (Thayalakumaran, Bethune, and McMahon 2007). This is
consistent with the osmoprotective effect of ChCl contained in the DES compound. The
enhancement of biofilm biomass formation by DES may be linked to the presence of
sorbitol, which acts as a supplementary carbon source and an accessible carbon reserve for
EPS synthesis. In contrast, ChCl helps alleviate osmotic stress in the presence of salts (1-
2% wt/wt), likely due to its role as a precursor for the osmoprotectant glycine betaine.
Additionally, introducing 40 mM betaine into a medium with 2% KH2PO4 (wt/wt) can
further promote biofilm growth (Figure 5.13). This increase, however, was not detected
for 2% NaH2PO4 (wt/wt). This indicates that betaine treatment has an ion-dependent (Na
vs. K ions) effect on biofilm formation.

For NaH2PO4 or KH2PO4, concentrations lower than 5% wt/wt enhance the maximum
growth and slow down the death rate. However, the lag phase was extended at higher
concentrations, and at 10% wt/wt, the planktonic growth was inhibited entirely (Figures
5.5 and 5.6). The combination of NaH2PO4 and KH2PO4 salts and 40 mM DES (D-
sorbitol/ChCl, 1:1 mol mol™) enhances biofilm production in B. subtilis grown under static
anoxic conditions. Also, when salt stress was applied under a specific concentration of
betaine (40 mM), betaine stabilized biofilm biomass with increased concentrations of 1-
2% (wt/wt) of NaH2PO4 and KH2PO4 salts (Figures 5.7 and 5.8).

The results of biofilm formation in the presence of DES were consistent with the planktonic
growth results, which implies the synergy between D-sorbitol and ChCI in promoting
biofilm formation. However, ChCl promoted planktonic growth without causing a
significant effect on biofilms. This may be due to the sensitivity and vulnerability of
planktonic cells to the osmotic variation compared to the cells protected within a biofilm
shield. This effect can occur even in a medium lacking added salt. The osmoprotection
provided by ChCIl predominantly affects individual cells subjected to osmotic stress,
potentially due to changes in cell size resulting from water accumulation and ion flux
across the membrane. These processes are regulated by the activity of osmolytes (Dai and
Zhu 2018).
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D-sorbitol promotes biofilm formation without notably influencing planktonic growth,
making it a suitable additional carbon source for biofilm production. Once absorbed, D-
sorbitol is swiftly converted into sorbitol-6-phosphate by the phosphoenolpyruvate-
dependent phosphotransferase (PTS) sorbitol system. This modified sorbitol is then
integrated into the sugar structure of the extracellular polymeric substance (EPS) within
the biofilm, thereby boosting biofilm production.(Venkova et al. 2017). The combination
of D-sorbitol as an additional carbon source and ChCI as an osmoprotectant precursor
seems ideal for bioprocess application. It is effective in both planktonic growth and biofilm
formation enhancement(Arce-Cordero et al. 2021)(Gregg et al. 2022). D-sorbitol can also
influence the water activity (aw) of the medium by interacting with water molecules through
its ions(Venkova et al. 2017). This interaction may trigger the release of
exopolysaccharides in the extracellular polymeric substance (EPS), serving as the primary
cellular response to unfavorable and stressful environmental conditions. As a result, this
enhances the adhesion of B. subtilis cells to each other and the surface of the
substrate.(Cesar et al. 2020)(Arce-Cordero et al. 2021)(Gregg et al. 2022). Also, EPS
composition shows semiconductive properties and higher production of EPS can improve
the EET rate and electrochemical response(Kapfhammer et al. 2005) (Roychoudhury,
Haussinger, and Oesterhelt 2012). EPS plays an important role in regulating proline-
compatible solute and ion uptake. A direct correlation exists between cytoplasmic activity
and the microbial content of extracellular polymeric substances (EPS), with EPS
overproduction serving as the primary microbial response to water scarcity. The negatively
charged groups in the EPS structure can bind to the cations and prevent the entrance of
positive ions through the membrane(Kapfhammer et al. 2005)(Kapfhammer et al. 2005).
Unlike ChCl, a precursor for betaine, betaine is a basic compatible solute employed by
most bacteria. It primarily affects transmembrane ion flow and membrane potential through
ion-specific regulatory mechanisms that can modulate intracellular pH levels. The addition
of betaine did not alter biofilm formation in the concentration range of 5 to 200 (Appendix
5.3). This is most probably due to the role of betaine as a compatible solute osmoregulator,
which controls the osmaotic stress and avoids significant osmotic changes in the system.
The consistent biofilm results, even in the presence of higher concentrations of Betaine,

could be attributed to this characteristic. Following the introduction of salt stress, betaine
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at a concentration of 40 mM helped stabilize biofilm biomass in the presence of increased
levels (1-2% wt/wt) of NaH2PO4 and KH2PO4 salts. Furthermore, adding 40 mM betaine
to a medium containing 2% KH2PO4 (wt/wt) enhanced biofilm formation (Figure 5.13).
However, this increase was not observed for 2% NaH2PO4 (wt/wt). This signifies an ion-
dependent (Na vs. K ions) influence on biofilm production with betaine treatment.

The impact of DES and its components at a 40 mM concentration on B. subtilis biofilm
formation varies depending on the presence or absence of NaH2PO4 and KH2PO4 salts.
(Figure 5.15).

In the presence of salts at 1% and 2% (wt/wt), DES and ChCI moderately enhance biofilm
formation, whereas sorbitol shows a more pronounced effect. However, its impact remains
consistent between the two salt concentrations. However, the charge output data indicate
that the influence of ChClI on biofilm formation does not directly align with that of betaine
when both are used alongside salts to induce osmotic stress. This discrepancy likely arises
from glycine betaine synthesis from choline in B. subtilis, catalyzed by the GbsB and GbsA
dehydrogenases. Additionally, the presence of betaine in the medium may affect gene
expression, leading to variations in biomass accumulation as part of the osmotic stress

response.

5.5 conclusion

The influence of DES on planktonic growth, particularly at lower concentrations, was
attributed mainly to the pronounced effects of its individual components, sorbitol and
choline chloride (ChCI), when added either separately or together in a solution. While this
suggests that DES's hydrogen bonding could impact planktonic growth, concentrations
above 200 mM inhibited growth. Notably, DES did not alleviate osmotic stress in
planktonic growths. At concentrations above 2% wt. for salts and 200 mM for DES, both
DES and salts inhibit planktonic growth. Bioelectrochemical studies show a slight positive
impact of ChCl on charge output when salts are present. In summary, the findings indicate

that adding ChCl or ChCl-based DES at low levels boosts biofilm formation and reduces
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osmotic stress. This insight may improve bioelectrochemical processes like electro-
fermentation, especially in media with high electrolyte concentrations.

The combination of inorganic salts, specifically NaH2PO4 and KH2PO4, with 40 mM DES
(D-sorbitol/ChClI, 1:1 mol/mol) promotes biofilm production in B. subtilis under static
anoxic conditions. The beneficial effect of DES on biofilm formation is linked to sorbitol,
which serves as an additional carbon source and a readily available carbon pool for EPS
synthesis. In the presence of salts (1-2% w/w), ChCI helps reduce osmotic stress, likely
due to its role as a precursor for the osmoprotectant glycine betaine. However, in the
presence of salts (1-2 % w/w), ChCIl mitigates osmotic stress, likely because ChCl is the
precursor of the osmoprotective agent glycine betaine. The effect of ChCl on biofilm
formation is lower than betaine, likely because the synthesis of glycine betaine from
choline in B. subtilis is mediated by the GbsB and GbsA dehydrogenases. In the 20-80 mM
concentration range, DES significantly impacts planktonic growth, an effect only partially
mirrored when its components, sorbitol and ChCl, are added individually or together in an
aqueous solution. This suggests a possible role of DES's hydrogen bonding in influencing
planktonic growth. However, DES concentrations above 200 mM inhibited growth and did
not alleviate osmotic stress in planktonic cells. Both DES and salts hinder planktonic
growth at concentrations above 2% wt. for salts and 200 mM for DES. Bioelectrochemical
studies show a slight increase in charge output due to ChCl in the presence of salts. Overall,
low concentrations of DES promote biofilm formation and reduce osmotic stress, providing
insights for improving bioelectrochemical processes like electrofermentation in high-

electrolyte media.

5.6 Outcome
Osmoregulation by Choline-based deep Eutectic Solve (DES) induces electroactivity in

Bacillus subtilis biofilms

Neda Eghtesadi, Kayode Olaifa, Tri T. Pham, Vito Capriati, Obinna M. Ajunwa, Enrico

Marsili
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Chapter 6.  Antibacterial Action of Zn2+ lons Driven by the In
Vivo Formed ZnO Nanoparticles

This chapter is adapted from my following research paper:

Vitasovic T, Caniglia G, Eghtesadi N, Ceccato M, Bojesen ED, Gosewinkel U, Neusser
G, Rupp U, Walther P, Kranz C, Ferapontova EE (2024). Antibacterial action of Zn2+ ions
driven by the in vivo formed ZnO nanoparticles. ACS Applied Materials & Interfaces.

10;16(24):30847-59. (Scopus Percentile: 95%, Q1)

This chapter has mainly investigated the effect of different concentrations of ZnO
Nanoparticles and Zn ions on E-coli viability. What is going to be present in the following
pages is a part of the main work that aimed to find an alternative for ZnO as a widely used
antibiotic with unpleasant environmental effects. Here, we found out that Zn** in its ionic
form is an eco-friendlier antibacterial, and its biocidal action is comparable with ZnO NPs
(<100 nm size), with a minimal biocidal concentration being 41 pg ml™! vs. 5 pg ml™! of

ZnO NPs, as determined for 10°CFU ml™! E. coli.

Through complementary experiments, we discovered that the antimicrobial effect of Zn**
ions is primarily linked to their absorption by E. coli and subsequent transformation into
insoluble ZnO nanocomposites within the bacterial cells at an internal pH of 7.7. These in
vivo-formed nanocomposites then compromise E. coli membranes and intracellular
structures by generating insoluble bio-composites, which may initiate characteristic ZnO
reactions harmful to the cells, such as producing reactive oxygen species. This study
reveals a distinct mechanism by which Zn?* ions lead to bacterial cell death. This process
could also apply to other metal ions capable of forming semiconductor oxides and insoluble

hydroxides at the slightly alkaline intracellular pH of certain bacteria.

6.1 Introduction
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The use of antibiotics as antibacterial supplements in livestock presents notable risks and
can result in the spread of antibiotic-resistant bacteria to human health(Ventola 2015).
Moreover, it can disrupt environmental ecology by changing the microbial makeup of the
environment. Over 90% of the antibiotics given to animals can be excreted and end up in
the environment, promoting the buildup of antibiotic-resistant microorganisms.(Bartlett,

Gilbert, and Spellberg 2013)(Bartlett et al. 2013).

Zinc Oxide nanomaterials are good alternatives to antibiotics due to their strong
antimicrobial activity stability and being categorized as safe compounds by the US Food
and Drug Administration (FDA)(Ma et al. 2021)(Youn and Choi 2022). The antibacterial
property of ZnO NPs is mostly associated with their capability to produce Reactive Oxygen
Species (ROS) such as hydroxyl radical (-OH)and Hydrogen Peroxide (H202), which are
capable of oxidative damaging the cellular membrane, DNA/RNA, and proteins(Djurisi¢

et al. 2015)(Qi et al. 2017)(Gold et al. 2018).

Despite their good antibacterial properties, concerns regarding the unpleasant
environmental effect of ZnO NPs and their accumulation in the environment have caused
some legal limitations in the allowed dosage of NPs in animal food(Gold et al. 2018)(Kim
et al. 2022). Zn?" salts, known for their antibacterial activity for almost a century, can be
considered a safer replacement for ZnO NPs in animal nutrition. Antibacterial formulations
composed of Zn*" salts show lower ecotoxicity effects than ZnO NPs(Babich and Stotzky
1978)(Winslow and Haywood 1931).

The following pages investigate the biocidal efficiency of ZnO NPs and ZnCl: against the
Gram-negative bacterium E. coli under identical conditions, avoiding the formation of third

Zn compounds with ions of buffered media, which may obstruct mechanistic interpretation.
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Figure 6.1 Schematic representation of antibacterial action of Zn>" and ZnO nanoparticles
at the environmental pH 7.0.

6.2 Material and Methods

6.2.1 Materials
Anhydrous 3-(N-morpholino) propanesulfonic acid (MOPS-free acid; >99.5%), the

components of Luria- Bertani broth (LB), ZnCI2 (99.999%), and ZnO nanopowder (<100
nm particle size; <100%) were used as received from Sigma-Aldrich, Denmark. The pH of
MOPS buffer was adjusted by adding 1 M NaOH. LB broth used for E. coli cultivation was
prepared by mixing tryptone (10 g I-1), yeast extract (5 g1-1), and NaCl (10 g 1-1), giving
the final pH of 7.0, followed by sterilization in a high-pressure steam chamber at 121°C
for 30 min. The agar plates, used for antibacterial testing, were prepared using the standard
protocol by dissolving 12.5-1.50 g of agar powder (Scharlab S.L., ESP) in one liter of a
sterilized LB medium. The initial freeze-dried E. coli culture, reference strain DH5a
(catalogue no. DSM 6897), was purchased from DSMZ, Germany. All solutions were
prepared using Bio-Cell Milli-Q water (resistivity >18 MQ cm at 25°C, Millipore, Bedford,
USA).
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6.2.2 Bacterial strain
The strain used in this experiment was E. coli ATCC 25955. It was chosen as a model

because it is a recognized biomarker of environmental contamination and infections, yet

it exists in non-pathogenic forms suitable for safe studies using numerous techniques.

6.2.3 Bacteria cultivation
A culture of E. coli was grown in LB broth for 18 h at 37°C, under shaking at 80 rpm in a

shaking incubator Innova 4000 Shaker (New Brunswick Scientific, UK). The overnight
culture was centrifuged for 5 min at 5000 rpm using Eppendorf Mini Spin 5452 centrifuge
(Eppendorf AG, Germany), at room temperature (rt) of 23+1°C. The obtained pellet was
then repeatedly washed and re-suspended in a sterile 20 mM MOPS buffer, pH 7.0,
followed by centrifugation at 5000 rpm for 5 min. Finally, the concentration of bacteria in
the washed suspension was estimated by optical density (OD) measurements at 600 nm
using a UV Mini-1240 UV-VIS spectrophotometer (Shimadzu Co., Japan). For the repeats,
the OD600 was adjusted to 0.2-0.4.

6.2.4 Preparation of the test compound for biocidal activity

ZnCl12: 100 mM ZnCI2 stock solution was prepared by dissolving 68.2 mg of the ZnCI12
a compound in 5 mL of Distilled water (DI), sonicated for 30 minutes to ensure complete
solubility, and thereafter filter-sterilized. Different concentrations ranging from (0.1 mM

to 1 mM) were made from the stock solution and used immediately.

Zn0O: S5mg of ZnO nano-powder was weighted and dissolved in 5 ml of 20 mM MOPS (pH
7.0), sonicated for 30 minutes to ensure complete solubility, and thereafter filter-sterilized
to obtain 1000pg/ml ZnO stock solution. Different concentrations (1 pg/ml to 50 pg/ml)
were made from the stock solution and used immediately. When not used, the stock solution

was kept at room temperature and devoid of sunlight.

Then 0.9 mL of different concentrations of ZnCl2 and ZnO were mixed with 100 pL of
certain cell dilution (approximately 10 6 colonies forming units per mL of E-coli ) in 1.5

mL Eppendorf tubes in quadruplicate. Each well of the 48-well plate was filled with 800uL
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of the aforementioned Eppendorf tube content. The incubation temperature and time were

37 °C and 24 h, respectively, with intervals of 1 h.

6.2.5 Antibacterial activity test of ZnO NPs and ZnClI2 by microbiological culturing

The washed bacterial suspensions were diluted at rt to a concentration of either 10* CFU

ml ! or 107 CFU ml™! using 20 mM MOPS buffer, pH 7.0. Then, 100 uL of the 10* or 10’

CFU m-1 bacterial suspension was added to 900 pl of either the ZnO NP suspension or

ZnClz solution in the same buffer.

To escape ZnO-linked photocatalytic reactions, the resulting E. coli suspensions were

incubated in the dark, at room temperature for 1.5 h, under shaking at 85 rpm. All incubated

bacterial suspensions were ten-fold diluted. Finally, 100 pl of the suspensions were

uniformly spread on the LB agar plates to determine the cell viability. The number of viable

bacterial colonies was counted after 24 h incubation at 37°C, followed by the additional

check after 48 h. Each set of experiments was repeated three times. The cell viability was

expressed as a ratio (%) of colony-forming units (CFU) detected on the plates inoculated

with treated and untreated (control) bacterial suspensions. Figure 6.2 shows the schematic

of the antibacterial activity test.
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Figure 6.2 (a) Schematic presentation of the antibacterial activity test(Vitasovic et al.

2024).
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6.3 Result

The growth curves of E-Coli treated with different concentrations of ZnO and ZnCI2 were
determined in 48-flat-bottomed well plates using CLARIOstar Microplate Reader Pred
Plus Microplate Reader, Germany and (MARS) Data Analysis Software, Figure 6.3 A and
B . All the bacterial growth experiments were performed using a Luria—Bertani (LB)
medium. The bacteria cultivation procedure was exactly the same as what was already
explained in the experimental section. For inoculation, fresh overnight cultures were
prepared in 50 mL sterilized tubes with closed caps at 37°C under constant shaking at 180
rpm and used as the inoculum. The wells were inoculated with an initial OD 600 = 0.1,
which corresponded to roughly 10° colony-forming units (CFU) per mL. Absorbance was
measured at 600 nm (OD 600), and the experiments were performed in four independent

biological replicates, with the results presented as mean + standard deviation (SD).
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Figure 6.3 Planktonic growth of E-coli over 24 h at different concentrations of A) ZnO
NPs B) ZnCI2. Number of independent biological replicates = 4.
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Figure 6.4 Biocidal action of (a, ¢) ZnO NPs (<100 nm) and (b, d) ZnCI2 against E. coli.
Prior to plate inoculation, (1.1 £ 0.2) x106 CFU ml—1 bacterial samples were incubated
with different concentrations of ZnCI2 for 1.5 h, at rt, in the dark and under shaking at 85
rpm. After inoculation, bacterial samples were incubated for 24 h on LB agar plates at
37°C. NB: No further change in the CFU count was observed after 48 h. (c, d) Data on cell
viability are shown as mean values, and standard deviations are for triplicate samples (n
=3). MBC: the minimal biocidal concentration. Due to the high concentration of bacteria
(~106), all biocide-treated samples were diluted 10 times prior to incubation on an agar

plate.

6.4 Conclusion

The biocidal response of ZnO NPs and Zn*' ion towards E. coli was investigated under
identical conditions, excluding their non-specific interactions with media, by
microbiological culturing in the dark. The minimal biocidal concentration of both agents

was lower than previously reported, 5 pg ml™! (or 0.06 mM if totally dissolved) ZnO NPs
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(<100 nm) and 0.5 mM (or 41 pg ml ! if transformed to ZnO) ZnCI2 and comparable with
the internal cellular content of Zn** It seems that the Antimicrobial action of Zn?" ions
correlated with the formation of amorphous ZnO/Zn(OH)x nanocomposites inside the
bacterial cells, triggered by the pH change from pH 7.0 (the external media) to pH 7.7 (the
internal pH of E.coli). This hypothesis was supported by in vitro studies and analysis of in

vivo formed precipitates and their composition, which was done later in this research.

6.5 Outcome
Antibacterial Action of Zn2+ lons Driven by the In Vivo Formed ZnO

Nanoparticles

Toni Vitasovic, Giada Caniglia, Neda Eghtesadi, Marcel Ceccato, Espen Drath Bojesen,
Ulrich Gosewinkel, Gregor Neusser, Ulrich Rupp, Paul Walther, Christine Kranz, and
Elena E. Ferapontova* https://doi.org/10.1021/acsami.4c04682

Chapter 7.  General Conclusions, limitations, and future plan

7.1 General conclusion
This research focused on studying the impact of a selected deep eutectic solvent (DES)

mixture on the growth, biofilm formation, and electroactivity of Bacillus subtilis under
various conditions. Results of the first part of this study showed that at low concentrations
(55 mM) of DES composition containing ChCl compound (choline chloride/glycerol (1:2
mol/mol), this DES mixture enhances planktonic growth without altering the growth
pattern. In contrast, higher concentrations (>110 mM) induce pseudo-diauxic growth. This
behavior was consistent with the choline chloride metabolization that was shown at 18 and
36 mM when the choline chloride was administered alone. On the other hand, neither the
growth curve pattern nor cell growth over a period of 48 hours are significantly altered by
glycerol alone. Interestingly, the DES mixture exhibits negligible effects on biofilm

concentration, while choline chloride independently increases biofilm biomass at
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concentrations exceeding 36 mM. Similarly, glycerol has a minimal impact on biofilm

biomass in a nutrient broth medium.

The study further reveals choline chloride's role in promoting electroactivity within the
DES concentration range of 55-547 mM. Notably, the highest charge output was achieved
with choline chloride additions at 36 and 73 mM, even higher than the effects of 2-HNQ,
implying a unique role of choline chloride in the extracellular electron transfer (EET)
process. These findings suggest that DES formulations, such as choline chloride/glycerol
(1:2 mol/mol), can be incorporated at non-toxic concentrations to bolster the electroactivity

of weak electricigens like B. subtilis.

Based on the findings of the first part of the study, the second part of this research was
mainly focused on the role of ChCl as a precursor of glycine betaine, which is a compatible
osmolyte in osmoregulation and enhancing electroactivity through regulating ionic flow
and inducing transmembrane potential. Moreover, the Osmoprotective effect of ChCl-
based DESs and glycine betaine on B. subtilis was studied. The combined presence of
inorganic salts (NaH2PO4 and KH2P0O4) and 40 mM DES (D-sorbitol/ChCl, 1:1 mol/mol)
enhances biofilm production under static anoxic conditions. The positive impact is
attributed to sorbitol acting as a secondary carbon source and a carbon pool for extracellular
polymeric substance synthesis. Additionally, choline chloride, as a precursor to the

osmoprotective agent glycine betaine, mitigates osmotic stress in the presence of salts.

Bioelectrochemical experiments indicate that choline chloride has a small positive effect
on charge output when salts are present. However, at higher concentrations (above 200 mM
for DES and 2% wt/wt for salts), both DES and salts inhibit planktonic growth, suggesting

that DES does not alleviate osmotic stress on planktonic growth.

In conclusion, the addition of choline chloride or choline chloride-containing DES at low
concentrations enhances biofilm formation and mitigates osmotic stress, offering potential
improvements for bioelectrochemical processes such as electro-fermentation, particularly
in media with concentrated electrolytes. These findings underscore the multifaceted role of
DES in microbial growth and electroactivity, presenting new avenues for optimizing

bioelectrochemical systems.
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The outcomes of this thesis provide an optimistic approach to enhancing B. subtilis
electroactivity and bioproduction of its high-added-value metabolites under
electrofermentative conditions. The addition of DESs to the electrolyte medium as
biocatalysis has a good potential to provide a suitable environment for the

enzyme/substrate reaction, likely due to complex hydrogen bonding.

DESs show promising effects as biocatalysis and provide a suitable environment for the

enzyme/substrate reaction, mostly due to the complex hydrogen bonding of their structure.

7.2 Limitations and recommendations for future work
e Although this research investigated several DESs and their components, future

studies on different DESs and configuration designs could enhance the applicability
and comprehensiveness of this study. Moreover, designing a large-scale
electrochemical system can examine the real-world application of DESs in the
biosynthesis process through whole-cell catalysts.

e Despite the high sensitivity of SPEs in the detection and monitoring of biofilm,
their small surface area may affect the result of biofilm formation and its
comparability with large-scale

¢ Biofilm microstructure could exhibit significant variations between smooth and
porous electrodes, potentially influencing the production of biopolymers and
metabolites. In future work, the effect of electrode surface on the biofilm formation
and electroactivity can be studied.

e A larger surface area is likely to promote greater biofilm formation, consequently
enhancing electrochemical output. Therefore, the current densities of a typical
three-electrode system and an SPE could differ significantly due to variations in
surface area and structural design. The correlation between surface area and

electroactivity enhancement can be investigated in future work.

e Experimental Conditions: The conditions under which the DESs were studied
could be modified. Future studies can explore variations in temperature, pH, and

other environmental factors that could influence their efficacy.
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The molecular mechanisms through which DESs, particularly choline chloride,
enhance electroactivity remain insufficiently characterized. The hypotheses
proposed need further validation through more detailed biochemical and molecular

analyses.

Incorporating in-situ analytical techniques into our research will enable us to
observe the immediate effects of DESs on B. subtilis biofilms, capturing dynamic
processes and transient states that would otherwise be overlooked by ex-situ
methods. This real-time monitoring is crucial for gaining a deeper understanding of
the mechanisms by which DESs enhance electroactivity and for optimizing their
application in biofilm-based electro-fermentation processes. By leveraging the
strengths of both single-entity electrochemical techniques and in-situ analytical
methods, we can achieve a more precise and comprehensive understanding of the

electrochemical and biochemical interactions within B. subtilis biofilms.

Applying a biohybrid electrochemical system setup to immobilize electro-active
microbes within polymer matrices. This method suggests the formation of
homogeneous and robust biofilm on the electrode surface, which is critical in EF
systems. The biofilm can be readily engineered to maintain a thin structure,
maximizing the surface-to-volume ratio. The biofilm formation of B. subtilis can
be enhanced through the application of a biohybrid model. The suggested biohybrid
electrochemical system shows high resistance to oxygen exposure. This system
exhibits a distinctive anoxic zone near the electrode surface, even under rigorous
air sparging conditions, making it particularly advantageous for industrial and

large-scale applications.

Strain engineering of Bacillus subtilis to enhance biofilm formation can be
another promising approach to improve biofilm formation and, consequently,
Electroactivity enhancement. As biofilms could facilitate better electron transfer
and metabolic activity. Genetic modifications can be employed to upregulate genes
involved in biofilm formation, such as those encoding extracellular matrix

components like polysaccharides, proteins, and DNA. Additionally, pathways
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regulating cell adhesion and communication can be optimized to promote robust
biofilm development. The engineered B. subtilis strains can subsequently be
utilized in our system to investigate their potential impact on enhancing

performance outcomes.
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Appendixes
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Appendix 4.1 Comparison between planktonic growth of B. subtilis over 48 h in presence
and absence of 50uM 2-hydroxy-1,4-naphthoquinone (HNQ) as mediator. NB medium
(without bacteria) was used as a negative control. Number of independent biological

replicates = 4.
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Appendix 4.2 Chronoamperometric traces of B. subtilis in the presence of 50% w/w (red

trace) and without DES3 (black trace). Both experiments were inoculated to a final ODeoo

= 1 (approximately 107 cfu mL™). Both growth and extracellular respiration are negatively
impacted at 50% w/w DES3 (red trace).
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Appendix 4.3 Chronoamperometric traces of B. subtilis in NB and CDM medium in the
presence of 110 mM DES3. Current production in the NB was much higher.

Cyclic voltammetry plots of DES 3 treated B. subtilis (110 and 219 mM DES in NB)
showed a pattern of oxidation and reduction cycles that clearly define an electroactive
system. CV plots are good indicators of electroactivity in bacteria as they determine the
various redox peaks from oxidation and reduction cycles. Peak intensity and position are
vital in determining specific electroactivity profile of the organism. The CV plots
(Appendix 4.4) showed a marked increase in cycle width from Oh to 48h, indicating a rise
in electroactivity with increased proliferation of cells. The CV of control experiments
without cells showed no current production as a near zero current output was observed

(purple dashed line). As cells grew, current production increased as subsequently indicated
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in the increased width of the curves. There were also noticeable differences between the
CV plots of 110 mM and 219 mM DES treatments. The varied positions of voltage peaks
were indicative of differences in electroactive signatures resulting from inducements of

different electroactive mechanisms elicited by the varied concentrations of DES.

2.0 r—.— DES3219mM
——DES3219mM
15} —-— DES3110 mM
—— DES3 110 mM

2.0 1 L ] 1
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Evs.Ag/V

Appendix 4.4 Cyclic voltammograms of NB-grown B.subtilis with 110 mM and 219 mM
DESS3. Purple dashed lines represent control; red and black dashed lines represent CV plots
at Oh; and continuous lines represent CV plots at 48 h.
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Appendix 4.5: Selected DPV curves of supernatants after 48 h of growth at 0.4 V vs. Ag.

Almost all peaks belong to the 2%ChCl and 2% DES3 supernatants, are negatively
charged, and are in the range of -0.4 to 0. The current output after the addition of 10uM
Menadione increased significantly. This could be due to the formation of quinone in the
metabolization of ChCIl and DES3. Also, the addition of 50uM menadione to the medium
increased the electron activity.
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Appendix 4.6: Menadione peak in the sample containing 36mM ChCl

Appendix B
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Appendix 5.1: Planktonic growth of B. subtilis over 48 h at different molar concentrations
of a) DES (D-sorbitol/ChCl 1:1 mol mol—-1); b) ChCl; ¢) D-sorbitol; d) equivalent
concentration of (D-sorbitol + ChCl). Number of independent biological replicates = 4.
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Appendix 5.2: Planktonic growth of B. subtilis in the presence of A) increasing
concentrations of NaH2PO4 and KH2PO4 (wt/wt); B) 2 and 5 % wt/wt of NaH2PO4 and

KH2PO4 with 40 mM DES. Number of independent biological replicates = 4.
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Appendix 5.3: B. subtilis biofilm formation in the presence of various concentrations of

betaine anhydrous.

134



[ 2

Absorbance [mAU]
]
(=]

11 - nboflavine - 3.738

0.00 1.00 200 3.00 4.00 5.00

7.00

15.0 ™

) .

-

=

(=}
L

"

Absorbance [mAU]

3

0.0 11 - riboflavine - 3.738

T

5.0

o0 100 200 "s00 400 500
Time [min]

135

6.00

7.00



16.0 -

15.0 — C

12.5 4

10.0 ]

Absarbancs [mAU]
~N
& 8 B B8 &

&
°

801

11 -riboflavine - 3.728

000 100

" 500

" 7.00

10.0 4
8.0

6.0

Absorbance [mAU]
N ~
o [=]

o
=]
-

20

4.0 1

50!

T
.

11 -nboflavine - 3.740

0.00 1.00

T T T
3.00

a0
Time [min]

T T T
5.00

T T T
6.00

700

Appendix 5.4: Riboflavin peak detection in the supernatants (A) cell only (B)DES 40 mM
(C) ChCl 40Mm (D) ChCh 40mM+2%NaH2PO4. The standard peak for riboflavin is

presented in the inset.
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Appendix 5.5: DPV analysis of the selected condition at O h and after 48 h of growth at

0.4 V for various treatment conditions.
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Appendix 5.7: Peak intensity (B) of DPV at E = 0.4 vs. Ag. for treated B. subtilis
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Appendix 5.9 One-way ANOVA followed by Tukey’s test on effect of the test compound on biofilm formation of B. subtilis.

Descriptive statistics

Sample Size Mean Standard Deviation SE of Mean

control 4 1.63115 0.12422 0.06211
DES5mM 4 1.989  0.12459 0.0623

DES 10mM 4 2.11475 0.22541 0.11271
DES 20mM 4 2.217 0.17356 0.08678
DES 40mM 4 2.407 0.10927 0.05464
DES60mM 4 2.7885 0.16478 0.08239
DES 80mM 4 2.84725 0.17118 0.08559
DES 100mM 4 2.91075 0.15689 0.07845

Overall ANOVA

DF Sum of Squares Mean Square F Value Prob>F

Model 7  5.90375 0.84339 32.92933 8.2844E-11

Error 24 0.61469 0.02561
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Total 31 6.51845

Null Hypothesis: The means of all levels are equal.

Alternative Hypothesis: The means of one or more levels are different.

At the 0.05 level, the population means are significantly different.

Tukey’s post hoc test for comparison of means

MeanDiff SEM gValue Prob Alpha Sig LCL UCL
DES 5mM vs. control ~ 0.35785  0.11316 4.47206 0.06873 005 0 -0.01694 0.73264
DES 10 mM vs. control ~ 0.4836 0.11316 6.04356 0.00546 005 1 0.10881 0.85839
DES 20 mM vs. control 0.58585  0.11316 7.32138 6.04306E-4 0.05 1 0.21106 0.96064
DES 40 mM vs. control  0.77585  0.11316 9.69581 1.05816E-5 0.05 1  0.40106 1.15064
DES 60 mMvs. control 1.15735 0.11316 14.46342 0 0.05 1 0.78256 1.53214
DES 80 mM vs. control 1.2161 0.11316 15.19762 O 0.05 1 0.84131 1.59089
DES 100 mM vs. control  1.2796 0.11316 15.99118 O 0.05 1 090481 1.65439
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*Sig = 1 indicates that the difference of the means is significant at the 0.05 level; Sig = 0 indicates that the difference of the means is

not significant at the 0.05 level.

Appendix 5.10: One-way ANOVA followed by Tukey’s test on effect of the test compound on biofilm formation of B. subtilis

Descriptive statistics

Sample Mean Standard Deviation SE of Mean

Size

control 4 2.09875 0.31412 0.15706
ChCl 5 mM 4 2.69475 0.31074 0.15537
ChCl10mM 4 2.147 0.17586 0.08793
ChCl20mM 4 2.18675 0.19603 0.09802
ChCl40mM 4 2.19825 0.37175 0.18587
ChCl60mM 4 2.0815 0.1818 0.0909

ChCl80mM 4 2.13075 0.32929 0.16465
ChCl100mM 4 2.021 0.22811 0.11405
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Overall ANOVA

DF Sum of Squares | Mean Square F Value Prob>F

Model 7  1.23473 0.17639 2.36647 0.05458

Error 1 24 1.78889 0.07454

Total 31 3.02362

Null Hypothesis: The means of all levels are equal.
Alternative Hypothesis: The means of one or more levels are different.

At the 0.05 level, the population means are significantly different.

Tukey’s post hoc test for comparison of means

MeanDiff SEM g Value Prob Alpha Sig LCL UCL

ChClI5mMyvs. control  0.596 0.19305 4.36606 0.08029 0.05 0 -0.04337 1.23537

ChCl 10 mM vs. control  0.04825  0.19305 0.35346 1 005 0 -0.59112 0.68762

ChCl 20 mM vs. control  0.088 0.19305 0.64465 0.99976 0.05 0 -0.55137 0.72737

ChCl 40 mM vs. control  0.0995 0.19305 0.7289 0.99945 0.05 0  -0.53987 0.73887
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ChCI 60 mM vs. control ~ -0.01725 0.19305 0.12637 1 005 0 -0.65662 0.62212

ChCI 80 mM vs. control 0.032 0.19305 0.23442 1 005 0 -0.60737 0.67137

ChCl 100 mM vs. control -0.07775 0.19305 0.56957 0.99989 0.05 0 -0.71712 0.56162

Appendix 5.11 One-way ANOVA followed by Tukey’s test on effect of the test compound on biofilm formation of B. subtilis

Descriptive statistics

Sample Mean Standard Deviation SE of Mean

Size

control 4 1.10375 0.10102 0.05051
5 mM D-sorbitol 4 2.50775 0.1274 0.0637

10 mM D-sorbitol 4 2.8925 0.15912 0.07956
20 mM D-sorbitol 4 2.528 0.21604 0.10802
40 mM D-sorbitol 4 2.31225 0.20374 0.10187
60 mM D-sorbitol 4 2.015 0.28826 0.14413
80 mM D-sorbitol 4 1.21275 0.03348 0.01674
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100 mM D-sorbitol 4 0.89775 0.08524 0.04262

Overall ANOVA

DF Sum of Squares Mean Square F Value Prob>F

Model 7  16.13485 2.30498 79.68272 4.66294E-15

Error 24 0.69425 0.02893

Total 31 16.82909
Null Hypothesis: The means of all levels are equal.

Alternative Hypothesis: The means of one or more levels are different; at the 0.05 level, the population means are significantly different.

Tukey’s post hoc test for comparison of means

MeanDiff SEM gValue  Prob Alpha Sig LCL UCL

D-sorbitol 5mM vs. control 1.404 0.12026 16.50995 0 005 1 1.0057 1.8023

D-sorbitol 10mM vs. control 1.78875 0.12026 21.03431 4.44118E- 0.05 1  1.39045 2.18705

8
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D-sorbitol 20mM vs. control 1.42425 0.12026 16.74808 4.79332E- 0.05 1  1.02595 1.82255

8

D-sorbitol 40mM vs. control 1.2085 0.12026 14.21102 O 005 1 0.8102 1.6068

D-sorbitol 60mM vs. control 0.91125 0.12026 10.71559 1.98241E- 0.05 1 0.51295 1.30955

6

D-sorbitol 80mM vs. control 0.109 0.12026 1.28176 0.98252 005 0 -0.2893 0.5073

D-sorbitol 100mM vs. control  -0.206 0.12026 2.4224 0.67945 005 O -0.6043 0.1923

Appendix 5.12 One-way ANOVA followed by Tukey’s test on effect of the test compound on biofilm formation of B. subtilis

Descriptive statistics

Sample Mean Standard Deviation SE of Mean

Size
control 4 1.4 0.12504 0.06252
0.5% NaH2PO4 4 1.26275 0.3043 0.15215
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1% NaH2PO4 4 1.34525 0.12007 0.06004
2% NaH2PO4 4 0.99425 0.07738 0.03869
5% NaH2PO4 4 0.3885 0.0792 0.0396
10% NaH2PO4 4 0.2425 0.01448 0.00724
0.5%KH2PO4 4 1.8145 0.10998 0.05499
1% KH2PO4 4 1.6175 0.15657 0.07828
2% KH2POq4 4 1.40775 0.07531 0.03765
5% KH2PO4 4 0.83 0.10961 0.05481
10% KH2PO4 4 0.22875 0.01711 0.00856
Overall ANOVA
DF Sum of Squares Mean Square F Value Prob>F
Model 10 12.42002 1.242 72.01506 O
Error 33 0.56913 0.01725

Total 43 12.98915

Null Hypothesis: The means of all levels are equal.
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Alternative Hypothesis: The means of one or more levels are different.

At the 0.05 level, the population means are significantly different.

Tukey’s post hoc test for comparison of means

MeanDiff SEM gValue Prob Alpha Sig LCL UCL
0.5% NaH2PO4 vs. control  -0.13725 0.09286 2.09022 0.91688 0.05 0 -0.45788 0.18338
1% NaH2PO4 vs. control -0.05475 0.09286 0.83381 0.99994 005 0 -0.37538 0.26588
2% NaH2POa4 vs. control ~ -0.40575 0.09286 6.1793  0.00476 005 1 -0.72638 -
0.08512
5% NaH2POasvs. control ~ -1.0115  0.09286 15.40446 8.18933E-8 0.05 1  -1.33213 -
0.69087
10% NaH2POs vs. control -1.1575  0.09286 17.62794 2.63457E-8 0.05 1  -1.47813 -
0.83687
0.5% KH2PO4 vs. control ~ 0.4145 0.09286 6.31255 0.00368 005 1 0.09387 0.73513
1% KH2POx4 vs. control 0.2175 0.09286 3.31238 0.43111 005 0 -0.10313 0.53813
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2% KH2POa4 vs. control 0.00775 0.09286 0.11803 1 005 0 -0.31288 0.32838

5% KH2POa vs. control -0.57 0.09286 8.68071 3.1156E-5 0.05 1 -0.89063 -

0.24937

10% KH2POs vs. control  -1.17125 0.09286 17.83734 2.68941E-8 0.05 1  -1.49188 -

0.85062

Appendix 5.13: One-way ANOVA followed by Tukey’s test on effect of the test compound on biofilm formation of B. subtilis

Descriptive statistics

Sample Size Mean Standard Deviation SE of Mean
control 4 1.708 0.20634 0.10317
betaine 40mM 4 0.626 0.04767 0.02383
betaine 40 mM + 1% NaH2PO4 4 1.634 0.1025 0.05125
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betaine 40 mM + 2% NaH2POs 4 1.746 0.15369 0.07685
betaine 40 mM + 1% KH2POs4 4 1.62575 0.27489 0.13744
betaine 40 mM + 2% KH2POs 4 4.08675 0.15942 0.07971

Overall ANOVA

DF Sum of Squares Mean Square F Value Prob>F

Model 5  26.44553 5.28911 176.34749 1.23235E-14

Error 18 0.53987 0.02999

Total 23 26.9854

Null Hypothesis: The means of all levels are equal.
Alternative Hypothesis: The means of one or more levels are different.

At the 0.05 level, the population means are significantly different.
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Tukey’s post hoc test for comparison of means

MeanDiff SEM g Value Prob Alpha Sig LCL UCL
betaine 40 mM vs. control -1.082 0.12246 12.49542 7.3772E-7  0.05 1 -1.47118  -0.69282
betaine 40 mM + 1% NaH2POs -0.074 0.12246 0.85458 0.98935 0.05 0 -0.46318  0.31518
vs. control
betaine 40 mM + 2% NaH2POs  0.038 0.12246 0.43884 0.99954 0.05 0 -0.35118  0.42718
vs. control
betaine 40 mM +1% KH2POs -0.08225 0.12246 0.94986 0.98294 0.05 0 -0.47143  0.30693
vs. control
betaine 40 mM + 2% KH2POs4 2.37875 0.12246 27.47086 0 0.05 1 1.98957 2.76793

vs. control
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Appendix 5.14 One-way ANOVA followed by Tukey’s test on effect of the test compound on biofilm formation of B. subtilis

Descriptive statistics

Sample Mean Standard Deviation SE of Mean

Size
control 4 0.667 0.03182 0.01591
ChCl40 mM + 1% 4 0.94125 0.05884 0.02942
NaH2PO4
ChCl 40 mM + 2% 4 1.28275 0.10108 0.05054
NaH2PO4
ChCl 40 mM + 5% 4 0.3605 0.23273 0.11637
NaH2PO4
ChCl 40 mM + 1% 4 1.26075 0.24078 0.12039
KH2PO4
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ChCl 40 mM + 2% 4 1.5205 0.24025 0.12012

KH2PO4

ChCIl 40 mM + 5% 4 1.2354  0.04523 0.02023

KH2PO4

Overall ANOVA

DF Sum of Squares Mean Square F Value Prob>F

Model 6  3.98671 0.66445 26.01835 6.26391E-9

Error 22 0.56183 0.02554

Total 28 4.54854

Null Hypothesis: The means of all levels are equal.
Alternative Hypothesis: The means of one or more levels are different.

At the 0.05 level, the population means are significantly different.

Tukey’s post hoc test for comparison of means

MeanDiff SEM q Value Prob Alpha

Sig

LCL

UCL
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ChCl1 40 mM + 1% NaH2POs 0.27425 0.113 3.4323 0.23422 0.05 -0.09145 0.63995
vs. control

ChCIl 40 mM + 2% NaH2PO4 0.61575 0.113 7.70624 3.12843E-4 0.05 0.25005 0.98145
vs. Control

ChCl 40 mM + 5% -0.3065 0.113 3.83591 0.14168 0.05 -0.6722 0.0592
NaH2PO4 vs. control

ChCl 40 mM + 1% KH2PO4 0.59375 0.113 7.43091 4.92997E-4 0.05 0.22805 0.95945
vs. control

ChCl 40 mM + 2% KH2POs 0.8535 0.113 10.68174 2.81513E-6 0.05 0.4878 1.2192
vs. control

ChCIl 40 mM + 5% KH2POs 0.5684 0.1072  7.49844 4.40881E-4 0.05 0.22146 0.91534

vs. control
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Appendix 5.15 One-way ANOVA followed by Tukey’s test on effect of the test compound on biofilm formation of B. subtilis

Descriptive statistics

Sample Mean Standard Deviation SE of Mean
Size
control 4 1.09425 0.09493 0.04746
DES 40mM+1% NaH2PO4 4 1.278 0.11069 0.05535
DES 40mM+2% NaH2PO4 4 1.608 0.11569 0.05785
DES 40mM+5% NaH2PO4 4 0.7535 0.1711 0.08555
DES 40 mM + 1% KH2POg4 4 1.6545 0.11076 0.05538

156



DES 40 mM + 2% KH2PO4 4 2.06675 0.05759 0.0288

DES 40 mM + 5% KH2PO4 4 1.3235 0.20753 0.10376

Overall ANOVA

DF Sum of Squares Mean Square F Value Prob>F

Model 6  4.33882 0.72314 41.29733 1.46853E-10

Error 21 0.36772 0.01751

Total 27 4.70654

Null Hypothesis: The means of all levels are equal.
Alternative Hypothesis: The means of one or more levels are different; at the 0.05 level, the population means are significantly different.

Tukey’s post hoc test for comparison of means

MeanDiff SEM q Value Prob Alpha  Sig LCL UCL

DES 40 mM + 1% NaH2POs 0.18375 0.09357 2.77721 0.46413 0.05 0 -0.12042 0.48792

vs. control
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DES 40 mM + 2% NaH2PO4 0.51375 0.09357 7.76484 3.29077E-4 0.05 0.20958 0.81792
vs. control
DES 40 mM + 5% NaHz2POs -0.34075 0.09357  5.15011 0.02173 0.05 -0.64492  -0.03658
vs. control
DES 40 mM + 1% KH2PO4 0.56025 0.09357  8.46764 1.07781E-4 0.05 0.25608 0.86442
vs. control
DES 40 mM + 2% KH2POs4 0.9725 0.09357 14.69841 7.18972E-8 0.05 0.66833 1.27667
vs. control
DES 40 mM + 5% KH2POs4 0.22925 0.09357 3.46489 0.22739 0.05 -0.07492 0.53342

vs. control

Appendix 5.16: One-way ANOVA followed by Tukey’s test on effect of the test compound on biofilm formation of B. subtilis

Descriptive statistics
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Samp Mean Standard SE of

le Deviation Mean
Size
control 4 1.429 0.10742 0.05371
D-sorbitol 40 mM 4 2.92725 0.0766 0.0383
+1% NaH2PO4
D-sorbitol 40 mM + 4 2.58 0.09472 0.04736
2% NaH2PO4
D-sorbitol 4 3.3945  0.1984 0.0992
40mM+1% KH2PO4
D-sorbitol 4 3.10325 0.13657 0.06828

40mM+2% KH2POa4

Overall ANOVA

DF Sum of Squares Mean Square F Value Prob>F

Model 4  9.30221 2.32555 137.78253 1.23868E-11
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Error 15 0.25318 0.01688

Total 19 9.55539

Null Hypothesis: The means of all levels are equal.

Alternative Hypothesis: The means of one or more levels are different.

At the 0.05 level, the population means are significantly different.

Tukey’s post hoc test for comparison of means

MeanDiff SEM q Value Prob Alpha  Sig LCL UCL
D-sorbitol 40 mM + 1% 1.49825 0.09187 23.06472 0 0.05 1 1.21458 1.78192
NaH2POa vs. control
D-sorbitol 40 mM + 2% 1.151 0.09187 17.719 7.70898E-8 0.05 1 0.86733 1.43467
NaH2POa vs. control
D-sorbitol 40 mM + 1% 1.9655 0.09187 30.25777 0 0.05 1 1.68183 2.24917

KH2PO4 vs. control
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D-sorbitol 40 mM + 2% 1.67425 0.09187 25.77414 0 0.05 1 1.39058 1.95792

KH2POs vs. control

Appendix 5.17 Biofilm fraction on SPE electrode obtained by microscopy. One-way ANOVA followed by Tukey’s test on effect of

the test compound on biofilm formation of B. subtilis.

Descriptive statistics

Sample Mean Standard SE of Mean
Size Deviation
bare electrode 3 0.00425 6.90541E-4 3.98684E-4
Cell only 3 0.05267 0.00651 0.00376
DES 40 mM 3 0.757 0.01819 0.0105
DES 20 mM 3 0.585 0.04124 0.02381
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ChCIl 40 mM + 1% NaH2PO4 3 0.70167 0.08203 0.04736

ChCIl 40 mM + 2% NaH2PO4 3 0.89683 0.02924 0.01688

ChCl 60 mM 3 0.29 0.02 0.01155

ChCl 40 mM 3 0.175 0.03291 0.019
Sample Mean Standard SE of Mean
Size Deviation

Overall ANOVA
DF Sum of Squares Mean Square F Value Prob>F
Model 7  2.49267 0.3561 255.67905 3.33067E-15

Error 16 0.02228 0.00139

Total 23 251496

Null Hypothesis: The means of all levels are equal.

Alternative Hypothesis: The means of one or more levels are different.
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At the 0.05 level, the population means are significantly different.

Tukey’s post hoc test for comparison of means

MeanDiff SEM g Value Prob Alpha Sig LCL UCL
cell only vs. bare electrode 0.04841 0.03047  2.24697 0.75022 0.05 0 -0.05708  0.15391
DES 40 mM vs. bare 0.75275 0.03047  34.93607 O 0.05 1 0.64725 0.85824
electrode
DES 20 mM vs. bare 0.58075 0.03047  26.95331  3.67711E-8 0.05 1 0.47525 0.68624
electrode
ChCl 40 mM+ 1% NaH2POs 0.69741 0.03047  32.36797 O 0.05 1 0.59192 0.80291

vs. bare electrode

163



ChCI 40 mM+ 2% NaH2POs 0.89258 0.03047  41.42577 0 0.05 1 0.78708 0.99807

vs. bare electrode

ChCl 60 mM vs. bare 0.28575 0.03047  13.26195 1.43352E-6 0.05 1 0.18025 0.39124

electrode
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