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Abstract

Microbial biofilms are responsible for about 80% of infectious diseases in humans,
resulting in high morbidity and mortality rates. Biofilm confers protection to the microbial
cells from stressors, including antimicrobial treatments. Biofilms are more difficult to
remove/kill, thus, contributing to antimicrobial resistance phenomenon. Unfortunately,
existing methodologies routinely employed for microbial biofilms and evaluation of anti-
biofilm compounds are flawed with varying limitations. Therefore, an urgent need for the
design/development and adoption of new diagnostic platforms is exigent. Additionally, the

need for new therapeutic options cannot be overemphasized.

In this work, a bioelectrochemical platform that uses simple, low-cost, and commercially
available screen-printed electrodes was implemented for real-time evaluation of selected
antimicrobials against clinically relevant biofilm-forming species. We also adopted a drug
repurposing strategy against a model resistant bacterial strain using the developed
bioelectrochemical platform. Finally, attempt was made to detect a model fungal pathogen

in human urine samples also via the developed platform.

In general, both biochemical and electroanalytic methods suggests that complete
inhibition of biofilm formation would require concentrations higher than that
needed for planktonic cells. Further optimization of the methodology on C. albicans
biofilms indicated that the antifungal activity of the tested compounds is in the order of
complex Ag3>Amphotericin B>Fluconazole, while the conventional XTT indicated the
order of Amphotericin B > Fluconazole >complex Ag3. This variability further reiterates
the necessity for a multi-method approach to validate the antibiofilm efficacy of
any compound. However, this study demonstrated, for the first time, the real-time
antibiofilm assessment of selected antimicrobials using electroanalytical approach and

offers consistent findings as early as 10 h following inoculation.

Additionally, both biochemical and bioelectrochemical results validate that fungicide
repurposing against bacterial biofilms could be the missing piece in the puzzle of fight
against bacterial resistance, as crystal violet assay demonstrated 90.5 %, 81.2 %, and 69.1

% biofilm inhibition, while electroanalysis demonstrated 92.5 %, 84.7 %, and 57.8 %



reduction in current output of A. baumannii biofilm, exposed to Ciprofloxacin,
Itraconazole, and Fluconazole, respectively. Though both approaches complement each
other, the latter offers a simple and real-time platform for antibiofilm assessment. Finally,
the developed bioelectrochemical platform detected C. albicans cells in human urine
samples within approximately 10 h with a limit of detection (LOD) of ~39 CFU/mL. This
work presented the first report on electrochemical-based detection of a fungal pathogen in

human urine sample using unmodified screen-printed carbon electrodes.
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Chapter One: Introduction
1.1  Background of study and problem statements

Microbiology involves the study of tiny living cells (usually less than about one millimeter
in diameter, e.g., bacteria, fungi, yeasts, viruses, archaea etc.), and electrochemistry is a
field of study that deals with the relation of electrical activity to chemical changes.
Consequently, the term microbial electrochemistry can be described as an interdisciplinary
field that combines the concepts and techniques of microbiology and electrochemistry to
create a versatile toolbox for both fundamental and applied research. It is a subfield of
bioelectrochemistry that, ab initio, was considered a basic scientific discipline borne out of
curiosity, and focuses on microbe-electrode interactions and their applications (Schroder
et al., 2015). Nevertheless, the developments in this area of research have since resulted in
diverse electrochemical technologies in which microbial cells are employed, solely or as
supporting materials, for bioproduction/biosynthesis, biodegradation/bioremediation,
waste treatment, biosensing etc. (Czerwinska-Gltowka & Krukiewicz, 2020; Sanchez et al.,
2020). The field has continued to evolve, with diverse interfaces yet unexplored, or
underexplored as in the case of its emerging applications in clinical and biomedical
settings, with great potential for actual biosensing devices.

Biofilms are an aggregate of microbial cells formed as micro-structured communities on
solid surfaces and surrounded with self-produced polymeric matrix within which growth
and other metabolic processes take place (Flemming et al., 2016). The confirmation of the
existence of electric currents in microbial biofilms led to the concept of applying
electrochemical methods for biofilm detection and analysis. Historically, more than a
century ago, a scientist named Michael Cressé Potter was the first to report that microbial
activity and metabolism, particularly physiological processes that involve the use and/or
transformation of chemical compounds (e.g., breakdown of nutrients/organic compounds
like glucose) is associated with the release and/or expression of electrical activity in the
form of electrical current/energy. This observation was believed to have originated from
his interest and knowledge of the unique physiological ability of microorganisms to

generate and release electrons during utilization of any kind of organic compound in their



quest for cellular energy, and that, some sort of electrical energy is also released during
these processes. To confirm his curiosity, the fermentative activity of microbial cells was
investigated. Specifically, culture of yeast cells and certain bacterial cells were grown in a
glucose-rich nutrient medium while the electrical activity was estimated with a galvanic
cell with platinum electrodes, which produced an electrical potential of 0.3 and 0.5 V
(Potter, 1911). This fascinating phenomenon of microbe-electrode interactions is the basis
of electroanalytical techniques and technologies and has since witnessed a tremendous
advancement, sophistication, and applications in industrial, environmental, biomedical and

clinical settings (Czerwinska-Gtowka & Krukiewicz, 2020).

Moreover, as electric current is simply electrons in an ordered motion, and since electrons
are continually generated via metabolic processes involving oxidation-reduction reactions
and transported mostly through the electron transport chain (ETC) within the cytoplasmic
matrix and/or to the outside cell via extracellular electron transfer mechanisms, the rate of
this transfer is mostly a function of biofilm formation, growth, and metabolic activity of
the microbial cells (Masi et al., 2015; Prindle et al., 2015; Schofield et al., 2020). There are
also new proofs that support the correlation between pathogenicity and electroactivity of
microbial biofilms (Astorga et al., 2019). Therefore, extracellular respiration rate measured
as EET in microorganisms is now being considered as a suitable parameter for the
determination of the metabolic state and activity of the microbial cells rather than the

conventional cell growth measurement (Hassan & Bilitewski, 2013).

The current methodologies and chemical methods routinely employed in the analysis of
microbial biofilms and evaluation of the effectiveness of anti-biofilm compounds are
mostly insensitive, not-standardized, expensive, requires high technical knowledge and/or
time-consuming (Ernst, 2007; Lass-Florl et al., 2010; Sanguinetti & Posteraro, 2018). The
need, therefore, for a more sensitive diagnostic tool and technique for rapid analysis and
characterization of microbial biofilms, and evaluation of their sensitivity and/or resistance

to therapeutic compounds cannot be overemphasized.

In most microorganisms, the respiratory system is embedded in the cytoplasmic matrix

where largest percentage of the available oxygen is used up as terminal electron acceptor



in the ETC. Hence, monitoring and estimating the electron transport to oxygen or another
electron acceptor of similar physicochemical properties is a direct reflection of the
microbial respiration and their cellular activity. 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. In the same context, since the
definitive effect of any antibiotic/antimicrobial is to either kill, remove/disperse, or
significantly inhibit growth, their activity can be inferred from the respiratory process rate
and change with time following antibiotic/antimicrobial application. Furthermore, while
bacterial growth is a slow process (i.e., the generation time of model microorganism is in
the range of hours) and is often impossible under defined laboratory conditions, respiration
is @ much faster process, thus respiration-based assays of antibiotic/antimicrobial activity
are much faster and do not depend on the growth rate of the microorganisms. Hence, this
phenomenon can be implicated as a diagnostic tool for a fast and sensitive analysis of
microbial biofilms either in the presence or absence of antimicrobial treatment (Prévoteau
& Rabaey, 2017). Therefore, electrochemical-based techniques appear to be useful and
efficient to complement and/or replace the existing conventional methods of analysis of
microbial biofilms, and assessment of antibiofilm efficacy (Czerwinska-Gtowka &
Krukiewicz, 2020).

Additionally, more than 80 % of microbial infections is caused by biofilms, and this remain
the major cause of high hospitalization and death rates owing to therapeutic failure and
occurrence of antimicrobial resistance (Van Dijck et al., 2018). Interestingly, despite the
diversity of microbial pathogens, most healthcare-associated infections are initiated by
only a few opportunistic pathogens (e.g., Pseudomonas aeruginosa, Staphylococcus
aureus, Acinetobacter baumannii, Candida spp etc.), with inherent biofilm-forming ability
and extensive antibiotic/antimicrobial resistance (Simoska et al., 2019). Unfortunately,
their rapid detection and real-time monitoring remain a practical challenge of worthy

relevance, especially in achieving effective antimicrobial treatment options.

Although the development of effective antimicrobial drugs/treatments remains the main
goal in the medical research community, the design and development, and implementation

of biosensing platforms for detection and monitoring of early biofilm formation signatures,



coupled with real-time assessment of drug efficacy is equally paramount. In the past,
various approaches including the conventional culturing, straining, and counting methods,
molecular methods, microscopy-based and mass spectrometry techniques, have been
adopted. While a few of them are sensitive, these procedures are mostly costly, difficult to
perform and execute, mostly qualitative, and are generally destructive for the object of
study (Huang et al., 2020; Meireles et al., 2015). The way out, therefore, is to develop a
fast and sensitive platform with a real-time measurement feature for microbial biofilms

analysis and assessment of their drug susceptibility profile.

Microbial electrochemical systems (MES) are simple, relatively easy to setup, use and
implement, and are based on the ability of naturally- or artificially induced
electrochemically active microorganisms to generate/consume and transfer to/from
polarized electrodes. While cathodic MES (i.e., those in which electrons are transferred
from the electrode to the biofilm) are relevant to bioelectrosynthesis and electrochemical
fermentation, the anodic MES (i.e., those in which electrons are transferred from the
biofilm to the electrode) are more relevant to the development of biofilm sensors and
antibiotic/antimicrobial assay. Thus, in the following, the discussion will be limited to
anodic MES.

The oxidation current rate and density obtained from the microbe-electrode interactions in
anodic MES is directly correlated to the metabolic state of the organisms (Uria et al., 2020).
The use of exogenous redox mediator in MES has been well documented as an efficient
means of increasing the measurement range and current density because it mediates and
facilitates extracellular electron transfer in weak electrogenic microorganisms (Martinez &
Alvarez, 2018a) as would be the case of the two microbial biofilms under study in this
thesis — C. albicans (a dimorphic fungus) and A. baumannii (a bacterium). Our choice of
ferricyanide as exogenous redox mediator for C. albicans is based on its high solubility in
water and low toxicity potential to microbial cells (Bharatula et al., 2019; Congdon et al.,
2013; Uria et al., 2020), while - hydroxy-1,4-naphthoquinone (2-HNQ) was adopted for A.
baumannii due its biocompatibility property (Astorga et al., 2020; Santoro et al., 2016).



Furthermore, a two- or three-electrode system is the conventional set-up that is commonly
adopted for electroanalysis of microbial biofilms (Babauta et al., 2012; Besant et al., 2015;
Bimakr et al., 2018; Lv et al., 2014; Sa et al., 2020). It consists 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 & Doyle, 2021). Each
electrode is acquired/made/fabricated and processed/cleaned separately, thus, contributing

to high cost and tediousness.

In recent years, however, there has been a growing interest in the application of Screen-
Printed Electrodes (SPEs) as disposable, portable, simple-to-use, low cost, and highly
sensitive biosensing device for analysis, detection, and characterization of different
microbial pathogens. In addition, SPEs offer advantages such as mild cleaning/processing,
versatility and amenability for specific and/or extensive modifications (Alonso-Lomillo et
al., 2010). Also, the need for a more rapid diagnosis that allows real-time in situ drug
susceptibility profiling has further made the use of SPEs a tool of first choice (Munteanu
et al., 2018). Nevertheless, the electroanalysis of C. albicans and A. baumannii biofilms,
in addition to evaluation of anti-biofilm activity of clinically relevant antimicrobial drugs

using commercial SPE as a diagnostic tool is yet to be investigated.
1.2 Hypothesis

Electrochemical techniques could provide real-time information on the physiology and
growth kinetics (Bressel et al., 2003; Marsili et al., 2010), interfacial and/or extracellular
electron transfer (respiratory mechanisms) (Carmona-Martinez et al., 2013; Qiao et al.,
2017) of microbial biofilm as a function of their attachment, growth on suitable surfaces,
either in the presence or absence of antimicrobial treatment. The technique has been
successfully applied to a variety of clinical bacterial pathogens such as S. epidermidis, S.
aureus, E. coli, Neisseria gonorrheae, P. aeruginosa, Listeria monocytogenes, Salmonella
typhimurium, Aeromonas hydrophilia (Simoska & Stevenson, 2019), and fungal/yeast
pathogens (e.g., Saccharomyces cerevisiae) (Arthur et al., 2019; Soley et al., 2005), and
also for detection of antimicrobial compounds (Munteanu et al., 2018). Thus, the method

continues to attract attention for other applications due to its real-time feature, simplicity,



low cost, rapidness, portability, sensitivity, versatility in medical, food and water, and
environmental applications, and its promising potential to improve clinical diagnosis. Upon
these bases, we hypothesized that C. albicans and A. baumannii biofilms, in the presence
of ferricyanide and hydroxyquinone, respectively, can be used to monitor their biofilm

formation and estimate the effect of selected antimicrobial drugs/compounds.
1.3 Justification of study

While there is dearth of information on the electrochemistry of the two microbial biofilms
of choice in this thesis - C. albicans (a dimorphic fungus) and A. baumannii (a bacterium),
it is important to emphasize that existing literatures on electroanalysis of most microbial
pathogens were reported using the conventional two- or three-electrode system which is
complex and difficult to set-up and/or manage, and expensive relative to the simple,
portable, and cheap screen-printed electrodes.

Fungal infections, largely potentiated by members of the genus Candida, account for about
1.7 million deaths per year and this continues to pose a huge challenge to the global health
with its increasing morbidity and mortality rates as well as the devastating socio-economic
impacts (Kainz et al., 2020). In a similar context, A. baumannii has been categorized by
the World Health Organization as a priority one pathogen with an urgent need of new
treatment options (WHO, 2017), and by the center for disease control and prevention
(CDC) as among pathogens that pose imminent threat to human and public health (CDC,
2019), owing to its very high prevalence, morbidity and mortality rates, and high antibiotic

resistance in clinical settings (Kamurai et al., 2020).

Therefore, the electroanalysis of these biofilms and electroanalytic evaluation of anti-
biofilm activity of clinically relevant drugs using the cheap and commercially available
SPEs as a diagnostic tool is worthy of investigation.

1.4 Aim and specific objective

The aim of this thesis is to develop an electrochemical-based platform for assessment of
drug efficacy against clinically relevant microbial biofilms.



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

1. To evaluate the antimicrobial/antibiofilm efficacy of newly synthesized drug
candidates against selected clinically relevant microbial species via electroanalysis.

2. To develop an electroanalytic methodology for antibiofilm drug testing against
Candida biofilms.

3. To evaluate selected azole fungicide via electroanalysis for their antibiofilm
potential against antibiotic-resistant A. baumannii biofilm (drug repurposing
strategy).

4. To develop an electroanalytic methodology for detection and characterization of C.

albicans biofilm in urine sample.

15 Structure/overview of the thesis

Chapter one introduces the key elements of the thesis topic. It provides background
information on electrochemistry and microbiology as independent disciplines, and how the
former could be adopted as a tool to better the study and understanding of the latter. Also,
the inter-relatedness and how these two disciplines evolved into what is today referred to
as microbial electrochemistry or electromicrobiology is highlighted. The study hypothesis,

problem statements and study justification are all described in this chapter.

In chapter two, extensive but cogent and up-to-date review of existing literatures on
microbial electroanalysis is presented. This includes the historical perspective, current
studies, and future outlook of the subject under discussion. The state of electrochemical
techniques in reference to their applications in most spheres of science; the challenges with
existing methodologies commonly adopted for microbial analysis and drug testing; the
gaps in knowledge on bioelectrochemical studies of clinically relevant microbial species,
and how to bridge these gaps are all presented in this chapter.

In chapter three, a first report on electrochemical-based evaluation of newly synthesized
drug candidate (kindly provided by Dr Jasmina Nikodinovic-Runic of Institute of
Molecular Genetics and Genetic Engineering, University of Belgrade, Belgrade, Serbia) is
presented. This provided the motivation for subsequent studies and optimization of our
methodology.



Chapter 4 is focused on electroanalysis of C. albicans biofilm. Specifically, attempts were
made to compare the gold standard culture-dependent technique with our electroanalytic

platform. We also investigated and compare these two approaches for antifungal testing.

Based on our knowledge on the menace and public-health challenges of antimicrobial
resistance (as established in chapter two), we explored the emerging drug repurposing
strategy and evaluated clinically relevant antifungal drugs against a model resistant
bacterium. Both conventional and our bioelectrochemical methodologies were employed.
The remarkable results obtained from this study are presented in chapter 5.

The possible application of our bioelectrochemical platform for detection of microbial
pathogens in clinical samples is presented in chapter 6. C. albicans as in index organism
of candiduria used, while human urine samples collected from healthy individual was
employed.

Finally, in chapter seven, | provide some concluding remarks and suggestions for future

research as | envisage a build-up on the findings reported in this thesis.
1.6 Candidate’s contribution and extent of collaboration

This thesis is a product of my work — conceptualization of ideas; experimental
investigation; data collection, analysis, and curation; writing: original draft and writing:
review, editing and formatting. The microbial isolates and two of the drug compounds
used in this thesis were provided by our collaborators, and described in detail in the
corresponding sections, where applicable. The thesis was supported through the Abay
Kunanbayev scholarship award and funded by Faculty Development Competitive Research
Grant Program (Grant number: 110119FD4537), School of Engineering and Digital
Sciences, Nazarbayev University, and by the Collaborative Research Program
021220CRP0522, Nazarbayev University, Kazakhstan. All aspects of this thesis have been

reviewed by the supervisory team.



Chapter Two: Literature review

2.0  Microbial biofilms: what they are and their relevance

Different definitions of microbial biofilm are available in the literature. Nevertheless, three
distinctive elements are often central to these definitions, and these include: (1) the
microorganism; (2) a suitable surface, and (3) an extracellular polymeric matrix or what

could be simply described as ‘cement’ (Winkelstroter et al., 2014).

Just as microorganisms are ubiquitous, some are inherently capable of colonizing all kinds
of surfaces, whether biotic or abiotic; smooth or rough; large or small etc. (Ghosh et al.,
2020). This property is what confers the morphological appearance of a micro-structured
arrangement of cells called biofilm. Microbial biofilms are generally highly organized,
comprising sessile and irreversibly attached, heterogenous communities of prokaryotic
(bacteria) and/or eukaryotic (fungi/yeast) cells enclosed in a matrix made from biomaterials
secreted by members of the microbial community (Aliane & Meliani, 2021).

The formation of biofilm is a multistep process (Figure 2.1) that always begin with initial
attachment of cells to a suitable surface, followed with proliferation and subsequent
synthesis and accumulation of polymeric extracellular matrix consisting of
molecules/compounds (e.g., proteins, lipids, polysaccharides and nucleic acids) in varying
proportions (Achinas et al., 2019; Ghosh et al., 2020), and may sometimes include other
molecules such as those involved in cellular communications (Chen et al., 2019;
Czerwinska-Glowka & Krukiewicz, 2020; VanArsdale et al., 2020; Whited & Levin,
2019). The formation cycle also involves maturation of the biofilm architecture cells and
detachment or dispersal of cells leading to recurrent biofilm growth cycles (Meireles et al.,
2015).

Microbial biofilms provide an array of morphological and physiological functions to the
cells that constitute the biofilm community. The most significant of it all is the protection
it offers against several physical and chemical environmental attacks including
antimicrobial treatments, probably due to its high resistance and tolerance ability
(Babapour et al., 2016; Richter et al., 2017; Shenkutie et al., 2020). Consequently, biofilm-

forming microbes are considered the most difficult to control/manage of all known human



microbial infections. This is primarily because biofilm-associated infections are typified
by the morphogenesis of biofilm on/in human tissues and organs or even on medical
implants/devices, thus, making these infections more complex and complicated to manage
(Cepas et al., 2019a; Malott et al., 2014; Mathur et al., 2018). In addition, the structural
arrangement of the biofilm also enables the constituent microbial species to acquire and
adapt new virulence and pathogenic properties including antimicrobial resistance genes
(Kumar et al., 2021; Limoli et al., 2015; Zhu et al., 2019).
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Fig. 2.1: Sequential phases of Candida albicans biofilm formation (Nobile & Johnson,
2015). This schematic representation is similar to biofilm formation and development
stages in most microbial biofilms.

Antimicrobial resistance has become a global; rapidly emerging public health challenge,
with debilitating socio-economic impacts, and a projected mortality rate of ten million
deaths by the year 2050 (Aslam et al., 2018; Miro-Canturri et al., 2019). Biofilm-forming
microbial species are enclosed in a structural matrix that delimits the diffusion of drugs,
thus, making the cells either resistant or more tolerant to antimicrobial agents and also to
the host immune soldiers (Abebe, 2020). Antimicrobial-resistant microbes are prevalent in

biofilm form and are now considered a primary agent in the etiology of chronic infections
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(Bowler, 2018). Presently, it is estimated that about 80% of microbial infectious diseases
in humans are caused by biofilm microbes. Unfortunately, conventional antimicrobial
medications are becoming less- or ineffective (Li & Lee, 2017). This problem is
complicated, among other factors, by biofilm formation which provides survival and

tolerance strategy to the microbial pathogens.

Among antimicrobial-resistant microbes, ESKAPE bacterial pathogens that include
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter spp, and Candida yeasts are
responsible for most clinical infections with alarming mortality and morbidity rates (Kainz
et al., 2020; Wang et al., 2020). The consensus strategy to mitigating this challenge has

been identified as early and rapid diagnosis in addition to effective antimicrobial therapy.

Unfortunately, existing diagnostic approaches (as would be discussed in subsequent
paragraphs) are characterized with one limitation or the other, thus, negatively impacting
the therapeutic outcome. Therefore, the design/development, promotion, and adoption of
new rapid diagnostic platforms to reduce the duration of microbial diagnosis which would
in turn minimize, drastically, the nonempirical use of antimicrobial drugs, is in high
demand (Davenport et al., 2017; Dincer et al., 2019; Goeres et al., 2019; Holm et al., 2017;
Islam et al., 2020; Karbelkar & Furst, 2020). In addition, the search for new antimicrobial
therapeutic options to manage antimicrobial-resistant pathogens, through bioprospecting
of new and novel compounds or repurposing of old, existing clinically viable drugs has
also become very exigent (Cepas et al., 2019b; Frassinetti et al., 2020; Konreddy et al.,
2018; Uchil et al., 2014).

Therefore, with utmost consideration of clinical relevance, public health impact, and most
importantly, the dearth of information in the literature on the electrochemical-based
analysis and anti-biofilm assessment of antimicrobial compounds, this thesis is focused on
A. baumannii and C. albicans biofilms. The former is a bacterium and a classical ESKAPE

pathogen, while the latter is a yeast and a unique fungal pathogen.
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2.1 Candida biofilms

For several reasons including but not limited to immunosuppression in the elderly, cancer
and organ transplant patients, the global incidence of fungal associated infections is on the
rise (Lockhart & Guarner, 2019). Interestingly, Candida spp are considered the most
frequently encountered among known etiological agents of fungal/microbial infections,
and in general, ranked top, even higher than Staphylococcus aureus and Pseudomonas
aeruginosa (de Barros et al., 2020). In this thesis, however, the biofilm formation,
pathology, clinical significance, detection and antibiofilm testing methods of Candida
biofilms is discussed, with a focus on C. albicans — a yeast known for its public health and

socio-economic impacts.
2.1.1 C. albicans biofilms

C. albicans is part of the normal, naturally existing microbiota, found asymptomatically on
different niches of humans including the skin, nasal and oral cavities, other mucosal
surfaces, gastrointestinal and urinogenital tracts. It is one of the few fungal species that are
pathogenic in humans and could cause diseases ranging from superficial mucosal and
dermal infections (e.g., thrush, vaginal yeast infections, and diaper rash), to severe
candidiasis (Dadar et al., 2018; Soll & Daniels, 2016).

In healthy individuals, C. albicans coexists mutually with other species of the local
microbiota, and thus remain safe and non-pathogenic (Nobile & Johnson, 2015).
Nevertheless, perturbations of the host microbiota (e.g., due to poor hygiene practices,
abuse, or misuse of antibiotics), or the host immune system (e.g., during illness due to
stress or infection by another pathogen, or during chemo- and/or other immunosuppressant
therapy), or alterations in the local environment (e.g., changes in temperature, pH, or
humidity) can lead to excessive growth of C. albicans, thereby causing infection. These
infections could be potentially complicated in individuals with compromised immune
system (e.g., those living with cancer, HIV/AIDS, or transplanted organs) and individual
with implanted medical devices. The mortality rate is almost 40% in some cases (Gulati &
Nobile, 2016).
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One unique virulence property of C. albicans is its ability to form well-structured biofilms
made up of different cell types including budding yeast-form cells, hyphal and pseudo-
hyphal cells, all embedded in a polymeric extracellular matrix (Polke et al., 2015). They
can exhibit this property on both biotic (e.g., tissues and organs) and abiotic surfaces (e.g.,
implanted medical device such as catheters, dentures, pacemakers, contact lenses,
mechanical heart valves, and joint prostheses) (Tuddenham & Sears, 2015). Once the
biofilm is fully formed, they become highly resistant to physical and chemical agents, with
a potential to birth systemic and invasive infections with a consequent menacing health and

socio-economic impacts (Gulati et al., 2018).

For instance, an estimated 100,000 deaths from Candida-related infections, and 6.5 billion
USD in excess expenditure of treatment and management costs are recorded annually in
the United States only. Furthermore, due to the high resistance of fungal biofilms to current
antifungal therapies, high doses of antifungal drugs and/or frequent removal/change of the
colonized medical implants are commonly adopted in the treatment/management of
infections (Nobile & Johnson, 2015). While high drug doses could cause
physiological/hnematological shock and severe and irreversible damage to vital internal
organs (e.g., kidney and liver), removal of some implants (e.g., artificial heart valves) is
expensive and, in some cases, difficult. Thus, early diagnosis and prompt administration of

effective antifungal therapy remains highly exigent.
2.2 Biofilm formation processes in Candida spp

As with other microbial biofilms, the formation and development of C. albicans biofilms
is complex and multifaceted. Regardless, four distinct phases can be recognized (Figure
2.1):

(1) Adherence: young and active yeast cells attach to a suitable surface.

(2) Initiation: the attached cells undergo multiple divisions and secretion of essential
molecules to form a conspicuous entity.

(3) Maturation: where cells proliferate and differentiate into varying cell types: hyphae,
pseudo-hyphae, and yeast-form cells, all enclosed in a matrix, and
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(4) Dispersion: progeny cells are released from the mature biofilm for colonization of other

surfaces.

The time course for C. albicans biofilm formation is lengthy as the process proceeds via
early, intermediate, and mature developmental phases. The early phase may require about
11 h to take place, resulting in the formation of conspicuous colonies; the intermediate
phase may require approximately 12—30 h, as it involves the synthesis of the extracellular
matrix materials, while maturation may require 38-72 h as it involves the development of
an organized network of densely packed thick layer of matrix consisting of yeast and
hyphal cells (Cavalheiro & Teixeira, 2018; Mukherjee & Chandra, 2004). Maturation
phase is mostly followed by dispersal and release of the young cells for further propagation

of infection and colonization of other ecological/body niches.

One observation worthy of emphasis is that most studies on C. albicans biofilm formation
were done in vitro. Nevertheless, a good correlation between in vitro and in vivo studies
has been recorded as both study models follow a comparable time-dependent pattern in
formation and exhibit a high degree of similarity in their architecture (Gulati and Nobile,
2016).

2.3 Biofilm formation and antifungal resistance in Candida albicans: the nexus and

clinical implications

In general, drug resistance is said to have occurred when a drug known to be effective
against a particular microbial pathogen gradually or suddenly becomes less effective or
ineffective. This phenomenon can be described either as microbiological or clinical.
Microbiological resistance occurs when a microbial pathogen is insensitive to an
antimicrobial agent when contrasted with other isolates of the same species as evaluated
by in vitro sensitivity testing. This can be further grouped as innate or acquired resistance.
While innate resistance occurs naturally among a few microbial species without any known
cause, acquired resistance often develop gradually in susceptible microbial strains

following prior drug exposure and/or gene mutations.
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On the other hand, resistance may be said to be clinical when a microbial infection persists
despite treatment with what is considered to be effective antimicrobial therapy.
Interestingly, microbiological resistance may promote the occurrence of clinical resistance,
however, other factors such as biofilm forming capacity of the etiological pathogen,
underlying diseases (e.g., cancer, HIV/AIDS), compromised host immune functions etc.

may also be predisposing factors (Maurizio Sanguinetti et al., 2015).

Furthermore, in contrast to the multiplicity of classes and diverse distinctive modes of
activity of antibacterial drugs, existing antifungal drugs are limited in spectrum and
availability, partly due to the fact that fungi, just like their human hosts, are eukaryotic, and
so toxicity is always a bottleneck during antifungal drug design and development (Prasad
et al., 2016; Tsui et al., 2016). Consequently, there are four antifungal classes (namely,
nucleoside analogs, echinocandins, polyenes and azoles) available and clinically
recognized for the treatment and management of fungal infections (Gulati et al., 2017;
Gulati & Nobile, 2016). Nucleoside analogs (e.g., flucytosine) are not antifungal drugs per
say but could intrinsically disrupt nucleic acid synthesis in fungal cells while mimicking
any of the nucleosides, eventually leading to cell cycle arrest and cell death. Therefore, it
is safe to conclude that only three classes of antifungal drugs are known. Azoles and
polyenes were presented in the 1900s while echinocandins were approved for clinical use
in the early 2000s (Kim et al., 2020).

Azoles (e.g., miconazole, clotrimazole, fluconazole etc.), are the most important and the
most researched antifungal drugs with the highest number of lead candidates in clinical
trial, and consequently the most prescribed class of antifungal drugs in clinical practice.
They exhibit their antifungal activity through inhibition of ergosterol biosynthesis.
Similarly, polyenes (e.g., nystatin, amphotericin B etc.), are a broad spectrum antifungal
drug with high binding affinity to ergosterol, a prevalent steroid molecule in the fungal cell
wall and membrane, thereby causing depolarization and increased permeability of ions
(K+ and Na+), resulting in leakage and ultimately cell death. Also, echinocandins (e.g.,
caspofungin), are a class of fungicidal drug effective against most Candida species through
inhibition of B-1,3-glucan synthase enzyme, an essential precursor constituent in fungal
cell walls synthesis (Campoy & Adrio, 2017; Shafiei et al., 2020).
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Additionally, the strong resistance to antifungal drugs frequently encountered in C.
albicans is mostly associated to their biofilm mode of growth. The azoles, for instance, are
no longer effective against C. albicans biofilms as evident in the work of Melo et al. (2011).
Similarly, in a study conducted by Hawser and Douglas, approximately five-fold increase
in resistance to most antifungal drugs was observed by C. albicans biofilms relative to their
planktonic cells after 48 h of exposure (Hawser & Douglas, 1995). These results highlight
how problematic these infections portend in terms of management, and hence, the urgent
need for the development effective therapies against the biofilm cells (Cavalheiro &
Teixeira, 2018).

In addition to high morbidity and mortality rates associated with resistant Candida
infections, other clinical consequence of antifungal drug resistance may include failure of
therapeutic management, poor treatment outcome, development of breakthrough infection
in patients receiving antifungal prophylaxis, increased treatment costs, prolonged
hospitalization periods, among many others (Maurizio Sanguinetti et al., 2015). It is
therefore evident from the foregoing that antifungal therapeutic options are not only limited
in number but also in efficacy. Consequently, incidences of antifungal resistance among
fungal pathogens are imminent and unavoidable, and this make fungal diseases a human
health problem of global proportion (Campoy & Adrio, 2017). In general, nevertheless,
early detection of drug-resistant microbial pathogens remains a top priority to achieving

excellent treatment and patient outcomes.

2.4  Mechanism(s) of antifungal resistance in C. albicans biofilm

Biofilm formation plays a central in antifungal resistance of C. albicans. However, there
is more to it than just biofilm development. Factors and conditions leading to and/or
contributing to antifungal resistance in C. albicans biofilm are complex and multifaceted.
The metabolic state of the biofilm cells, activation of efflux pumps and enzymes, the
physical barriers created by the presence of extracellular matrix and, also the membrane
sterol compositions all play a role, either independently or in combination (Gémez-Gaviria
& Mora-Montes, 2020; Seneviratne et al., 2008; Tsui et al., 2016; Wilson, 2019).
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2.4.1 Extracellular matrix

Extracellular matrix offers physical barrier to permeability of antifungal drugs in addition
to contributing to the general morphological sanctity of the biofilm structure. The chemical
composition of the matrix makes these roles functionally possible. For instance, the C.
albicans biofilm matrix is largely made up of 55% proteins and glycoproteins, 25%
carbohydrates, 15% lipids, and 5% nucleic acids (chiefly extracellular DNA). Also, more
than 500 enzymatically active proteins have been identified to be free-flowing in the matrix
(Zarnowski et al., 2014). In addition, polysaccharides consisting largely of mannan-glucan
complexes, particularly B-1,6-glucan have been empirically shown to contribute to drug
resistance. For example, in a study by Nett and colleagues, it was established that -1,3-
glucan in the matrix binds to amphotericin B (Amb) and fluconazole (Flz), thus limiting
their penetration into the cells, while in its absence, penetration was optimal with enhanced
susceptibility spectrum (Nett et al., 2007).

2.4.2 Efflux pump

Membrane-bound drug efflux pumps have been linked to antifungal resistance in C.
albicans. However, unlike in their planktonic counterpart where these efflux pumps are
activated only in response to the presence of an antifungal drug, in biofilm state, they are
activated throughout the biofilm developmental phases, whether an antifungal drug is
present or not. This automatic activation of efflux pumps in C. albicans biofilms therefore
play a definitive role in antifungal resistance (Gulati & Nobile, 2016; Nobile & Johnson,
2015). Similarly, modulations in membrane sterol compositions during biofilm formation
and proliferation phases has also been correlated to antifungal resistance in Candida spp
including C. albicans biofilms, with exacerbated resistance during the maturation phase
(Cavalheiro & Teixeira, 2018; Mukherjee & Chandra, 2004).

2.4.3 Physiological state of biofilm

The plasticity of C. albicans biofilms and the metabolic state of biofilm cells is another
important factor responsible for sensitivity and/or resistance to antifungal drugs (Soll &
Daniels, 2016). For instance, in the early biofilm growth phase of C. albicans on synthetic
resin strips, the minimum inhibitory concentrations (MICs) of Amb and Flz were

determined as 0.5 and 1 pg/mL, respectively. Surprisingly, after 72 h of biofilm growth,
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MICs had significantly increased to 8 and 128 pg/mL for of Amb and Flz, respectively
(Cavalheiro & Teixeira, 2018; Chandra et al., 2001).

This finding suggests two fundamental things; (1) that the older the biofilm, the more
resistant it becomes; and (2) that early and rapid detection is central to solving the
antifungal resistance problem in C. albicans biofilms. In addition, the presence of persister
cells — metabolically dormant cells, within C. albicans biofilms is also a critical
physiological factor worthy of note. Owing to their dormancy and non-dividing properties,
they exhibit a very extreme level of tolerance/resistance to antimicrobial drugs (Cavalheiro
& Teixeira, 2018; LaFleur et al., 2006).

2.5  Acinetobacter baumannii biofilms

2.5.1 Acinetobacter baumannii biofilms: clinical relevance and antibiotic resistance
phenomenon

A. baumannii is a Gram-negative, major opportunistic pathogenic bacterium commonly
found in various environmental niches including soil, water, hospital environment, human
skin, bloodstream, and gastro-urogenital tract (Whiteway et al., 2022). Those of
environmental origin habitually harbor antimicrobial resistance elements and may thus
serve as major reservoirs for resistance factors that transmute into clinically relevant strains
(Wong et al., 2017). This implicated in various infections, including respiratory
pneumonia, skin and soft tissue infections, nosocomial meningitis, and even urinary tract
infections (Madadi-Goli et al., 2017; Nocera et al., 2021; Vazquez-Lopez et al., 2020).

A. baumannii was previously referred to as ‘iragibacter’ because of its prevalence among
the US veterans and soldiers that participated in the wars in Iraq and Afghanistan (Eze et
al., 2018; Lee et al., 2017). Afterwards, it became a huge concern in clinical practice across
the globe due to its unusual and remarkably heightened resistance to almost all known
antimicrobials and host immunological responses. Consequently, existing therapeutic
options against A. baumannii infections became ineffective, making the pathogen one of
the most dreaded in medical practice (Almaghrabi et al., 2018; Gonzalez-Villoria &
Valverde-Garduno, 2016; Rao et al., 2020; Vazquez-Lopez et al., 2020).
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Several phenotypic- and genomic-based virulence properties of A. baumannii have been
described, including possession of reduced membrane porins and, capsular and lipo-
polysaccharides to delimit diffusion of antibiotics into the cell, metal chelating systems,
versatile enzyme (e.g., phospholipases and proteases) and protein secretion systems.
Similarly, diverse resistance mechanisms such as membrane modification, enzymatic lysis
of antibiotics and activation of multi-drug efflux pumps, have been identified and explicitly
described in the literature (Kurihara et al., 2020; Kyriakidis et al., 2021; Lee et al., 2017,
Monem et al., 2020; Moubareck & Halat, 2020; Sarshar et al., 2021; Vazquez-Lopez et al.,
2020).

The ability to form biofilm form is a strong virulence for A. baumannii, which contributes
to its adaptation, tolerance, and survival strategies under harsh conditions such as
antibiotics treatments (Bowler, 2018; Eze et al., 2018; Shenkutie et al., 2020). In fact,
studies have established that a significant correlation between biofilm formation and

antibiotic resistance exist in A. baumannii (Babapour et al., 2016; Yang et al., 2019).

Furthermore, A. baumannii is one of the few known microbial pathogens that have been
designated as not only a multidrug-resistant (MDR) and extreme/extensive drug-resistant
(XDR) but also as pan drug-resistant (PDR) because of its unconventional frequency of
resistance to all known and existing antibiotics including fluoroquinolones,
aminoglycosides, carbapenem and polymyxins (Moubareck & Halat, 2020; Shenkutie et
al., 2020). It was on this basis that the Center for Disease Control and Prevention (CDC)
and World Health Organization (WHO) declared A. baumannii as an ‘emergency’, top
priority class 1 pathogen, posing imminent risk and danger to human and public health,
and to which new therapeutic options are required (CDC, 2019; WHO, 2017).

Another related challenge, complicating the diagnosis and managements of A. baumannii
infections is the delay clinicians often experience while waiting for the antimicrobial
susceptibility assay results, as this is principal to making therapeutic decisions (Wang et
al., 2020). The gold standard methods of broth microdilution and agar diffusion and their
commercial prototypes (e.g., Vitek-2) for in vitro determination of MICs are flawed with
time and resource constraints (Almaghrabi et al., 2018; Babapour et al., 2016; Madadi-Goli
etal., 2017; Perez et al., 2007; Pulido et al., 2013; Qi et al., 2016). This further strengthens
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the need, not just for new therapeutic options, but also for rapid and low-cost testing

platforms.

2.5.2 Treatment options for Acinetobacter baumannii biofilms: current status and future

perspective

While the development and spread of resistance mechanisms to existing clinically relevant
antibiotics, including those meant to be the last resorts, remain unabated, recent studies
have revealed the rising severity of A. baumannii infections and the consequent high
morbidity and mortality rates (D’Onofrio et al., 2020; Dahdouh et al., 2017). Due to the
evident limitations of single-antibiotic therapy (monotherapy), combination therapy that
involves joint administration of two or more antibiotics was initially adopted as an
alternative to improve treatment results (Wang et al., 2020; Wong et al., 2017). A
combination of colistin and tigecycline (Peck et al., 2012), colistin and rifampicin
(Aydemir et al., 2013), minocycline and tigecycline (Castanheira et al.,, 2014),
levofloxacin, ampicillin-sulbactam and tigecycline (Madadi-Goli et al., 2017), among
many others, with successful clinical outcomes have been described in the literature.
Nonetheless, a significant limitation of this approach in the long term, is the inevitable
development of resistance to each antibiotic that constitute the combined therapy, due to

selective pressure (Davies, 1996; Vrancianu et al., 2020).

It is worthy to note that no new antibiotic has been produced in the last decade as most
pharmaceutical industries have slowed down or discontinued new antimicrobial discovery
programs, citing high cost of investment, slow pace of drug making (approximately 20
years for a drug to become marketable) and low profit returns (Kaul et al., 2019) as reasons
for their decision, thus making WHO to declare a ‘post-antibiotic era’ and the urgent need
for the research community to make a paradigm shift and develop non-antibiotic strategies
(Kumar et al., 2021; Miro-Canturri et al., 2019; Peyclit et al., 2019; Richter et al., 2017).

Another source of worry is the recent statistics that indicate that by the year 2050, about
444 million people would be affected by antibiotic-resistant infections (Aslam et al., 2018)
with a minimum of about 300 million deaths (Rangel-Vega et al., 2015) and an
unprecedented global economic loss of 100 trillion USD (Kaul et al., 2019). Therefore,
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research efforts have since been redirected to novel strategies such as use of bacteriophage
therapy (Jubeh et al., 2020; Liu et al., 2020), phototherapy and vaccination (Wong et al.,
2017), antimicrobial peptides (Mathur et al., 2018; Vrancianu et al., 2020), probiotics (Lee
etal., 2017) and quorum sensing inhibitors (Eze et al., 2018; Imperi et al., 2013; Richter et
al., 2017). Each of these alternatives is faced with at least, a significant challenge (Pacios
etal., 2020). Peptides are not cheap; they are liable to enzymatic digestion and pose toxicity
concern. Phages are prone to the host immunological attack, while resistance against
inhibitors of quorum sensing systems have been observed (Eze et al., 2018; Rangel-Vega
et al., 2015; Vrancianu et al., 2020).

Another promising strategy to combating microbial infections and antibiotic resistance
menace is to redirect/reposition/repurpose old, existing drugs for the treatment and
management of pathogens outside the spectrum of their original targets (Balasundaram et
al., 2018; Konreddy et al., 2018; Moraes & Ferreira-Pereira, 2019; Parvathaneni et al.,
2019; Pushpakom et al., 2018). This approach, drug repurposing, has attracted interest
within and outside the medical research community, as reflected in the frequency of
published articles in the last decade (Dominguez et al., 2016; Dominguez et al., 2020).
Mostly because the pharmacokinetic, pharmacodynamic, toxicity, efficacy spectrum and
safety profiles of these drugs are already known or readily available, leveraging these data
will foster quick and appropriate re-application and dose administration for other
pathogens/infections. Additionally, it saves the time and cost normally required for
extensive clinical trials (Cha et al., 2018; Farha & Brown, 2019; Kim et al., 2020).

Several drug types including anthelmintic, antitumor, anti-inflammatory, antipsychotic,
among other, have been repurposed for antimicrobial and antibiofilm activity (Kaul et al.,
2019; Miro-Canturri et al., 2019; Oliveira et al., 2020). Specifically, Kamurai and
colleagues repurposed ten non-antibiotic drugs including amodiaquine (an antimalarial
drug) and ibuprofen (an anti-inflammatory drug) against S. aureus and P. aeruginosa
(Kamurai et al.,, 2020). In another study by Zeng and others, an FDA-approved
antipsychotic drug, penfluridol, was repurposed for antibacterial and antibiofilm activity
against E. faecalis biofilm (Zeng et al., 2020). The applicability of drug repurposing

strategy is therefore significant, even as it continues to gain more research attention.
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Furthermore, Peyclit et al. (2019) recently reviewed the drug types and current status of
different repurposed drugs against different antibiotic-resistant bacteria including A.
baumannii, and further emphasized the significance of this approach to solving
antimicrobial resistance problem. Nonetheless, this approach is yet to be fully maximized,
as there are still arrays of drugs and other antimicrobial compounds yet to be evaluated
outside the spectrum of their natural medical indications. Specifically, there is a dearth of
information on repurposing of clinically relevant antifungal drugs against bacterial
biofilms. In this same way, electrochemical-based testing of antifungals against bacterial
biofilms is yet to be explored. These areas are worthy of investigation, as evident from the

literature review.

2.6 Antibiofilm testing methods / Antifungal sensitivity/resistance estimation
methods

In general, antimicrobial sensitivity/resistance is often estimated using the minimum

inhibitory concentration (MIC) in which the growth response of a microbial pathogen in

the presence of a defined range of drug concentrations is assessed over a specific period.

The lowest concentration at which no growth is observed is termed the MIC (Lass-Florl et

al., 2010; Van Dijck et al., 2018).

Several existing methods for assessment of antimicrobial sensitivity/resistance in microbial
biofilms, are in principle based on methods for their planktonic counterpart (Beauvais &
Latgé, 2015; Di Domenico et al., 2018; Ramage & Williams, 2013; M. Sanguinetti &
Posteraro, 2017) as methods for antibiofilm assessment is more or less non-existent.
Fundamentally, this is problematic as prevention/inhibition/eradication of biofilms would
nominally require higher drug concentrations than planktonic cells (Perlin et al., 2017).
This is further complicated by lack of standardization of existing methods, as results from
same or even different laboratories are always in disagreement, thus, making
reproducibility difficult (Kuper et al., 2012).

Therefore, the development of complementary/alternative method(s) for precise,
repeatable, non-destructive, and real-time estimation of microbial biofilms
sensitivity/resistance to antimicrobial treatments is exigent. This would also enable a rapid

routine testing practice in clinical settings, thus, shortening the actionable time required for
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therapeutic management. In addition, this would abate the emerging socio-economic

burden resulting from microbial infections and antimicrobial resistance menace.
2.6.1 Conventional methods

2.6.1.1 Broth-based methods

Over the years, two recognized international bodies; namely, the Clinical Laboratory
Standards Institute (CLSI) and the Antifungal Susceptibility Subcommittee of the
European Committee on Antimicrobial Susceptibility Testing (EUCAST-AFST), have
both developed protocols based on broth micro-/macro-dilutions approach (Lass-Flor et
al., 2008; Lass-Florl et al., 2010, 2018). Several revisions have also been made with a
collective attempt of achieving a synchronized standard methodology for antimicrobial
testing. The protocols by these two bodies are dependent on the replication ability of the
cells (i.e., culture-dependent) following the addition of an antimicrobial/antibiofilm
compound. They are, however, different in their inoculum size and culture media
requirements, and MIC interpretations. Hence, an extreme intra- and inter-laboratory result
differences exist between the two procedures (Maurizio Sanguinetti et al., 2015; Maurizio
Sanguinetti & Posteraro, 2018).

The inclusion of dyes (mostly fluorescent dyes) or other compounds such as crystal violet
(CV), propidium iodide (PI) fluorescein diacetate (FA), resazurin, tetrazolium compounds
MTT (2H- Tetrazolium, 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-, bromide) or XTT
(2H-Tetrazolium, 2,3-bis(2-methoxy-4- nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-
hydroxide) in the microtiter plates is commonly adopted pre- or post- spectrophotometric
incubation for easy estimation of biomass or metabolic viability of the cells (Van Dijck et
al., 2018).

XTT is the most common assay for biofilm analysis as it considered to be simple, reliable,
and reproducible. However, the technique is only effective for testing antimicrobial
efficacy within a specific single strain and not among strains (Ramage, 2016). It also
requires an expensive micro-plate reader, and a minimum of 48 h to complete (Gulati et
al., 2018; Kuhn et al., 2003; Pierce et al., 2008).
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Furthermore, an optimized, high throughput spectrophotometric-based assay (for C.
albicans biofilm, for instance) was recently reported (Lohsea et al., 2017). The biofilms
are grown in 96- and 384-well plates in the presence of the test compound and optical
density (OD) measurements at a specified wavelength (usually 600 nm) is adopted as an
index of the biofilm estimate. Lohse and colleagues opined that the resultant OD represents
an accurate estimate of the biofilm. While the results are reproducible, they are unreliable
as most spectroscopic-based biofilm assays lack the sensitivity to distinguish between dead
and viable cells, except an additional processing step involving plate culturing post-
spectrophotometry, is engaged. In general, broth-based dilution methods are technically
difficult and time- (and other resource) demanding, and thus, not suitable for routine testing
practice (Perlin et al., 2017; M. Sanguinetti & Posteraro, 2017).

2.6.1.2 Agar-based methods

Using this approach, a Petri-plate containing a specified agar medium is seeded with the
test organism and the test antimicrobial compound of interest. During the incubation
period, the test compound diffuses into the agar to exert its activity, thereby resulting in
formation of areas/zones of growth inhibition, the size of which is suggestive of the degree
of sensitivity/resistance of the test organism to the test drug. A commonly adopted
methodology is the disc diffusion test where known concentrations of the test drugs is pre-
impregnated on a paper; pre-cut into disk-like form, and then gently placed on the agar
medium previously seeded with the test organism (Hudzicki, 2012).

Agar-based approach generally provides a more simple, rapid, and relatively cheap
platform for resistance/sensitivity profiling (Ernst, 2007; Johnson, 2008). However, this
approach is more qualitative than quantitative, as only zones of growth inhibitions, subject
to other analysis and interpretations, can be obtained (Moriarty et al., 2014; Van Dijck et
al., 2018). It is however more efficient for testing hydrophilic compounds (e.g., fluconazole
against Candida spp.), partly due to the high diffusion coefficient of the agar, which in turn
makes measurement of zones of inhibition easy. The choice of agar medium and period of

incubation often vary among laboratories depending on whether CLSI or EUCAST
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protocol is followed, thus making reproducibility of results difficult (Lass-Florl et al.,
2010).

2.6.2 Commercial kits

Due to technological advancement in recent years, commercial kits developed based on the
testing principles of either CLSI or EUCAST are now available in some clinics and
microbiology laboratories, especially in the cities and highbrow areas. Examples include
Sensititre™ YeastOne™ Y09 AST Plate (ThermoFisher, USA) whose working principle is
based on broth-dilution procedure, and Etest® (BioMerieux, USA) whose working
principle is based on agar dilution approach. These two kits can be manually operated
(Gulati et al., 2018; Lohsea et al., 2017).

An alternative is the automated Vitek® (also developed by BioMerieux, USA) with high
flexibility and excellent comparative efficiency to CLSI/EUCAST methods (Almaghrabi
et al., 2018; Franco-Duarte et al., 2019; Gomez-Gaviria & Mora-Montes, 2020). They are
all generally simple and easy to use, and produce reliable and reproducible results (Perlin
etal., 2017). Nevertheless, high cost remains a bottleneck, making their availability in rural
and middle-class diagnostic centers, a difficulty. There are also concerns about
compatibility and efficiency when used for some antimicrobial compounds (Sanguinetti &
Posteraro, 2018).

2.6.3 Other biofilm methods

Other methods often adopted for microbial biofilm studies, whether in the presence or
absence of antimicrobial treatments, include microscopy, flow cytometry, microfluidic
devices, and molecular techniques. Extensive reviews on these methods are available in
the literature (Azeredo et al., 2017; Huang et al., 2020; Rajapaksha et al., 2019). A
summary of most biofilm methods and their limitations is presented in Table 2.1. In
general, these methods are predisposed to high cost, heavy instrumentations that may
occupy large space, extended turnaround times, high-depth technical knowledge for

operation and interpretation of results, and destructiveness of samples.
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Table 2.1. Summary of microbial biofilms methods

Method

Limitations

Reference

(A) Microbiological: culturing
and counting

Time consuming; Difficult and laborious to conduct manual
enumeration; On site application is practically impossible; A
subpopulation of biofilm cells can be viable but non-culturable
(VBNC) and would not be detected by the CFU approach.

(Lohsea et al., 2017,
Meireles et al., 2015;
Maurizio Sanguinetti &
Posteraro, 2018)

(B) Molecular methods (e.g.,
PCR technology)

Expensive technology/instrumentation and chemicals are
required; Expertise for technical handling of the protocols;
Overestimation of cells due to the presence of eDNA

(Azeredo et al., 2017,
Harba et al., 2012;
Rajapaksha et al.,

2019)

(C) Gravimetric method:
indirect measurement of biofilm
biomass by dry or wet weight

Time consuming; Low sensitivity and accuracy

(Achinas et al., 2019)

(D) Chemical methods
involving dye staining (e.g.,
crystal violet assay, XTT)

Lack of reproducibility; Lack of sensitivity; Overestimation or
underestimation of biofilm biomass; A standardized protocol is
not available; It takes approximately two days or more for
analysis

(Pierce et al., 2008;
Ramage, 2016; Veloz
etal., 2019)

(E) Microscopy (SEM, TEM,
AFM, CLSM)

High cost; High level of maintenance; Sample damage; No
standardized protocol is not available

(Achinas et al., 2019;
Y. Huang et al., 2020;
Meireles et al., 2015)

(F) Flow cytometry

High cost; Not readily available; Numerous dilution steps
needed causing low sensitivity; The need for cells to be in a
suspension makes cell architecture examination difficult; Data is
cumbersome, hence, can be tedious

(El-Nahas et al., 2013;
Harba et al., 2012;
Veloz et al., 2019)
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All of these challenges have a debilitating impact on clinical diagnosis and disease
management, thereby contributing to high morbidity and mortality rates, especially in rural

and poor communities around the world.
2.7 Microbial electrochemistry — a promising field for biomedical applications
2.7.1 Historical perspective — how and when it began

The genesis of microbial electroactivity began more than a century ago when
microorganisms, specifically yeast — Saccharomyces cerevisiae and certain species of
bacteria, were demonstrated to produce electrical output via interactions with a platinum
electrode in a galvanic cell (Potter, 1911). This microbe-electrode interactions in a nutrient-
rich medium, leading to breakdown of compounds and release of electrons is termed
microbial electrochemistry or electromicrobiology (Schréder et al., 2015), and has since
metamorphosed into an independent field of study with a broad variety of technological
applications, including but not limited to waste water treatment, desalination, biorecovery,
bioremediation, synthesis of value added chemicals, and biosensing (Aulenta et al., 2018;
Bosire et al., 2016a; Kannan et al., 2019; Khater et al., 2015; Liang et al., 2018; Lv et al.,
2014; Simoska, Sans, Fitzpatrick, et al., 2019; Tharali et al., 2016; Verma et al., 2021).

The above-mentioned, and many other biotechnological applications that require or
involve microbe-electrode interactions, are collectively referred to as microbial
electrochemical technology (MET). In METSs, different electrical/electronic gadgets are
employed to either monitor, control or measure microbial metabolism and the resulting
electrochemical reactions. In 1911, Potter used a crude set-up that consisted of a glass jar,
two platinum electrodes, an analog ammeter, and a Morse condenser. This apparatus has
since witnessed tremendous improvement in terms of design, size, automation, and
sophistication (Sanchez et al., 2020). The discovery of solid-state electronics (e.g., semi-
conductors) in the 20™" century and the optimization that followed up to the development
of integrated circuits created a new platform for design, configuration and application of

electronic devices (Enke, 2015).
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Fast forward to 1952, Hans Wenking created a three-electrode chamber with an electrode
potential control system — the potentiostat (Doelling, 1998). A potentiostat provides a
means to effectively control the potential difference between the reference and the working
electrodes. A working electrode is the electrode of interest under study. This, therefore,
provide stability to the system whether the system properties (e.g., electrode type and

surface, electrolyte conductivity etc.) change or not (Doelling, 2000).

2.7.2 The potentiostat

The potentiostat (or a galvanostat, depending on its functional mode) is basically an
amplifier circuit that can control the potential differences between the working electrode
(WE) and the counter electrode (CE). When it is used to apply potential difference at WE—
CE while measuring the resulting current, it is said to be a potentiostat, and when it is used
to apply current at WE-CE while monitoring the resulting potential, it is said to be a
galvanostat. A two-electrode system is made up of the WE and the CE only. In addition to
WE and CE, a three-electrode system comprised a reference electrode (RE) of a known,
reversible electrochemical reaction to which the potential at the WE is compared (Sanchez
et al., 2020). The three-electrode system allows precise control of the potential difference

at WE-RE, thus increasing the sensitivity and repeatability of the electrochemical analysis.

In a typical three-electrode system, a resistance known as the uncompensated resistance, is
developed between the RE and the WE; this leads to an ohmic potential drop that may
affect the system performance, especially at high currents. Unfortunately, the potentiostat
cannot mitigate the resistance between RE and WE as this is not involved on its feedback
loop. Nevertheless, reducing the distance between the WE and RE would resolve this lapse.
In some other cases, a small glass capillary (Luggin capillary) may be used to abate the
uncompensated resistance. This may, however, gets clogged, especially during long-term
experiments, leading to instability due to voltage drifts, and thus cause poor
electrochemical performance (Zhang et al., 2011).

Furthermore, the properties of the components that constitute the electrochemical system
(e.g., electrodes, electrolytes, microorganisms) always change over time. This often results

in an unstable current flow, making the assessment of the individual components difficult.
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While the potentiostat is designed to control the potential at the WE by compensating the
resistance between the RE and CE (Fig. 2.2) regardless of fluctuations within the
electrochemical cell or changes at the electrodes, especially in a typical three-electrode
system, this can only be achieved within the compliance voltage range of the device,
specifically based on the limitation of the potential control amplifier (Fig. 2.2). However,
a large WE can result in uneven potential distribution, resulting in heterogenous biofilm
growth and/or loss of efficiency by the electrochemical system (Hernandez-Fernandez et
al., 2015; Oliot et al., 2017), therefore, electrodes with smaller surface areas are better for

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

It is worthy to note that the traditional potentiostats (e.g., Fig. 2.2(B)) is relatively bulky,
thus, expensive and unfit for off-site applications (Sanchez et al., 2020). Advancement in
technology has however birthed the development of portable and even smartphone-based
potentiostats that are affordable and simple to use (Huang et al., 2018). Furthermore,
conventional two- and three-electrode systems used in laboratory research require
purchase, preparation, and maintenance of separate electrodes (RE, CE and WE), which
increase the cost and the specialized labor required for the experiments, thus are not easily

adaptable for biosensing and bio-analytical applications.

Fig. 2.2. (A) Schematic configuration of circuit, showing the working principle of a
potentiostat for a three-electrode system; the potential control (PC) amplifier ensures a
constant potential is maintained at point A; the RE serves as voltage source between the
controlled point A and the PC, while the voltage buffer (VF) amplifier shields this voltage
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to prevent loading that can interfere with the voltage source; Zc is operational amplifier
(op-amp) that compensates for the impedance at CE while Zu is the uncompensated
impedance between the controlled point A and the ground. (B) A typical, ready-to-use
multi-channel VVSP potentiostat (BioLogic, France).

Scree-printing technology is being adopted to bridge these limitations via fabrication of
integrated, miniaturized, low-cost, versatile, easy-to-use-and-produce screen-printed
electrode (SPEs) (Alonso-Lomillo etal., 2010; Metters et al., 2011; Yamanaka et al., 2016).
SPEs are simple, adaptable to (1) low-volume samples — typical of biomedical settings, (2)
portable devices and with various electroanalytical methods (Garcia-Miranda Ferrari et al.,
2021; Munteanu et al., 2018).

While there are concerns, especially with the possibility of replacing the standard methods,
the potential of SPEs is enormous and their applications are increasingly being explored,

particularly in biosensing and clinical diagnosis,

2.7.3 Screen-printed electrodes (SPEs) — the ‘eureka’ of biosensing and microbial

diagnosis

A typical SPE corresponds to a traditional three-electrode cell, consisting of WE, RE and
CE integrated into a single configuration, as schematically presented in Fig. 2.3.
Traditionally, the RE is usually made of silver or silver/silver chloride layer (Ag or
Ag/AgCl), while the CE is usually carbon, platinum or even gold. For WE, carbon is mostly
used because of it low cost, easy availability, great functionalization potential, and
excellent electrochemical features that includes low background current, wide potential
range, chemical inertness, and high amenability with other materials/molecules (Munteanu
etal., 2018).

Fig. 2.3 (C) shows a representative step-by-step process involved in making a typical SPE.
The fabrication process often follows a similar pattern - the electrodes are designed,
configured, and then manufactured via ink-printing on successive layers of ceramic or
plastic materials depending on its intended use(Garcia-Miranda Ferrari et al., 2021; Metters
etal.,, 2011; Yamanaka et al., 2016).
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SPEs in combination with electrochemical techniques have shown promising potential to
serve as alternative to the conventional analytical methodology. This approach has been
successfully applied for quality control assessment of food and drinks samples (Albanese
et al., 2014; Andrei et al., 2016; Pierini et al., 2020; Soulis et al., 2020; Torre et al., 2020;
Vasilescu et al., 2019), environmental pollution monitoring and analysis (Della Pelle et al.,
2018; Dincer et al., 2019; Garcia-Miranda Ferrari et al., 2020; Kannan et al., 2019; Uria et
al., 2020), forensic analysis (Elbardisy et al., 2019; C. D. Lima et al., 2020; Ott et al., 2020;
Smith et al., 2013), detection of cancer biomarkers and other relevant biomolecules (Attoye
et al., 2020; Ibafiez-Redin et al., 2019; Moreira et al., 2016; P. Yanez-Sedeiio et al., 2019;
Paloma Yanez-Sedefio et al., 2018), fundamental microbial studies (Guette-Marquet et al.,
2021), or detection and characterization of microbial pathogens and/or their metabolites
(Chalenko et al., 2012; Golichenari et al., 2019; Posseckardt et al., 2018; Simoska et al.,
2019(a); Simoska et al., 2019(b); Sypabekova et al., 2019; Ward et al., 2018).
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Fig. 2.3. (A) A typical conventional three-electrode electrochemical set-up. (B) A typical
SPE cell; basic design and material configuration of an SPE. (C) Schematic illustration of
the fabrication strategies involved in making a typical SPE.
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The propensity of SPEs for rapid bioelectrochemical analysis, sensitive detection and
characterization, cost-effectiveness, ease of manufacture and commercial availability, and
minimal or no need for additional treatment and/or modification has been widely
demonstrated (Alonso-Lomillo et al., 2010; Garcia-Miranda Ferrari et al., 2021; Metters et
al., 2011; Simoska & Stevenson, 2019; Uria et al., 2020). Thus, using SPEs in other spheres
of biosensing and microbial analysis including characterization of clinically relevant
microbial biofilms and antibiofilm assessment of old and/or new drugs is worthy of further

research.
2.7.4 Microorganism as an electrical circuit — an electrochemist perspective

The perspective with which a microbe is viewed vary from one discipline to another. To a
biotechnologist or an industrial microbiologist, a microbe is seen as a cell factory or a
biological catalyst (Fig. 2.4(A)), required for bioconversion of organic raw materials into
a value-added product (e.g., sugar molasses to ethanol) or for other bioprocesses

(bioremediation, wastewater treatment etc.) (Su et al., 2020).

While this perspective is true and logical, it is worthy of note that the metabolic
machinations and chemical transformations occurring during the bioprocess are facilitated
via electrochemical reactions, leading to the generation, flow, and release of electrons, for
the prime purpose of achieving a steady and active metabolic state, cellular growth, and
metabolite (chemical) synthesis. Thus, a microbial electrochemist views a microbial cell
as an electronic circuit (Fig. 2.4(B)) whose activity, structural and functional, can be
detected and monitored electrochemically, during growth (Koch & Harnisch, 2016; Turick
etal., 2019; VanArsdale et al., 2020).

Furthermore, the internal structure of a typical microbial cell is composed of water, ions,
charged molecules and a variety of other solutes, compartmentalized from the outside
environment by membranes (Fig. 2.4(C)), thereby creating electrical and chemical
potential differences, and electrochemical gradients both within and across the membranes.
Consequently, a membrane potential and ionic motive force — involved in the regulation of
cellular and metabolic processes (e.g. electron transport, ATP synthesis, motility etc.), is
formed (Nealson, 2017; Schofield et al., 2020). Interestingly, electron transport

32



phenomenon in microbial biofilms is empirically correlated with metabolism (Czerwinska-
Glowka & Krukiewicz, 2020; Saito et al., 2019), and thus, can serve as an indicator for
determining microbial growth and cellular activity, even under drug treatments (Miran et
al., 2021).

2.7.5 Electroactive versus non-electroactive microorganisms

Broadly, electroactivity as a phenomenon is often used interchangeably with the term
extracellular electron transport (EET). This is because no standard definition exists in the
literature yet, as different nomenclatures such as electric bacteria, cable bacteria and
electricigens are commonly used for microbes that exhibits electroactivity (Koch &
Harnisch, 2016; Logan et al., 2019; Nealson, 2017). Regardless, the ability to perform EET
appears to be a common denominator. It is also important to emphasize that the term
electricigen is more robust, and appears to be gaining acceptance over others (Vermaetal.,
2021). Throughout this text, the term electricigen will also be used strictly, except when

stated otherwise.
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Fig. 2.4. A schematic representation of microorganism as a cell factory (A), electronic
circuit (B), expanded version showing cell configuration, redox reactions, and electron
flow (C).
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As the term indicates, EET involves electron transport from the internal cellular space,
across the membrane, to a conductive solid support, and/or vice versa. When electrons are
transported from the cell to the solid support, it is said to be anodic/oxidative EET, and
when reverse is the case (i.e., electron flow from the conductive solid to the cells), it is said
to be cathodic/reductive EET.

The conductive solid may take the form of an electrode (e.g., SPE, as previously discussed),
typical of laboratory studies, or a metal (e.g., iron), typical of what occurs in soils and other
natural environmental niches (Doyle & Marsili, 2018a). EET is predominant in biofilm-

forming microbial species (Masi et al., 2015; Miran et al., 2021).

Electron flow is an inherent phenomenon in all living organisms (prokaryotes and
eukaryotes - plants, animals, microbes) but EET is not (Nealson, 2017). The first evidence
of EET in prokaryotes (bacteria and yeasts) was reported by Potter in 1911. Afterwards,
bacteria capable of direct EET, Geobacter and Shewanella, were discovered, and for long,
these two bacteria served as model organisms for EET studies, owing partly to the earliest
misconception that electroactivity is limited to microbes in metal-rich soils and sediments,
a reflection of the environment from which Geobacter and Shewanella were first isolated
from (Aiyer & Doyle, 2021).

Extensive research in the last decade has, however, proved that EET is a phylogenetically
diverse feature in microorganisms (Koch et al., 2018; Koch & Harnisch, 2016), and that
under favorable conditions, most microorganisms are capable of EET. It is on this basis
that microbial electroactivity is now being redefined as a spectrum (Fig. 2.5), to
accommodate all groups of microorganisms (Aiyer & Doyle, 2021; Doyle & Marsili,
2018a).

2.7.5.1 Mechanism of electron transport

The mechanism of EET is largely dependent on the type of organism involved. Today,
three major mechanisms have been described (Fig. 2.6). First is direct electron transfer
(DET) to the solid support (the solid surface, acting as the electron acceptor) using
membrane-bound c-type cytochromes (Hubenova et al., 2016; Saito et al., 2019; Teravest

& Angenent, 2014). This mechanism is common in strong electricigens (e.g., Geobacter
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and Shewanella) (Aiyer & Doyle, 2021; Nealson, 2017). Second is the use of thin,
structural appendages extending outward from the cell surface. These structures are
electrically conductive, facilitating EET at a distance, and are called e-pili or nanowires
(Reguera, 2018; Schofield et al., 2020). The third mechanism is mediated electron transfer
(MET) where soluble electron shuttles or redox molecules, endogenously secreted by the
cells (Elabed et al., 2021; Marsili, et al., 2008) or exogenously added (Astorga et al., 2019;
Bosire et al., 2016b; Bosire & Rosenbaum, 2017; Kannan et al., 2019; Ramanavicius et al.,
2017; J. Sun et al., 2019), facilitate electron transfer between the cell and the electron
acceptor (Martinez & Alvarez, 2018b).

NON-ELECTRICIGENS WEAK ELECTRICIGENS STRONG ELECTRICIGENS

CURRENT PRODUCTION

- TYPICALLY RELY ON SOLUBLE ~ TYPICALLY RELY ON SOUID
ELECTRON ACCEPTORS IN NATURE ELECTRON ACCEPTORS IN NATURE

DIE IN ABSENCE OF SOLUBLE « CAN USE SOUID ELECTRON « CAN USUALLY USE SOLUBLE
ELECTRON ACCEPTOR ACCEPTORS UNDER STRESS ELECTRON ACCEPTORS TOO

MAY HAVE LIMITED GROWTH - GROW WELLWITH EET
(134

Fig. 2.5. Spectrum-based definitions of electricigen (Doyle & Marsili, 2018a).

Other EET mechanisms recently described in the literature include use chelators or
siderophores to take in the solid electron acceptor, solubilize them and then ferry them into
the cell (Paquete, 2020), and use of extracellular polymeric substances in the biofilm matrix
(Xiao et al., 2017). Worthy of note, is that, only a thin line of difference exist among these
mechanisms, as a single microbial species may adopt one or more depending on its

prevailing environmental/cultural conditions (Doyle & Marsili, 2018a).
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2.7.5.2 Weak electricigens — the focus of this thesis

A weak electricigen is a microbe that performs EET as a side strategy to conserve energy
in lack of soluble electron acceptors. Further, the electron flow is generally low, in the
range of 10-100 uA/cm?, which is insufficient for power production and large scale energy
conversion. This is due to the intrinsic genetic and physiological configurations of weak
electricigen (Aiyer & Doyle, 2021; Doyle & Marsili, 2018b). However, the majority of
microbial pathogens belong to this group, hence, their clinical relevance and the need for
their electrochemical-based studies.

Soluble
electro
shuttle

Nanowire

@ @ Cytochrome @

Fig. 2.6. The three major mechanism of EET (Aiyer & Doyle, 2021).

The human gastrointestinal tract (GIT), dental cavity and other micro-niches have been
discovered to provide enabling conditions for microbial electroactivity (Naradasu et al.,
2019; Schwab et al., 2019; Wang et al., 2019). Additionally, several clinically relevant,
weak electricigenic microbial species have been identified in the last decade. These include
members of the genera Escherichia, Aeromonas, Bacillus, and Enterobacter (Doyle et al.,
2017; Y. Qiao et al., 2008; Seviour et al., 2015; Tian et al., 2019).
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Others include Staphylococcus aureus (Bhuvaneswari et al., 2013), S. mutans (Naradasu
et al., 2020a), Enterococcus faecalis (Keogh et al., 2018; Pankratova et al., 2018),
Pseudomonas aeruginosa (Bharatula et al., 2019; Bosire et al., 2016a; Seviour et al., 2015),
Listeria monocytogenes (Light et al., 2018), Corynebacterium matruchotii,
Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans (Naradasu et al.,
2020b; Naradasu et al., 2020c), Clostridium cochlearium, (Schwab et al., 2019) and
Capnocytophaga orchracea (Zhang et al., 2020). Following this array of studies, the

following inferences are worthy of note:

1. There is a dearth of information on the vast majority of clinically relevant, weak
electricigenic microbial species, particularly the biofilm forming ones, and those of
special status with respect to antimicrobial resistance.

2. Since a correlation has been established between electrical output of microbial
pathogens and their metabolic activity, this could be exploited for real-time assessment
of drug efficacy on microbial growth and metabolism (Miran et al., 2021). Surprisingly,
this much-needed intervention to ameliorate the challenges facing clinical diagnosis and

effective antimicrobial therapy remains underexplored.
2.7.5.3 The necessity of exogenous redox mediator for weak electricigen studies

Just as the name suggests, weak electricigens are described as such because of their
inability to perform DET, though possess EET functionality. Thus, they rely on the
presence of soluble redox molecules or electron shuttles, secreted by the cells or
exogenously added (Aiyer & Doyle, 2021). They may however evolved into DET-abled
cells over time and under certain growth conditions, as previously reported for E. coli (Qiao
et al., 2008) and S. aureus (Bhuvaneswari et al., 2013).

Nevertheless, the necessity of exogenous addition of a redox mediation is a common
practice while working with weak electricigens (Doyle & Marsili, 2018a). Table 2.2 shows
a summary of synthetic redox mediator commonly adopted in electrochemical studies of
weak electricigens. The choice of mediator often depends on solubility, toxicity, redox
potential, photostability and sensitivity, biocompatibility with the system under study,

efficiency, cost, ease of availability, among many others. As presented in Table 2.2,
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quinones are the most used synthetic redox compound. This may be attributed to its high

solubility and low redox potential in aqueous system, low toxicity, compatibility with

biomembranes, and photostability (Doyle & Marsili, 2018a; Santoro et al., 2016).

Table 2.2. A review of redox mediators commonly used for weak electricgens.

Redox mediators

Weak electricigens

References

Flavins

Bacillus megaterium

Listeria monocytogenes

(L. X. You et al., 2018)
(Light et al., 2018)

Quinones e.g., 2-hydroxy-1,4-
(HNQ)
anthraquinone-2,6- disulfonate
(AQDS),

naphthoquinone and

Enterococcus faecalis

Escherichia coli

Klebsiella pneumoniae
Lactobacillus lactis
Enterobacter sp
Saccharomyces

cerevisiae

(Hederstedt et al., 2020)

(Astorga et al., 2019;
Kannan et al., 2019;
Santoro et al., 2016; Sun et
al., 2019)

(X. Lietal., 2013)
(Freguia et al., 2009)
(Doyle et al., 2017)
(Ramanavicius et al.,

2017)

Pyocyanin

P. aeruginosa

(Bosire et al., 2016a)

Potassium ferricyanide

P. aeruginosa
Enterococcus faecalis
S. cerevisiae

Candida albicans

E. coli and Clostridium

sporogenes

(Bharatula et al., 2019)
(Pankratova et al., 2018)
Ramanavicius et al., 2017)
(Congdon et al., 2013)

(Ertl et al., 2000)

Iron (111)/iron (I1)

Enterococcus faecalis

(Keogh et al., 2018)

2,6-dichlorophenolindophenol
(DCIP)

Candida albicans

(Hassan &  Bilitewski,

2013)
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2.8 Electroanalytical methods for antibiofilm testing

The convergence of microbiology and electrochemistry opened an exciting opportunity in
biosensing and bio-analytics. Electrochemistry investigates electron transport phenomena
arising from chemical changes (e.g., oxidation-reduction reactions), and applies this
approach to the study of physiological phenomena in microorganisms. This has helped,
greatly, in overcoming the limitations associated with the conventional methods
(McEachernetal., 2020; Turick et al., 2019) that were previously discussed. Although their
application for detection and/or monitoring of microbial pathogens is well documented in
the literature (Amiri et al., 2018; Islam et al., 2020; Karbelkar & Furst, 2020; Kuss et al.,
2018; Lv et al., 2014; Muir et al., 2011; Sheybani & Shukla, 2017; Simoska et al., 2019;
Tokonami & lida, 2017), little is known about their application for antibiofilm drug
assessment and/or other therapeutic compounds.

This has become more necessary now, considering that most infections involving biofilm-
forming microbial species are resistant to treatments, resulting in high mortality and
economic burdens (Abebe, 2020; Kumar et al., 2021). Consequently, the demand for novel
therapeutic strategies including assessment methods is high (Hards & Cook, 2018; Miran
etal., 2021).

Also, the need for novel methodology for assessment of antimicrobial agents targeting the
metabolic machineries of pathogenic microbes cannot be overemphasized, as traditional
culture-dependent methods require extended incubation time, are not suitable for non-
culturable organisms, and cannot distinguish between killing and inhibitory effects of drugs
(Richards et al., 2020; Tao et al., 2017). Furthermore, existing advanced technologies such
as adenosine triphosphate bioluminescence and single-cell Raman Spectro-microscopy,
could monitor the metabolic activity of microbial biofilms via isotope or fluorescent
labelling (Lee et al., 2017; Wang et al., 2020). Nevertheless, these approaches are
destructive, expensive, and not suited for a real-time and label-free monitoring of biofilm
cells metabolism. Although there is a wide array of electrochemical techniques for
biological applications, only those suitable for biofilm-forming weak electricigens offering

high signal-to-noise ratio, a reflection of the focus of this thesis, will be discussed. Table
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2.3 shows an overview of microbes and the electrochemical techniques commonly

employed for their detection and/or physiological studies.
2.8.1 Chronoamperometry (CA) / Chronocoulometry (CC)

CA is used to monitor current output over time, while CC — the integral of current, estimates
charge (Furst & Francis, 2019), and maybe more informative for diagnostic decision due
to the inherent low current density of weak electricigens (Doyle & Marsili, 2018a). CA and
CC are fixed-potential techniques (Saito et al., 2019), thus, they do not elicit charging
current that may interfere with the electrochemical signals, making them well suited for
weak electricigens (Aiyer & Doyle, 2021). CA allows a direct, real-time measurement of
electroactivity (Turick et al., 2019) and could provide reliable physiological details on the
metabolic state of cells in the biofilm, thus, makes it a suitable approach for distinguishing
between live and dead cells — an essential feature lacking in all conventional gold standard

methods.

In CA, the WE electrode is mostly poised at a single potential, optimal for the organism
under study, as too low or high potential may be insufficient to elicit a measurable EET
rate or negatively impact the organism, leading to membrane damage, respectively (Bosire
& Rosenbaum, 2017; Liu & Li, 2020; Teravest & Angenent, 2014; Wei et al., 2010). At
high potential, the electrode itself or certain medium components may participate directly
in the redox reactions, thus affecting the accuracy and reliability of the current output.
Therefore, control experiments are always needed to ascertain that the current output is
generated only from the biofilm cells. There is a dearth of information on the application
of CA for assessment of antibiofilm agents (Miran et al., 2021). There is however a dearth
of information on the application of CA for assessment of antibiofilm agents. This is
intriguing and worthy of investigation, especially as a strong correlation between biofilm
formation and electroactivity has been established (Czerwinska-Gtéwka & Krukiewicz,
2020; Light et al., 2018; Masi et al., 2015; Naradasu, Guionet, Miran, et al., 2020).

Furthermore, a typical CA curve for early biofilm formation on a flat electrode (Fig. 2.7)
is like the sigmoid growth curve of any microbe, as current output often rises gradually

within the first few hours, corresponding to rapid attachment and growth of cells, and
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becomes stable after a certain period, as the accumulation of non-conductive biofilms
matrix block part of the electrode surface. Depending on the prevailing conditions, the
current may remain stable for some time, and then decays over time, suggesting growth
suppression, cell removal from the electrode surface or even death due to a combination of
depleted nutrients and accumulation of toxic metabolites. Therefore, to determine the
efficacy of a drug for biofilm inhibition or on pre-formed biofilm, the drug should be

introduced at inoculation, or when the current becomes stable, respectively.
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Fig. 2.7. Representative plots of selected electrochemical techniques.

2.8.2 Voltammetric-based methods (cyclic voltammetry (CV), differential pulse
voltammetry (DPV))

Voltammetry is generally used for detection, characterization and quantification of redox
species in relation to electron transfer processes (Saito et al., 2019; Turick et al., 2019).
Contrary to amperometry (CA), voltammetry provides information only about the
interfacial electron transport at the electrode surface, but not metabolic current, at least at
high scan rate values (Saito et al., 2019). Multiple cycles are however a possibility, making
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it a technique of choice in studying intermediate reactions, and in monitoring stability of

the redox species (Furst & Francis, 2019).

In cyclic voltammetry (CV), the potential is scanned within a range, and in both
forward/positive and reverse/negative directions, while the resulting current is recorded.
The appearance of peak current(s) in the presence of biofilm cells, but absent in the control
with no biofilm cells, is indicative of redox species produced by the biofilm cells that ferry
electrons to the electrode surface (Saito et al., 2019). The intermittent varied potentials
may however produce charging currents, so appropriate caution is advised when CV is
applied for weak electricigens. CV at low scan rate (e.g., <5 mV/s) are suitable to observe
turnover redox reactions, while higher scan rates are adopted to characterize redox
reactions under non-turnover conditions. The pulse methods (e.g., DPV and square wave
voltammetry (SWV)), where the potential is either held constant or varied at a constant
rate, could be used to mask the charging currents, thus increasing the analytical sensitivity
(Aiyer & Doyle, 2021). In a typical pulse voltammetry method, a potential pulse (+/-) is
over-imposed on a potential slope, and a short time between the pulses allows the redox
pool at the interface to be recharged. The current is recorded before and after each pulse,
and the difference (delta I) is plotted as a function of the pulsed potential (Fig. 2.7) (Furst
& Francis, 2019).

2.8.3 Electrochemical impedance spectroscopy (EIS)

Microbial biofilms are a complex structural community of cells whose electrochemical
features are also not fully defined. The interiors of the cells in the biofilm comprises
different charged molecules and ions, making it somewhat conductive (~ 1 S/m), while the
cell membranes are made up of phospholipid bilayers and glycoproteins, making it
somewhat insulating (~ 107 S/m). The biofilm matrix consisting of proteins, lipids and
extracellular DNA also contribute to the conductive and/or insulating property of the
biofilm. Consequently, as cells bind to the electrode surface during biofilm development,
the electrode surface area is reduced and access to redox species becomes limited, resulting
in increased interface impedance (Furst & Francis, 2019). Therefore, EIS can be suitable

for characterization of thin biofilm formed by weak electricigens, as it allows monitoring
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and detection of early biofilm formation through estimation of changes in interfacial

impedance.

In EIS, a sinusoidal voltage of a given frequency is applied to the biointerface, while the
resulting sinusoidal current is recorded to estimate the impedance (Z). This can be repeated
over a range of frequencies, such that different parameters relating to the biological system
can be obtained. Bharatula and colleagues recently reported an EIS-based detection of
weak electricigen P. aeruginosa within 24 h post-incubation using a flexible indium tin
oxide-coated polyethylene terephthalate substrate (Bharatula et al., 2019). However,
because EIS responses are different under turn-over and non-turn-over conditions, it is
almost impossible to establish a quantitative correlation between biofilm formation
(impedance) and metabolic activity (electroactivity) (Babauta & Beyenal, 2014), partly
because it is easily perturbed by many intrinsic factors (Ward et al., 2014). Additionally,
the analysis of EIS data cannot be automated (yet), thus its application for routine biofilm

detection is not appropriate.
2.9  Noteworthy inferences from literature review

As presented in Table 2.3, application of electrochemical techniques for microbial studies
is not a new adventure. Nonetheless, the following inferences from the literature review

show the gap-in-knowledge and the need for improvement/further research.

1. Most studies were done using the two/three-electrode system. Relative to the SPEs, this
approach is expensive, in that, each electrode (WE, CE, and RE) is acquired separately;
complex and tedious, in that, each electrode is washed/treated/processed separately, and

thus unsuitable for drug testing as it requires large volume of samples.

2. There is little or no information on the electrochemistry of Candida albicans and
Acinetobacter baumannii biofilms. This is worthy of research, owing to the reports by CDC
and WHO ascribing high risk status to these two microbial species, with an emphasis on

the need for new therapeutic options.

3. There is dearth of information on electrochemical-based assessment of antibiofilm

agents. Use of SPEs, for instance, requires small volume of sample and antimicrobials,
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making it feasible for high-throughput screening. In addition, this simple and low-cost
concept may possibly accelerate the discovery of antibiofilm drugs, as a significant
collection of compounds could be rapidly tested. This approach could serve as an
alternative or a complementary technology for assessing the effectiveness of

antimicrobials.

4. There is dearth of information on repurposing of clinically relevant antifungals against
A. baumannii biofilm. Same with electrochemical-based assessment of antimicrobials

against A. baumannii biofilm.
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Table 2.3: Overview of recent studies on electrochemical characterization of microbial biofilms

Electrochemical
Technique(s)

Microbial species/strain

References

Geobacter sulfurreducens

(Babauta & Beyenal, 2014; Marsili et al., 2008; Srikanth et al., 2008)

mutans, P. aeruginosa, B.
megaterium, Bacillus sp.,
Pichia stipites, E. coli,
Corynebacterium matruchotii

CcV Mixed culture biofilm (Bressel et al., 2003)
Staphylococcus epidermidis (Becerro et al., 2016)
Shewanella oneidensis (Carmona-Martinez et al., 2013; Marsili, Baron, et al., 2008; Teravest &
Angenent, 2014)
Pseudomonas aeruginosa (Qiao etal., 2017, Wang et al., 2013; Yong et al., 2014))
Lactobacillus rhamnosus GG | (Jarosz etal., 2019)
Acidithiobacillus thiooxidans | (Méndez-Tovar etal., 2019)
Gut microbiota (undefined) (Wang et al., 2019)
Bacillus cereus and | (Tian et al., 2019)
Rhodococcus ruber
S. aureus, B. megaterium, E. .
faecalis Lactoco%:cus lactis (Astorga et al., 2019; Bhuvaneswari et al., 2013; Chen et al., 2019; Elabed
Hansenl,JIafabianii B subtilis1 et al., 2021; Freguia et al., 2009; Hederstedt et al., 2020; L. X. You et al.,
E. coli , || 2018)
Geobacter sulfurreducens (Marsili et al., 2008)
DPV S. epidermidis, Streptococcus

(Becerro et al., 2016; Besant et al., 2015; Naradasu et al., 2020a; Naradasu
et al., 2020b; Seviour et al., 2015; Xiao et al., 2017; You et al., 2018)
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Gut bacteria: Enterococcus
avium and Klebsiella
pnuemoniae

Candida albicans
Mycobacterium tuberculosis

Vibrio cholerae and
Salmonella typhimurium

(Naradasu et al., 2019)

(Congdon et al., 2013)
(Golichenari et al., 2019)

(Amiri et al., 2018)

Lactobacillus rhamnosus GG,
Aeromonas and Enterobacter

(Astorga et al., 2019; Bhuvaneswari et al., 2013; Chen et al., 2019; Doyle
etal., 2017; Freguia et al., 2009; Hederstedt et al., 2020; Jarosz et al., 2019;

CA sp, S. mutans, C. matruchotii, | Naradasu, Guionet, Miran, et al., 2020; Naradasu, Miran, & Okamoto,
B. cereus and Rhodococcus | 2020; Ramanavicius et al., 2017; Santoro et al., 2016; Tian et al., 2019; V.
ruber, S. aereus, B. | B. Wang et al., 2013; W. Wang et al., 2019; L. X. You et al., 2018)
megaterium, E. faecalis, L.
lactis, gut bacteria, B. subtilis,
Saccharomyces cerevisae, E.
coli, P. aeruginosa
Geobacter sulfurreducens -
(Marsili et al., 2010)
Pseudomonas aeruginosa (Bharatula et al., 2019)
EIS E. coli biofilms; Salmonella sp | (Astorga et al., 2019, 2020; Liu et al., 2018)

Aeromonas and Enterobacter
Sp

Mycobacterium tuberculosis
Enterococcus faecalis

Saccharomyces cerevisae

(Doyle et al., 2017)

(Golichenari et al., 2019; Sypabekova et al., 2019)
(Pankratova et al., 2018)
(Posseckardt et al., 2018)
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Chapter Three: Evaluation of dinuclear silver(l) complexes containing pyridine-based
macrocyclic form of ligand as antimicrobial agents against clinically relevant microbial

species: conventional microtiter vs electrochemical-based methods.
3.1 Introduction

Infectious diseases caused by biofilm-forming microbial species has become a well
acknowledged global health challenge, which requires an immediate intervention (Mir6-
Canturri et al., 2019). As previously emphasized in the literature review section (Chapter
2), treatment and management of infectious diseases is further complicated by
antimicrobial resistance phenomenon in microbial biofilms, as existing and commonly
used antimicrobial treatments are mostly ineffective (de Kraker et al., 2016; Tacconelli &
Pezzani, 2019), partly because of the self-formed extracellular polymeric matrix that
surrounds the biofilm cells (Dieltjens et al., 2020; Flemming et al., 2016). Consequently,
the necessity for the development of new antimicrobials, either for monotherapy,
combination therapy, or functionalization with existing clinically available drugs for

enhanced effectiveness, cannot be overemphasized.

Recently, combination of organic ligands with metal ions of known antimicrobial potential
has become an emerging strategy in the fight against antimicrobial resistance (Farrer &
Sadler, 2011). Although, silver and/or its salt, silver nitrate, have shown broad and efficient
activity against planktonic and biofilm-forming microbial pathogens (Klasen, 2000;
Maillard & Hartemann, 2013; Medici et al., 2019), their use as an antimicrobial compound
is however limited, because it precipitates easily and quickly under physiological
conditions, thus, silver ions are unable to reach the target pathogens following the
precipitation process (Kedziora et al., 2018; Mansour & Radacki, 2019). This could
however be circumvented by coordinating ligands to the Ag(l) ion, to regulate its stability

and release, thereby enhancing its antimicrobial efficacy (Sainis et al., 2016).

Polyazamacrocycles are an important family of ligands for the creation of stable complexes
in terms of metal ion dissociation (Haque et al., 2017; Yudin, 2015). As a result of the
macrocyclic effect, the stability of a copper (I1) complex of tetraazamacrocycle is

significantly higher than that of its open-chain complex counterpart ligand (Haque et al.,
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2017). Furthermore, 1,4,8,11-tetraazacyclotetradecane (cyclam) and its substituted
derivatives are among the most investigated azamacrocycles, and have been utilized in a
variety of medical applications including as anti-cancer and anti-HIV medications (Mewis
& Archibald, 2019). When 2-pyridylmethyl pendant arms are added to the cyclam
framework, N,N",N",N""-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane
(tpmc) is formed, which contains eight potential coordination sites and may form mono-
and dinuclear metal complexes (Narayanan et al., 2002). So far, quite a few metal
complexes containing the tpmc ligand have been synthesized and evaluated for
antimicrobial applications (Krsti¢ et al., 2019; Petkovi¢ et al., 2013; Ruiz-Herrera et al.,
2016; Tanaskovi¢ et al., 2012).

In clinical diagnosis and infectious disease management, it is not enough to have a potent
antimicrobial drug; the time required to obtain the antimicrobial sensitivity/resistance
profile of the test pathogen is equally crucial. This is partly because in an ideal situation,
clinical decision(s) cannot be taken without it. Consequently, the need for a platform that
allows rapid and sensitive evaluation of antimicrobial/antibiofilm compounds is also
exigent. In this study, two new silver(l) complexes with tpmc ligand,
Ag2(NO3)(tpmc)]NO3.1.7H,0 and  [Agz(tpmc)](BF4)2, previously synthesized and
extensively characterized by our collaborators at the University of Kragujevac, Serbia, and
herein referred to as complex 1 and complex 3, respectively, were evaluated for
antimicrobial/antibiofilm efficacy against a list of carefully selected clinically relevant

microbial pathogens using both conventional method and electroanalytical approach.
3.2  Materials and Methods

3.2.1 Materials

All chemicals including Potassium ferricyanide (Ks[Fe(CN)s]) ethanol, dimethyl sulfoxide
(DMSO) and phosphate buffered saline (PBS), are of analytical grade, and were prepared

according to the manufacturers’ directive.

All microbial strains used in this thesis were kindly provided by Dr Jasmina Nikodinovic-
Runic of the Institute of Molecular Genetics and Genetic Engineering, University of

Belgrade, Belgrade, Serbia.
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The complete synthesis and characterization details of complexes 1 and 3, including their
elemental analysis, nuclear magnetic resonance spectra, UV-Vis spectroscopic and
crystallographic analyses, stability, and cytotoxicity details have been extensively
documented and published (Savi¢ et al., 2020).

For electroanalysis, graphite screen-printed electrodes (reference code C110, Metrohm
DropSens, Spain). Each SPE has a silver pseudo-reference electrode, graphite counter
electrode and 4 mm diameter graphite working electrode (0.126 cm2 surface area). Prior
to use, the SPEs were sterilized twice in 70% (v/v) ethanol, and thereafter washed in sterile
deionized water and then air-dried. The electrochemical cells were maintained at 37 °C in

steel beads dry bath throughout the experiment.
3.2.2 Methods
3.2.2.1 Determination of minimum inhibitory concentration (MIC)

Prior to testing, fresh stock solutions of silver(l) complexes 1 and 3, silver(l) sulfadiazine
(AgSD), and Ks[Fe(CN)s] were prepared in dimethyl sulfoxide. The MIC of complex 1
and 3 against Acinetobacter baumannii ATCC 19606 was determined in Luria-Bertani
broth (tryptone, 10 g/L; yeast extract, 5 g/L; NaCl, 10 g/L; pH 7.2),while RPMI 1640
medium augmented with 2% of glucose was adopted for MIC determination against
Candida species (C. albicans ATCC 10231, C. parapsilosis ATCC 22019, and C. albicans
isolate 24) according to the protocols recommended by CLSI for broth microdilution test
for bacteria and yeast, respectively. The starting inoculum was 1x10°> CFU/mL while the
highest tested concentration was 0.5 mM. MIC values were recorded as the lowest

concentration of the compounds that causes no growth after 24 h of incubation at 37 °C.

3.2.2.2 Antibiofilm testing

Antibiofilm activity of complex 1 was determined via electroanalysis using
chronoamperometric (CA) and cyclic voltammetric (CV) measurements with a VSP
multichannel potentiostat (BioLogic, France). The CV settings were Ei =-0.3 V vs.
Ag, Ef = 0.4 V vs. Ag, 1 mV/s scan rate, current averaged over the last 50 % of the
step length and recorded over N = 10 voltage steps. The parameters for CA were Ei

= 0.4 V vs. Ag, and they were recorded every 60 s for 24 h.
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At first, the yeast and bacterial strains were cultured on Sabouraud Dextrose Agar
(SDA) and Tryptic Soy Agar (TSA). Unless otherwise noted, all subsequent
experiments were performed in RPMI 1640 medium augmented with 2% (w/w)
glucose. All biofilm-forming species were grown in 15 mL electrochemical cells
with an initial optical density (ODsoo nm) Of 0.3 in the presence of 0.1 mM
Ks[Fe(CN)s] as a redox mediator, while complex 1 dissolved in DMSO was added
at the MIC previously obtained for the planktonic cells. Electroanalysis was carried
out using CA and CV, while the results were analyzed with the EC-Lab software
(V11.33, BioLogic, France). A schematic representation of the electroanalytic

approach is presented in Scheme 3.1.

Computer
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Screen-printed Carbon
Electrode

]
- o

WE Potentiostat

area

Electrochemical cell

Bacterial cells
+
Growth medium (with
or without drug)
+
Redox mediator

Bead bath for temperature
control

Scheme 3.1. Graphical representation of the electroanalytic method.

Additionally, the biofilm growth on the working electrode was also quantified via
the conventional crystal violet assay. A minimum of three biological replicates were
carried out for each experiment. Each strain was experimented in four different
conditions: a) cells + redox mediator; b) cells + redox mediator + complex 1; c) cells

+ complex 1; d) redox mediator + DMSO, with a) and d) as controls. Additional
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diagnostic information was obtained by measuring and analyzing the optical density

of planktonic cells post-electroanalysis, as well as the pH of the spent medium.

Complex 1 was further tested via the conventional microtiter plate assay for its capacity to
suppress the formation of Candida biofilms or disrupt the already formed biofilm. The
formed biofilm mass was measured using crystal violet assay (absorbance at 590.0 nm)
and tetrazolium salt (XTT) reduction assay (absorbance at 492.0 nm). A minimum of

three biological replicates were carried out for each experiment.

3.3 Results and Discussion
3.3.1 Conventional methods

Previously described silver(l) complexes were strongly cytotoxic, limiting their
therapeutic potential (Glisi¢ et al., 2016; Savic¢ et al., 2016), while complexes 1 and
3 evaluated in this study showed a very mild cytotoxic effect to a healthy human
fibroblast cell line (MRC-5), making them ideal candidates for additional
biological testing (Savi¢ et al., 2020). Hence, our motivation to further evaluate

their antimicrobial/antibiofilm potential.

In this study, complexes 1 and 3 were evaluated, in vitro, for their antimicrobial
efficacy against one Gram-negative bacterial strain and three Candida spp. These
microbial pathogens are well known for their debilitating disease-causing abilities in
humans (Castanheira et al., 2014; Opulente et al., 2019; Sarshar et al., 2021; Tsay et al.,
2018; Tsubouchi et al., 2020; Wilson, 2019). The complexes' antimicrobial effectiveness
was compared to that of the clinically utilized AgSD. As presented in Table 3.1, complexes
1 and 3 showed significant antimicrobial activity against the tested strains with MIC (uM)
in the range of 0.4 to 3.2. Interestingly, the complexes showed higher efficacy than the
AgSD, which has MIC (uM) in the range of 2.5 to 10.
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Table 3.1. Antimicrobial activity in terms MIC (uM) of complexes 1 and 3 relative to the
tpmc ligand and the clinical silver-based drug AgSD.

Complex 1 | Complex 3 AgSD
Test organism
A. baumannii ATCC 19606 1.7 3.2 NT
C. albicans ATCC 10231 2.1 2.1 10
C. albicans isolate 24 2.1 2.1 51
C. parapsilosis ATCC 22019 0.9 0.4 2.5

NT—Not tested; Standard error is between 1 — 3%.

Silver(l) complexes containing aromatic N-heterocycles, such as diazines, benzodiazines,
and tricyclic phenazine, with significant antibacterial and antifungal efficacy have been
previously reported (Glisi¢ et al., 2016; Savic, et al., 2016). Similarly, silver(l) complexes
with metronidazole (mtz), exhibited considerable antibacterial action against E. coli and P.
aeruginosa, and minimal antifungal activity against C. albicans (Kalinowska-Lis et al.,
2015).

Using the conventional crystal violet and tetrazolium salt (XTT) reduction assays, the
ability of complexes 1 and 3 in the presence of Ks[Fe(CN)s], to inhibit biofilm formation
of test Candida spp was determined (Table 3.2), with C. parapsilosis strain being the most
sensitive (Tables 3.1 and 3.2), The minimal biofilm inhibition concentration (MBIC)
values ranged from 13 to 29 uM, with MBIC values being 10-fold higher than the MIC
values. This is consistent with the discovery that several antifungal drugs, including

fluconazole, may only prevent biofilm formation at doses more than 1000-fold of the MIC.
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Table 3.2. Minimal biofilm inhibition concentration (MBIC) of complexes 1 and 3 (uM)
via crystal violet and tetrazolium salt (XTT) assay

Crystal violet assay XTT reduction assay
Test organism Complex 1 Complex 3 Complex 1 Complex 3
C. albicans ATCC 10231 21.4+0.8 262+0.4 242 +0.8 28.4+0.2
C. albicans 24 (isolate) 26.7+0.4 26.2+0.2 255+04 252+04
C. parapsilosis ATCC 22019 13.4+£0.6 13.1+£0.5 15.3+£0.6 15.8+0.3

3.3.2 Electroanalytical method

Antibiofilm activity was also investigated electro-analytically to enable for non-
destructive, real-time, and continuous monitoring of the effect of complex 1 on
early biofilms. At first, the effect of the redox mediator, Kz[Fe(CN)e], on growth
and viability of tested microbial strains was assessed, and the findings revealed
that the redox mediator is not toxic to the cells even at a concentration as high as
0.5 mM (Fig. 3.1). In the subsequent electroanalytic experiments, therefore, the
mediator was used at the optimum concentration of 0.1 mM. This concentration
supported adequate biofilm growth, as sufficient current output, which is
dependent on biofilm growth and metabolism, were obtained when the cells were
grown in the presence of the mediator only (Appendix 3.1), and thus, chosen for

further experiments in this study.

The working electrode was poised at a potential 400 mV (vs. Ag pseudo-reference
electrode) throughout the experiment. Under this circumstance, part of the electron
flow caused by nutrient oxidation in the growth medium is ferried extracellularly
and intercepted at the electrode. It has been established that that the current output
and overall coulombic charge over a defined period is correlated to biofilm growth
or its inhibition depending on the presence or absence of an antibiofilm agent,

respectively (Kannan et al., 2019; Keogh et al., 2018).
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Fig. 3.1 Growth curves of tested strains at different concentrations of the redox mediator.
(A) C. parapsilosis ATCC 22019; (B) C. albicans ATTC 10231; (C) A. baumannii
ATCC 19606. Each dataset shows the average and standard deviation of three
independent biological replicates (n=3).

The chronoamperometric traces revealed that complex 1 had a minimal impact on A.
baumannii biofilm activity (Fig. 3.2 (A)). Additionally, the cyclic voltammograms (CVs)
under non-turnover condition at 0 h were identical with and without the antimicrobial
complex 1, but the CVs under turnover conditions at 24 h are substantially lower in the
presence of complex 1, indicating that complex 1 negatively impacts bacterial metabolism
and decreases the extracellular electron transfer rate (Fig. 3.2 (B)). These findings showed
that the MIC for biofilm cells is greater than that required for their planktonic counterpart,
which is consistent with the results of the conventional microtiter plate-based assay.
Moreover, the chronoamperometric results validated the antibiofilm activity against C.
parapsilosis (Fig. 3.3), but there was no clear trend for the other two Candida strains,
suggesting that more work on optimizing this methodological approach for Candida spp.

is needed.
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Fig. 3.2. Effect of complex 1 on early biofilm A. baumannii determined via electroanalysis.
(A) Chronoamperometry (CA). (B) Cyclic voltammogram (CV) at 1 mV/s. CA results are
the average of at least two independent biological replicates, while the CV is a

representative trace.
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Fig. 3.3. Effect of complex 1 on early biofilm C. parapsilosis determined via
electroanalysis. (A) Chronoamperometry (CA). (B) Cyclic voltammogram (CV) at 1
mV/s. CA results are the average of at least two independent biological replicates, while

the CV is a representative trace.
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Fig. 3.4 (A) Biofilm amount quantified with crystal violet assay for the four tested, post-
electroanalysis. Cells + mediator (black bars); Cells + mediator and DMSO (green bars);
Cells + mediator and the MIC of complex 1 in planktonic culture (red bars). Cells +
complex 1 (blue bars). The results are statistically significant for A. baumannii 19606 and
C. parapsilosis 22019 (p<0.05), with lower biofilm production in the presence of complex
1. (B) Optical density of planktonic cells post-electroanalysis. Cells with mediator only
(black); cells with mediator + DMSO (violet); cells with mediator + complex 1 (red); cells
with complex 1 (blue).
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Post-electroanalysis, the biofilm biomass on the graphite WE were determined for A.
baumannii, C. albicans ATCC 10231, C. albicans isolate 24 and C. parapsilosis
ATCC 22019 via the crystal violet staining assay (Fig. 3.4 (A)). Because of the
several washing procedures, the crystal violet test likely underestimates the biofilm
biomass as seen from the low absorbance (Fig. 3.4 (A)). Furthermore, after 24 h of
potentiostatic experiments at E = 400 mV vs. Ag pseudo-reference electrode, the
optical density of planktonic cells was also measured (Fig. 3.4 (B)). In general,
electrochemical tests reveal that a significantly greater concentration of complex 1
is required to produce a robust antibiofilm inhibitory action, despite the fact that

the impact may be seen at planktonic MIC concentrations.

3.4  Summary

Two previously synthesized silver (1) complexes were evaluated for their
antimicrobial/antibiofilm efficacy against selected clinically relevant microbial
pathogens. Complex 1 showed considerable potential to inhibit biofilm formation of
C. parapsilosis even at concentrations equal to planktonic MIC values. However,
in general, both conventional and electroanalytic methods indicate that complete
inhibition of biofilm formation would require at least 10-fold greater
concentrations than that needed for planktonic cells. Additionally, the observed
discrepancies in biofilm evaluation methods reiterates the necessity for a multi-
method approach to validate the antibiofilm efficacy of any
antimicrobial/antibiofilm agent. This work, however, is one of the first reports on
electroanalytic platforms for antibiofilm drug assessment against clinically
relevant yeast strains. This study motivated us to further develop and optimize this

methodology, as would be presented in the subsequent chapters.
3.5 Outcome

Savi¢, N., Petkovi¢, B., Vojnovic, S., ...Olaifa, K., Marsili, E., Nikodinovic-Runic, J.,
Djuran, ssM., & Glisic, B. (2020). Dinuclear silver(l) complexes with pyridine-
based macrocyclic type of ligand as antimicrobial agents against clinically relevant

species: the influence of counter anion on the structure diversification of the
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Chapter Four: Electroanalysis of C. albicans biofilms — A new approach for antifungal

testing

4.1 Introduction

Approximately 1.7 million people die each year as a result of fungal diseases (Kainz et al.,
2020). Candidemia, i.e., the presence of Candida in blood, is just one of them, accounting
for about 50,000 cases each year in the United States alone (Tsay et al., 2018). Candida
species are also common nosocomial infections in Europe, ranking among the top ten with

a frequency of 1.9 to 4.8 cases per 100,000 people (Sanguinetti et al., 2015).

C. albicans is the most common fungal pathogen and can cause infections ranging from
localized cutaneous thrush to deadly systemic candidiasis in immunocompromised, aged,
or intensive-care unit patients (Cavalheiro & Teixeira, 2018; Mayer et al., 2013). It can
also infect the cardiovascular system, bones, and brain, and have a death rate of about 40%
(Gunsalus et al., 2016). Lately, it has been linked to bipolar illness and schizophrenia
(Dadar et al., 2018). Unfortunately, Candida biofilms are more virulent than their
planktonic counterparts (Cavalheiro & Teixeira, 2018), cause persistent infections (Dadar
et al., 2018; Gunsalus et al., 2016) and exhibit heightened resistance to both antifungal
therapies and the individual's innate immunological defense systems. As a result, early

detection and treatment appears to be the only viable option.

Routine antifungal testing was not prevalent in the past given that the existing antifungal
drugs at the time were effective. However, as the number of people with deteriorated
immune systems rises, thanks in part to incidences of HIVV/AIDS, chemotherapy, and organ
transplantation, effective approaches for detecting fungal infections and means of
establishing antifungal efficacies became exigent (Canton et al., 2009). While there is no
yet common standard methodology for antimicrobial testing against biofilms, the single-
tube technique (Goeres et al., 2019), crystal violet assay (Melo et al., 2011), XTT reduction
method (Hawser, 1996; Pierce et al., 2008) are widely used to evaluate antimicrobials in
the lab, and as previously highlighted in Chapter 2 (section 2.6.1), these procedures and

the existing commercial platforms are limited with diverse constraints, and thus not suited
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for routine antimicrobial testing (Table 2.1). As a result, a simple and low-cost diagnostic
platform for testing of antifungal drugs is in urgent demand (Van Dijck et al., 2018). For
this, electroanalytical approaches might be utilized (Munteanu et al., 2018; Simoska &
Stevenson, 2019).

Bioelectrochemical approach can be faster, convenient and of low cost in comparison with
the traditional culture-based procedures when a rapid assessment of an antibiofilm
compound is required (Hassan & Bilitewski, 2013). Extracellular electron transfer rate,
mediated by exogenous redox molecules (e.g., flavins (Light et al., 2018), quinones
resazurin, and humic acid (Astorga et al., 2019; Martinez & Alvarez, 2018b), has been
previously adopted to determine the initial attachment, growth, and viability of early
microbial biofilms (Cesewski & Johnson, 2020; Rao et al.,, 2020). Remarkably,
bioelectrochemical testing of anti-Candida biofilm compounds is yet to be investigated.

In the past, Congdon et al. had described the detection of Candida biofilm using
electrochemical techniques using porous reticulated carbon electrodes. Also, Hassan and
Bilitewski (2013) previously described growth of C. albicans in a mediated
electrochemical system. In this work, the effect of various antifungal drugs on early C.
albicans biofilm in the presence of Kz[Fe(CN)g] as a redox mediator was investigated using
bioelectrochemical methods, while conventional methods were adopted to validate
our findings. To the best of our knowledge, this is the first study on evaluation of antifungal

drugs against Candida biofilm using electrochemical methods.
4.2  Materials and methods

4.2.1 Materials

Two clinically relevant antifungals — fluconazole (Flz) and amphotericin B (AmB) and a
new drug candidate, complex 3, previously described in chapter 3 (section 3.2.1), were
tested. Dimethyl sulfoxide was adopted as standard solvent for preparation of stock
solutions, while potassium ferricyanide (Ks[Fe(CN)e]) was used as redox mediator. Except
complex 3, all analytical chemicals including absolute ethanol were acquired from Acros
Organics, China. SPEs (Reference code: C110, Metrohm DropSens, Spain) same as
described in chapter 3 (section 3.2.1) were used for all bioelectrochemical experiments,
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while C. albicans was initially grown on Sabouraud Dextrose Agar (SDA) (Condalab,
Spain), while RPMI 1640 medium (Sigma Aldrich, Kazakhstan) was used in all subsequent
experiment, except otherwise stated.

4.2.2 Methods

4.2.2.1 Optimization of redox mediator

Growth and viability of C. albicans cells was evaluated at various doses, 0 to 0.5 mM, of
Ks[Fe(CN)g] in 96-wells microtiter plates. 18-24 h old cultures were diluted to an ODsso of
0.05 in fresh medium and used as inoculum. Wells with no Ks[Fe(CN)s] serve as control.
Growth was measured with the Gen5TM Microplate Reader and Imager Software (BioTek
Instruments). This was repeated three times using independent biological replicates,

and the results recorded as mean standard =+ deviation (Fig. 4.1).
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Fig. 4.1. Viability of C. albicans ATTC 10231 in different Kz[Fe(CN)s] concentrations.
Results indicate that 0.1 mM is non-toxic (n = 3).
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4.2.2.2 Electroanalysis

The antifungal efficacy of Flz, AmB, and complex 3 against the biofilm-forming strain C.
albicans ATCC 10231 was determined via CA, CV, EIS. CA and CV were carried out in
succession, while EIS was carried out in a separate series of experiments at an open circuit
potential. While CA proceeded for 48 h, CVs were recorded intermittently at 0, 24 and 48
h. The parameters for CA and CV were same as those described in chapter 3 (section
3.2.2.2) The EIS analysis was performed with a 10 mV potential amplitude in a frequency
range of 100 kHz to 50 mHz.

All bioelectrochemical experiments were carried out in a steel-beads dry bath constantly
maintained at 37 °C (scheme 3.1). Before every experiment, the SPEs were surface
sterilized twice in 70 percent v/v ethanol to remove oil, dust, and other possible
contaminants, and thereafter rinsed in sterile deionized water, and finally carefully blotted

to dry.

4.2.2.3 Post-electroanalysis: crystal violet assay, Raman spectroscopy and microscopic
imaging of  theworking electrode = area  were performed to  validate
the electrochemical results.

For crystal violet, planktonic cells and leftover medium components were removed
while the electrodes were gently washed in PBS to maintain the physiological state of the
biofilm cells. They were thereafter incubated for 15 minutes in 0.1% crystal violet solution,
then rinsed in sterile distilled water and finally air-dried. The biofilm-crystal violet matrix
was then dissolved with 30% acetic acid solution, and the absorbance measured at 550 nm

with a SmartSpecTM 3000 Spectrophotometer (Bio-Rad Laboratory, Moscow).

A confocal Raman microscope (Ramantouch; Nanophoton Corporation, Osaka, Japan)
with a single monochromator linked to a thermoelectric-cooled CCD detector (1340 points
400 pixels) was used to acquire Raman imaging maps of the C. albicans biofilm formed
on the WE area, while the native software of the same equipment was used for image
analysis. Additionally, a crossbeam 540 scanning electron microscopy (SEM) (Carl Zeiss,
Germany) was used to acquire biofilm morphologies of C. albicans ATCC 10231 formed
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on the WE surface. To achieve this, the SPEs were carefully taken out of
the electrochemical cells and rinsed in phosphate buffer solution (pH 7.3), followed by
dehydration in absolute ethanol, and fixation in 4% v/v formaldehyde, and finally dried in
a desiccator at room temperature. Prior to microscopic imaging, a Turbomolecular Pumped
Coater Q150T (Quorum Technologies, UK) was used to coat the sample with gold (5 nm
for 120 s).

4.2.2.4 Conventional XTT assay for antibiofilm assessment

2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)
reduction assay was carried out using the 96-well plate method (Pierce et al., 2008). The
antifungal compounds were added following inoculation at two different concentrations
(1xMIC and 10xMIC) at varying times of 0, 8, and 12 h to determine their biofilm
inhibition efficacy. Fresh cell culture grown in RPMI medium augmented with 2 % wit.
glucose was used as inoculum, while all of the wells had 0.1 mM K3[Fe(CN)s] in them so
as to mimic the electroanalytic method. After 24 h incubation, the planktonic cells and
medium component were carefully discarded while the wells were gently rinsed with PBS

to eliminate non-adherent cells.

For biofilm removal assay, round-bottom 96-well microtiter plates were used to grow the
biofilms, first for 48 h under static condition at 37 °C. After this, planktonic cells and old
medium were removed from the wells. This was immediately followed by washing with
PBS. Thereafter, fresh RPMI medium diluted with the antifungal compounds in increasing
doses of 1x, 10x and 100xMIC, were dispensed into the wells having the already-formed
biofilms. All wells were also supplemented with 0.1 mM Kj[Fe(CN)e] to mimic the
electroanalytic experimental conditions. The plates were then incubated for another 24 h,
also at 37 °C. The resultant biofilm estimates were recorded via crystal violet (XTT) assay
using absorbance measurement at 490 nm in a Tecan Infinite 200 Pro multiplate reader

(Tecan Group Ltd., Ménnedorf, Switzerland).
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4.3 Results and Discussion
4.3.1 Electroanalysis

The possible impact of exogenous redox mediator, Kz[Fe(CN)s], on growth/viability of C.
albicans growth was initially investigated in micro-titer experiments for 48 h. A range
concentration of 0 to 0.5 mM was tested as presented in Fig. 4.1. It was observed that
Kz[Fe(CN)e] was biocompatible under the range of concentration tested. 0.1 mM was
however chosen for subsequent electrochemical experiments. At neutral pH and at 37 °C,
Kz[Fe(CN)s] has a redox potential of 0.239 V, which is lower than the applied voltage (0.4
V), therefore, the extracellular current can be captured at the electrode. Control
experiments at 0.6 and 0.8 V, resulted in reduced current output (Fig. 4.2 (B)). This is
consistent with previous observations that applied potential greater than 0.4V could
negatively impact cell membrane integrity, leading to reduced growth and suboptimal

extracellular electron transfer (Teravest & Angenent, 2014).

4.3.1.1 Chronoamperometry

Because current output is an indirect indicator of cell growth and biofilm development
(Sanchez et al, 2020), the chronoamperometric response of untreated C.
albicans biofilms was initially compared to crystal violet estimate for biofilm cells ands
and ODeqo of planktonic cells, all obtained under the same experimental conditions. As
presented in Fig. 4.2 (A), the current trend obtained during a 48-h period, as well as the
OD/crystal violet estimates at 3, 6, 12, 24, and 48 h, follow a similar pattern. The current
peaks at 10 h, which correlates to the early growth phase (8-11 h) of C. albicans
biofilm (Rodriguez-Cerdeira et al., 2020), while OD and crystal violet estimates peak
around 24 h. Because there is no statistically significant difference between the planktonic
and biofilm estimates (Appendix 4.1(A), Appendix 4.2), the current output appears to be a
function of cell growth and metabolism in the biofilm phase (Appendix 4.3). Additional
control experiments were carried out to validate the hypothesis. C. albicans biofilm formed
on the working electrode surface area were imaged at varying time intervals to monitor the

colonization pattern of the biofilm on the electrode (Appendix 4.1(B)). A Fluorescence
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Stereo Zoom Microscope (ZEISS Axio Zoom.V16) was employed for this purpose. All
images were acquired with 25x magnification lens. Few cells indicating initial attachment
of cells to the electrode surface were observed between 0-1 h, which increases with time
up to 5 h. At 10-15 h, there is proliferation of biofilm cells coupled with expression of
extracellular polymeric matrix, this may have contributed to the saturation of the current
out as observed in the chronoamperometric trace, as the surface area is almost entirely
clouded with biofilm. At 25 h, there seems to be more EPS covering the biofilm cell, thus,
contributing to the reduced fluorescence (Appendix 4.1(B)). At this time, the nutrient
depletion in the medium would lead to a lower current output, independently from the
concentration of biofilm. The washing steps included in the crystal violet method and the
inability to distinguish between viable and dead cells in OD measurement might have
contributed to the different pattern observed with respect to electrochemical methods.
However, as the time of saturation of the current output corresponds to the early-stage
biofilm formation of C. albicans, it validates that our method is sensitive to detect and
monitor early attachment and development of the biofilm cells. Finally, it is important to
note that respiration and growth are different, though related. The former is more sensitive
and reliable in biosensing for diagnostic applications as only living cells can respire.
Consequently, of all the methods, only chronoamperometry could successfully capture the
respiratory processes, thus, making it a suitable approach for distinguishing between live
and dead cells — an essential feature lacking in OD and crystal violet measurements.

This finding contrasts earlier studies, which found that cells in both the biofilm and
planktonic phases contributed to the electrochemical response (Astorga et al., 2019; Borole
et al., 2011). However, Astorga and associates recently attributed the charge output of E.
coli biofilm growth obtained in a 24 h potentiostatic condition to biofilm formation
processes only because the concentration of cells in the planktonic phase did not change
significantly (Astorga et al., 2020). Consequently, more research is needed to validate the
independent contribution of planktonic and biofilm biomass to electrochemical responses.
Nevertheless, it is interesting to note that the current output observed in this study increases
rapidly than the OD/crystal violet assay, validating the sensitivity of our approach, with a

promising potential for real-time biosensing applications.

65



7 1.8 =1.2
5]
<L
= 409
~ 5
= 1.2 -
o L S
-— 4 c 2
- o >
o X o 0.67%
£ sl &
@ 51 9
[ 0.6 o
s 2 o o
O <403
;
0 . L 1 A A 00 4doo
0] 10 20 30 40
Time/h
- —04V
<
o
———
el
-
o
el
-
(o]
el
c
D
-
| .
-
(&

0] 10 20 30 40

Time/h

Fig. 4.2. (A) Comparative biofilm and planktonic estimates of C. albicans (n =4) and the
current output (n=3). (B) Current output of C. albicans biofilm at varying applied potential
(V) (n=3).
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Furthermore, the current output of C. albicans biofilm was drastically reduced when treated
with the tested antifungal compounds (Fig. 4.3 (A)). At 10 h, the current output was ~
6.0+1.4 pA for untreated biofilms, while ~3.1+0.2 pA, 1.6+0.1pA and ~0.7£0.1 pA for
biofilms treated with Flz, AmB, and complex 3, respectively. Similarly, the estimates for
both planktonic and biofilm cells obtained post-electroanalysis via crystal violet assay (Fig.
4.4B) and optical density measurement (Fig. 4.4A) for treated biofilm reduced significantly
in comparison with untreated biofilm (Fig. 4.4). For context, Flz, AmB, and complex 3
exhibited 47.3 %, 54.2 %, and 74.8 % inhibition of planktonic cells, and 84.6 %, 77 %, and
98.5 % inhibition of biofilm cells, respectively, as compared to the control (Appendixes
4.2 and 4.3).

Additionally, the total charge output (Q, mC), which isthe integral of current output
with time, could also be used to describe the antifungal drugs' effect. As presented in Fig
4.3(B), the total charge outputs of wuntreated and treated biofilms differ
significantly (p< 0.05) (Appendix 4.4). Relative to the untreated C. albicans biofilm, Flz,
AmB, and complex 3 showed 43.1 %, 84.2 %, and 90.1 %, reduction in Q
(mC), respectively, at 24 h (Appendix 4.4). Therefore, the efficacy of antifungal drugs on
early fungal biofilms can be conveniently evaluated using both current and charge output

measurements.
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Fig.4.3. (A) Effect of tested antifungals on the current output of C. albicans biofilms:
cells with Ks[Fe(CN)s] only (black trace); cells with DMSO (dotted black trace); cells
with complex 3 (green trace), Flz (red trace), AmB (blue trace); cells only (thin blue
trace); Ks[Fe(CN)s] and complex 3 only (thin dotted green trace); Ks[Fe(CN)s] only (thin
red trace). (B) Total Q after 24 h of incubation at E = 0.4 V (n=3). The differences between
controls and antifungal experiments are statistically significant (p < 0.05) (Appendix 4.4).
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Fig. 4.4: (A) OD of planktonic cells in different experimental conditions after 24 h growth
at E = 0.4 vs. Ag pseudo-reference electrode. (B) Biofilm cells estimates obtained via
crystal violet assay for the different experimental conditions after 24 h growth at E = 0.4
vs. Ag pseudo-reference electrode. The difference between each pair of conditions is
statistically significant (p < 0.05), with smaller OD and biofilm formation in the presence
of Flz, AmB and complex 3. (n = 3).

4.3.1.2 Cyclic voltammetry (CV)

CV can be used to monitor the metabolic state of adhered biofilm cells (Babauta et al.,
2012; Marsili et al.,, 2010) either in the absence or presence of antimicrobial
treatments (Chalenko et al., 2012). Even though low scan rates (1-5 mV/s) are often
adopted for microbial studies because they allow detection of slow interfacial electron
transport features in biofilms. But because there was no prior understanding of
the voltammetric behavior of C. albicans biofilm in the presence of antifungals, scan rates

of 1 and 10 mV/s at three-time intervals (0, 24, and 48 h) were carried out. Interestingly,
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the voltammograms produced at both scan rates were identical, suggesting that the EET

rate was rapid, allowing detection of the antifungal effect.
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Fig. 4.5. Cyclic voltammograms of C. albicans ATTC 10231 at 24 hat1 mV s L.
(n=3).

At 1mV/sscanrate, the CVsat0h, (i.e., the CVs at inoculation and within 0 h of antifungal
treatments) were identical for all experimental conditions (Fig. 4.5), showing turnover
reduction of Ks[Fe(CN)ej and near-zero anodic current. The cathodic current had an onset
potential of 140 mV, with the exception of the complex 3, which had an onset potential of
60 mV. At 24 h, however, the Ks[Fe(CN)g] turnover oxidation was observed. Anodic
current was maximum in the absence of antifungal drugs and lowest in the presence of
complex 3. These findings are similar to those of the CA, however the effect of AmB
appears to be higher in the CV than in the CA. At a scan rate of 10 mV/s, a similar pattern
was observed (Appendix 4.5). Overall, the CV results support the CA analysis.
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The behavior of the redox mediators used under the experimental electrochemical
conditions as reported in the thesis do not show unique peak characteristics as often
observed in most cyclic voltammograms, especially when tested alone in all control
experiments or under non-turnover conditions in other experimental conditions as evident
in all cyclic voltammograms presented in the thesis. This may be attributed to the low
concentrations (50 — 100 uM) adopted in our studies. However, under turn-over conditions
in the presence of the Candida cells, its supports efficient cellular respiration and provides
sufficient electrochemical response, quantifiable as total oxidative current.

Since voltammetry provides information only about the interfacial electron transport at the
electrode surface (Saito et al., 2019), the rate and amount of electron transport at the
electrode surface could be correlated to the total mass of metabolically active cells at the
electrode surface (biofilm formation). Therefore, the higher the total oxidative current (i.e.,
electrons transfer from the biofilm to the electrode), the likelihood of the more biofilms
formed on the electrode surface, and vice versa. For example, in Fig. 4.5, the red dotted
trace corresponds to the redox mediator (Ks[Fe(CN)e]) in absence of cells, which
produced a flat voltammogram without identifiable peaks or features, while in the presence
of C. albicans (solid black trace), it produces the maximum oxidative current attributable
to the actively growing biofilm cells on the electrode. Furthermore, under antimicrobial
treatments, the total oxidative current reduced significantly in relation to the control, in the
order of Flz (solid red trace), AmB (solid blue trace) and complex 3 (solid green trace),
suggesting that these antibiofilm molecules had inhibitory effect on biofilm formation

and/or metabolic/respiratory processes of the biofilm cells at the electrode.
4.3.1.3 Impedance analysis

EIS has been used to characterize bioelectrochemical interactions in the past (McEachern
et al., 2020; Sanchez et al., 2020). The biofilm thickness and composition at the electrode
surface (Astorga et al., 2019) as well as other factors often contribute to impedance
measurements. As a result, EIS may possibly be used to evaluate the impact of
antimicrobial treatments on biofilms. Earlier investigations have used a two-time constant

equivalent circuit to model the EIS results. However, due to the high variability of the

71



results in this study, it is difficult to discern a clear trend. It was, however, noted that the
single frequency EIS at 50 mHz showed a distinctive pattern between treated and control

cells.

Therefore, only this EIS data was presented. The impedance was higher for untreated
biofilm (control) (Fig. 4.6), probably due to unrestricted cell growth and extracellular
matrix of the biofilm, while for treated biofilms, the impedance was lower, probably due
to reduced cell and biofilm growth upon exposure to the drugs. The strong effect of
complex 3 observed in the CA and CV results, were however lacking in the EIS result.
While the EIS results are intriguing, they exhibit more variability than the CA, indicating
that EIS may be unsuitable for monitoring of Candida biofilms under the experimental

conditions described in this study.

4.3.2 Raman spectroscopic analysis of electrode surface

The effect of the antifungals on biofilm attachment and components was assessed using
Raman imaging of the electrodes after the electrochemical measurements were completed.
In comparison to treated biofilms, the untreated biofilm appears to include a hyphal matrix
containing biomolecules such as proteins, lipids, and carbohydrates, as revealed by the

Raman spectra (Fig. 4.7).
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Fig. 4.6: Modulus of impedance with time. Cells with Kz[Fe(CN)e] (black trace); cells
with complex 3 (red trace), Flz (blue trace), and AmB (green trace).

It has been observed that Raman imaging can be used to analyze and characterize biological
samples, including microbial cells (Hrubanova et al., 2018). However, to induce excitation
and get Raman scattering, a laser beam focused on a tiny sectional sample is usually applied
(Huang et al., 2020). Due to the low strength of the Raman scattering signal, single bands
associated with specific chemical binding could not be recognized in this study. The D
(disordered) and G (graphite) bands specific to the graphitic substrate occupy the spectral
range (150 and 2460 cm™) and are dominated at around 1350 and 1560 cm™ which may
have impacted the identification of peaks important for cellular vibrational modes. Also,
the signal of numerous bands related to vibrational modes and associated with the cellular
and extracellular components of C. albicans that are found primarily between 1100 and
1650 cm ™, as reported in literature (Potocki et al., 2019), was covered by high intensity of
the two substrate bands. Nonetheless, Fig. 4.7 shows images that provide an estimate of

fluorescence levels and could be used to detect cells and organic materials.
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Fig. 4.7. Representative Raman images of C. albicans ATCC 10231 on the WE area
after 48 h potentiostatic experiment.

Fig. 4.7(A) shows Raman spectra collected on C. albicans in the spectral band 400-2900
cm 1, with the intensity (y-axis) commencing at about 400 counts due to fluorescence. As
the spectral baseline (blue dotted line) increases, the fluorescence increases. Aromatic and
heterocyclic chemicals such as proteins, lipids, and carbohydrates are frequently
responsible for fluorescence in biological products. These components are abundant in the
fungal biofilm's exterior matrix. By contrasting these images to the Green (biofilm) images,

it is easy to differentiate between cells and biofilm.

Fig. 4.7(B) shows Raman imaging of untreated cells, which show uniform and high cell
counts surrounded by hyphal materials, whereas Fig. 4.7(C) and Fig. 4.7(D) shows Raman
imaging of cells treated with Flz and complex 3, respectively. The intensity scale next to
each image helps to understand how cells in Fig. 4.7(C) and Fig. 4.7(D) are not
homogeneously dispersed as in 5B, and how the decreased cell number indicates an
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influence on growth caused by the two antifungal compounds. For each sample, three areas

were scanned, and the spectra compiled.

4.3.3 Scanning electron microscopic (SEM) analysis of electrode surface

Post-electroanalysis, SEM analysis was also used to visualize biofilm formation on the
WE surface. In the untreated biofilms, an extended hyphal growth surrounded by a
matrix of polymeric substances (Fig. 4.8(A)), whereas biofilm cells treated with Flz (Fig.
4.8(B)), AmB (Fig. 4.8 (C)), and complex 3 (Fig. 4.8 (D)) showed sparsely dispersed cells

with a strong likelihood of membrane disruption and/or other morphological injury.

Fig. 4.8. Representative of C. albicans ATCC 10231 on the WE area after 48 h
potentiostatic experiment obtained via scanning electron microscopy. (A) Cells not
exposed to antimicrobials demonstrating massive biofilm matrix and hyphal
proliferation. (B) Cells exposed to Flz demonstrating limited hyphal growth. (C)
Cells exposed to AmB demonstrating scanty yeast cells with membrane damage. (D)
Cells exposed to complex 3 also demonstrated scanty yeast cells.

75



4.3.2 Gold standard method — XTT assay

Spectrophotometric XTT assays are commonly employed for high-throughput monitoring
of microbial activity and evaluation of antimicrobial agents (Kuhn et al., 2003; Meshulam
et al., 1995). This approach is, however, destructive, as the biofilm cannot be further
examined, at the end of the assay. Nevertheless, it is important to compare or validate
our electroanalytic  results with  XTT results. When the antifungal compounds
were added at inoculation and at 1xMIC, a considerable antibiofilm impact was observed,
especially with AmB (Fig. 4.9). However, their relative effect to what is observed from
electroanalysis (Figure 4.3(A)) is different. The application of a considerably larger dose
(10xMIC) of the tested compounds resulted in complete biofilm inhibition (Fig. 4.9).
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Fig. 4.9. Biofilm formation by C. albicans following addition of Flz, AmB and Ag3 at
inoculation at two different concentrations (IxMIC and 10xMIC) evaluated by XTT
reduction assay.

The same approach was adopted to evaluate the antibiofilm activity when the cells were
grown, first for 8 h to allow early biofilm formation (Appendix 4.6(A)). 1xMIC, all the
three compounds did not remove already-formed biofilms, while 10xMIC, complex 3 and
AmB caused 90% and 40% of biofilm removal, respectively, relative to DMSO treated
controls (Appendix 4.6(A)). Allowing longer durations (12 and 16 h) before adding

antifungal drugs resulted in no measurable antibiofilm activity (data not shown). Only
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100xMIC demonstrated some biofilm removal activity against 48 h old pre-formed

biofilms, with complex 3 being the most effective (Fig. 4.6(B)).

4.4 Summary

Electroanalysis indicated that the antifungal activity of the compounds evaluated in this
study are in the order of complex 3>AmB>Flz, while the conventional XTT indicated the
order of AmB>Flz>complex 3. Interestingly, AmB and Complex 3 exhibited comparable
activity when measured using the OD measurements for both biofilm and planktonic
cells.  Furthermore, EIS did not demonstrate a definite activity order due to the
considerable heterogeneity of the results. In general, these findings support the necessity
for multi-method antifungal activity characterization.

The inconsistency observed with respect to the different assay methods is not surprising,
as this is a common problem with the exiting conventional antibiofilm testing methods
(Ernst, 2007; Maurizio Sanguinetti & Posteraro, 2018). This problem is partly because
several of these methods are, in principle, based on methods for their planktonic
counterpart (Beauvais & Latgé, 2015; Di Domenico et al., 2018; Ramage & Williams,
2013; M. Sanguinetti & Posteraro, 2017) as methods for antibiofilm assessment is more or
less non-existent. Fundamentally, this is problematic, and often results in inconsistency,
even among different laboratories, thus, making reproducibility difficult (Kuper et al.,
2012). In addition to the inherent irreproducibility of biofilms concentration and
microstructure (Azevedo et al., 2021), the destructive nature of biofilm detection methods
and the lack of standardized protocols contribute to the observed inconsistencies. This is
part of our motivations for this thesis, and why electrochemical approaches are being

proposed as additional/complementary method.

Electrochemical techniques are not destructive (or, at least, much less destructive) and the
protocols have been standardized over many years of research in the related areas of
batteries and capacitors, so adoption among different laboratories will provide consistent
results. Further, CA allows a direct, real-time measurement of electroactivity (Turick et al.,
2019) and could provide reliable physiological details on the metabolic state of cells in the

biofilm, thus, makes it a suitable approach for distinguishing between live and dead cells
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— an essential feature lacking in the conventional methods for biofilm quantification.
Therefore, critical assessment of the rankings indicates that the one obtained from
electroanalysis may be more reliable and should be compared in future with emerging
standard methods like the single tube method (Goeres et al., 2019).

Conclusively, in this study, we have demonstrated, for the first time, the real-time
antibiofilm assessment of selected antifungal compounds against C. albicans using an
electroanalytical approach. However, in addition to being simple to understand,
chronoamperometric results are more informative, and offers consistent findings as early
as 10 h following inoculation. This electrochemical approach can be used to identify
antifungal drug-resistant strains. If adopted in health-care settings, could aid in the efficient
use of antifungal drugs, limiting the establishment and spread of antifungal resistance
strains. However, a potential limitation of this approach may concern antifungal drugs that
maybe electroactive or exhibit degradation upon exposure to applied potentials, as this

might lead to misinterpretation of the results.

As a result of the intriguing results obtained in this study, and our desire to provide an
alternative, viable, simple, and low-cost therapeutic platform for effective diagnosis and
management of clinically relevant microbial pathogens, particularly antibiotic-resistant
strains, we extended the use of our bioelectrochemical platform to the analysis of another
dreaded pathogen, this time using a drug repurposing strategy, as would be present in the

next chapter.

45 Outcome

Olaifa, K., Nikodinovic-Runic, J., Glisi¢, B., Boschetto, F., Marin, E., Segreto, F., &
Marsili, E. (2021). Electroanalysis of Candida albicans biofilms: a suitable real-time
tool for antifungal testing.  Electrochimica  Acta, 389, 138757.
https://doi.org/10.1016/j.electacta.2021.138757.
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Chapter Five: New use for old drugs: repurposing antifungals against resistant bacterial

biofilms via biochemical and bioelectrochemical assessment

51 Introduction

Antibiotic resistance (AR) is one of the most serious global healthcare issues of the twenty-
first century (Wang et al., 2020). Antibiotic-resistant bacteria infect more than two million
individuals in the United States each year, resulting in the death of more than 23,000 people
annually (CDC, 2019). In the United States, resistant bacterial infections cost more than
$20 billion per year (Ibberson & Whiteley, 2020), with an estimated global cost of more
than $35 billion per year (Aslam et al., 2018). As previously discussed in sections 2.3 and
2.5.1, this phenomenon is prevalent in biofilm forming microbial species (Ledo et al., 2020;
Pacios et al., 2020).

AR is a complex phenomenon, and it causes are multifaceted, hence there is no single or
simple remedy available yet (Aslam et al., 2018). Sadly, the discovery and development of
new antimicrobials cannot match up with the rate of rise and spread of AR (Ledo et al.,
2020), therefore, innovative approaches are needed to prevent/minimize treatment failure.
Combination therapy that requires joint administration of two or more antibiotics
(Konreddy et al., 2018; Wang et al., 2020) and drug repurposing (Kamurai et al., 2020;
Peyclit et al., 2019; Rangel-Vega et al., 2015) have gained attention in recent years.

The use of drugs to control pathogens outside their natural medical indications is referred
to as drug repurposing (Richter et al., 2017). This approach was originally borne out of
curiosity/luck/mistake, but it is now being clinically adopted, with multiple success stories
already reported in the literature (Pushpakom et al., 2018). It is also now being projected
as an approach that will speed up the discovery of novel drugs effective against resistant
pathogens (Kaul et al., 2019). Because these drugs’ safety reports and other
pharmacological details are known, this strategy offers low risk of toxicity, reduced costs

as well as time (Oliveira et al., 2020).

Mourenza et al. (2020) reported an extensive review on therapeutic management
of Mycobacterium tuberculosis using drug repurposing strategy. Kamurai et al. (2020) had

also described repurposing strategy of non-antibiotic drugs including antimalarial and anti-
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inflammatory against S. aureus and P. aeruginosa biofilms. Similarly, Niclosamide
and pentamidine, which  are anti-helminthic and antiprotozoal,  respectively,  were
repurposed against P. aeruginosa and other bacteria (Imperi et al., 2013; Stokes et al.,
2017). Recently, tamoxifen, a well-known anticancer medicine, was repurposed for the
treatment of C. albicans and other fungal infections (Farha & Brown, 2019). Also, Siala et
al. (2016) found that the antifungal caspofungin significantly inhibited S. aureus biofilms.
Benzimidazole, a fungicide, has also been used to mitigate S. aureus biofilm in a few trials
(Kong et al., 2018). These successes, which came about mostly as a result of unintended
applications and observations, boost the quest for more repurposed drugs, especially
against biofilms and antibiotic-resistant bacteria. Nevertheless, a drug repurposing strategy
investigating the effect of clinically relevant fungicides on the viability and biofilm
development of A. baumannii is yet to be deservedly explored. As previously noted in
chapter 2 (section 2.5.1), this bacterium has a special status designated by WHO and CDC

and requires urgent therapeutic intervention.

Using biochemical and electroanalytical techniques, the effect of selected fungicides on A.

baumannii biofilm is examined in this work.
5.2 Materials and methods

5.2.1 Materials

The bacterial strain — A. baumannii ATCC 19606 was used. It was initially sub-cultured

nutrient agar and grown in LB broth in subsequent experiments.

Dimethyl sulfoxide (DMSO), Fluconazole (Flz) Itraconazole (Itz), Ampicillin (Amp),
ciprofloxacin (Cip), absolute ethanol, nutrient agar, crystal violet, and 2- hydroxy-1,4-
naphthoquinone (2-HNQ), Luria-Bertani (LB) broth, glacial acetic acid. All drugs and

chemicals were of analytical grade, and were acquired from Sigma Aldrich, Kazakhstan.

Screen-Printed Carbon Electrodes, same as previously described in chapter 3 (section

3.2.1) were used for all bioelectrochemical experiments.

80



5.2.2 Biochemical methods
5.2.2.1 Bacterial viability and determination of MIC

Using absorbance measurement at 600 nm in 96-well plates with a Gen5TM Microplate
Reader and Imager Software (BioTek Instruments), the viability of the test
strain was assessed following addition of different concentrations of the test drugs (Amp,
Cip, Flz, and Itz) in LB broth, and incubated at 37 °C for 24 h under static condition. Except
for Cip which was dissolved in sterile double-distilled water, stock solutions of Amp, Flz
and Itz were prepared in DMSO. ODeoo of 0.1 (~1x10° CFU/mL) prepared from
an overnight culture was used as an inoculum. Three independent biological replicates
were carried out, and results analyzed and recorded as mean + standard deviation. The
highest drug concentration tested was 100 uM, while the MIC was determined and

recorded according to the method previously described in section chapter 3 (3.2.2).
5.2.2.2 Biofilm formation/inhibition assay

The conventional crystal violet staining method in 96-well plate, previously described in
chapter 4 (section 4.2.2.4) was adopted but with slight modification. Briefly, an 18 h old
culture of A. baumannii culture in LB broth adjusted to an ODsoo 0of 0.5 was used as
inoculum. The drugs were added at 1xMIC and 10xMIC. 0.1 mM 2-HNQ was also added
to all the wells to mimic the electroanalytic condition. Wells with the inoculum but without
the drug are used as control. Following incubation at 37 °C for 24 h, the medium and
planktonic cells were gently removed, and the wells were rinsed twice with sterile water.
After that, the biofilms were fixed for 10-15 minutes in absolute methanol, rinsed twice
with sterile water, and left at room temperature to dry. Thereafter, the biofilm was stained
and processed as previously described in section 4.2.2.4. This was independently repeated
three times, and the results reported as percentage of biofilm inhibition relative to

the control.

Additionally, the effectiveness of the test drugs to remove preformed biofilm of A.
baumannii were also assessed also in 96-well microtiter plates as previously described in

section 4.2.2.4. Similarly, the procedure was repeated three times using independent
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inoculum, and the results expressed as percentage of biofilm inhibition relative to

the control which was calculated using the formula below;

0D570 of Control— OD570 of Treatment

0 iofilm inhibiti =
Percentage (%) biofilm inhibition/removal = D570 of Contral x 100

5.2.3 Bioelectrochemical methods

The antibiofilm efficacy of Cip, Flz and Itz against A. baumannii biofilms were also
determined by electroanalysis using chronoamperometric method (scheme 3.1). As
emphasized in chapter 4 (section 4.4), chronoamperometry is simple to interpret and
provides efficient diagnostic information (Olaifa et al., 2021). In addition, the approach is
primarily poised at a single potential, hence, constraints such as excessive background
current and signal-to-noise ratios are greatly reduced (Aiyer & Doyle, 2021). Hence, our

choice of electrochemical method in this work.

0.1 mM 2-HNQ as redox mediator and a working electrode voltage of 400 mV were found
to be suitable for electroanalysis based on preliminary studies (Appendix 5.1). A.
baumannii cells were cultivated in 8 mL electrochemical cells with an initial ODsgo of 0.5
with Cip, Flz, and Itz added at their MIC. Control tests with LB broth, 2-HNQ, and DMSO
were included. A computer-controlled VSP multichannel potentiostat (BioLogic, France),
as previously described in section 3.2.2.2, was used. For each set of experiments, a
minimum of three biological replicates were carried out, and the results reported as mean
+ SD.

Chronoamperometry was also adopted to evaluate the effect of the test drugs (Cip, Flz, and
Itz) on preformed A. baumannii biofilms. To achieve this, a sterile analytical grade micro-
syringe was used to gently add the drugs into the electrochemical cells, usually at 12-15 h
post-inoculation when the current output has become stable (Kannan et al., 2019). The
working electrode was maintained at 400 mV for all chronoamperometric measurements
while the average current was recorded every 60 s throughout the experiment. Prior to

electroanalysis, all SPEs were pre-treated as previously described in section 3.2.1.

82



5.2.4 Post-electroanalysis: crystal violet assessment and microscopic imaging

Crystal violet assay and microscopic imaging of selected SPEs were carried out after
bioelectrochemical studies to support the biochemical and bioelectrochemical results on
the efficacy of tested drugs on A. baumannii biofilms. The crystal violet test and scanning
electron microscopy were carried out according to the instructions in section 4.2.2.3. For
each experimental condition, a minimum of three biological replicates were
assayed/examined. For confocal laser scanning microscopy (CLSM 780; Carl Zeiss,
Germany), images were taken using a 20xobjective (Plan-Apochromat; NA = 0.8) with
resolutions of 424.89x424.89 um frame size with a pixel dwell duration of 1.6 us. The
thickness of the biofilms varied, but the 1.073 um z-step widths were consistent across all
samples. Autofluorescence was obtained in the epi-illuminated geometry by the objective
between 585 and 734 nm using a 561-laser line. Zen Zeiss imaging software was used to

analyze the images.
5.2.5 Data analysis

One-way analysis of variance (ANOVA) was used to compare independent biological
replicates, followed by Tukey's test for multiple comparisons. The statistical significance

was determined using a p value of 0.05.
5.3  Results and Discussion
5.3.1 Biochemical analyses

The efficacy of two commonly used antifungals, 1tz and Flz, in addition to two commonly
used antibacterial, Amp and Cip, were tested in vitro against A. baumannii
biofilms. Presented in Fig. 5.1 and Table 5.1 are the results of the viability tests and the
comparative MICs. With the exception of Amp (Fig. 5.1A), the test organism was sensitive
to Itz, Flz, and Cip within the concentration ranges investigated (Fig. 5.1). Itz, Flz, and Cip
showed a statistically significant dose-dependent activity (p<0.05) in comparison to
untreated cells (Appendixes 5.2 and 5.3). Quantitatively, starting at 1 pM, a marked
reduction in growth was seen as the concentrations of Itz, Flz, and Cip increased (Fig. 5.1).
Cip had the most activity with the lowest MIC of 5.5 uM. (Fig. 5.1D). However, within
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the dose ranges investigated, Amp showed no apparent effect against A. baumannii. With
MIC values (uM) of 53.8 and 62, Itz (Fig. 5.1C) and Flz (Fig. 5.1B), respectively, had
significantly higher activity than Amp and were only 10 times smaller than Cip (Appendix
5.3), making them promising candidates for additional testing against A. baumannii

biofilms.

Table 5.1. Susceptibility profile (MICs, uM) of A. baumannii

Minimum inhibitory concentrations
(MICs, pM)
Amp Cip Itz Flz

Test organism

. >100 5.5+04 53.8£25 62+5.3
A. baumannii
Result is presented as mean + SD. At p = 0.05, all means are significantly

different.
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Fig. 5.1. Effect of (A) Amp, (B) Flz, (C) Itz and (D) Cip on growth (ODego) of A.
baumannii. Except for Amp, the difference between treatments vs control is significant (p
< 0.05) (Appendixes 5.3A-5.3D).
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Though bacterial strains capable of exhibiting resistance to nearly all available antibacterial
drugs in the global arsenal are known to be emerging (Lenhard et al., 2017), the rising rate
of antibiotic-resistant A. baumannii is alarming, as evidenced by data on resistance
surveillance and prevalence studies conducted worldwide (Sarshar et al., 2021; Vrancianu
et al., 2020). Reports of its resistance to levofloxacin, tetracycline, ceftriaxone,
ceftazidime, Amp, and even Cip among many others are well documented in the literature
(Babapour et al., 2016; Madadi-Goli et al., 2017; Nocera et al., 2021).

The resistance to Amp (a beta-lactam antibiotic) as presented in Fig. 5.1A is not surprising,
as this bacterium was previously classified as asequence type 52 strain with
heightened resistance to beta-lactam antibiotics (Tsubouchi et al., 2020). The study
of Tadesse et al. (2019) on the susceptibility patterns of pathogenic bacteria from pediatric
patients indicated that 85.2% of the isolates including A. baumannii exhibited resistance to
Amp. Its ability to form and exist as biofilms, in addition to its other resistance
mechanisms, provides protection against physical and chemical attacks, including
antimicrobials (Shenkutie et al., 2020).

Itz, Flz and Cip were further investigated for their biofilm inhibition/removal capacity in
the standard microtiter plate-based crystal violet assay. Fig. 5.2A depicts the % biofilm
inhibition when the drugs are added at inoculation, while Fig. 5.2B depicts % biofilm
removal when the drugs were added 48 h post-incubation. 1xMIC of Cip, Itz, and Flz
exhibited 59.2+1.0, 68+6.4, and 77+5.1 biofilm inhibition (%) (Fig. 5.2A), respectively,
while 10xMIC exhibited a near 100% inhibition with Cip, Itz, and Flz yielding 97.13.4,
93.61.2, and 94.30.7 inhibition (%) (Fig. 5.2A), respectively. Statistically, there was no
significant difference between Cip, Itz, and Flz in terms of biofilm inhibition (%)
(Appendix 5.4), while significant difference existed between Cip and Flz in terms of
biofilm removal (%) at 10xMIC alone (Appendix 5.5). While our results are
consistent with previous studies on resistance profile of A. baumannii (Qi et al., 2016),

there are no previous research on its antifungal susceptibility.
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Fig. 5.2. Effect of Cip, Flz and Itz on A. baumannii biofilm formation. (A) Addition of

drugs at inoculation; (B) Addition to preformed biofilm. (n=4). The difference between
treatments vs control is significant (p < 0.05) (Appendixes 5.4 and 5.5).

5.3.2 Bioelectrochemical analyses

The sensitivity of A. baumannii biofilm to the selected antifungal drugs were also studied
electro-analytically under two experimental conditions: a) addition of the drugs
at inoculation for biofilm inhibition studies; and b) addition of drugs at 12-15 h after
inoculation for biofilm removal studies. These conditions are complementary to the
biochemical analyses and mimic an early vs. late treatment options using Itz, Flz, and Cip.
Based on our prior research on bioelectrochemical characterization antibiofilm drugs
against microbial pathogens (Olaifa et al., 2021; N. Savi¢ et al., 2020), only CA was
adopted in this work. Other approaches, such as EIS and voltammetry (e.g., differential

pulse or square-wave voltammetry), may provide more information, but they have
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low reproducibility than CA. Unlike other bioelectrochemical approaches, CA is non-
destructive and well-suited for real-time monitoring of microbial growth (Turick et al.,
2019; Uria et al., 2020).

The electroactivity of A. baumannii is low, as evidenced by control experiment in short-
term experiments (24 h) (Appendix 5.6). To induce a stable electrochemical reaction,
therefore, a redox mediator was utilized. However, as previously established for E. coli
cells that show an electrogenic phenotype when cultured in microbial fuel cells for long
period (> 20 days) (Qiao et al., 2008), it cannot be assumed that A. baumannii does not
produce extracellular redox mediators or electrical charges at longer durations. However,
sterile control experiments as presented in Appendix 5.6 confirm that the
chronoamperometric output observed in this study is a function of the 2-HNQ redox
coupling mediated by metabolically active biofilm cells on the electrode, resulting in

extracellular electron transfer.

Furthermore, comparative control experiments of crystal violet assay and OD measurement
for biofilm and planktonic cells, respectively, obtained under conventional (no applied
potential) and potentiostatic conditions (Appendix 5.7B), and also with and without redox
mediator (Appendix 5.7A), are not significantly different (p<0.05).

Similarly, preliminary experiments showed that 400 mV is optimum for the bacteria under
study, as it supports efficient membrane modulation and electron transfer process. This is
also supported by previous study on other clinically relevant microbial biofilms (Astorga
et al., 2019; Naradasu, Guionet, Okinaga, et al., 2020; Santoro et al., 2016). Control
experiments at applied potentials lower than 400 mV did not produce optimal current
output, while higher potentials may have tensioned the cell membrane, resulting in unstable
current response (Appendix 5.8). We, however, did not test negative potentials because of
our previous knowledge on the electrochemistry of clinically relevant microbial biofilms,
and also on the basis of literature reports (Bosire et al., 2016a; Wei et al., 2010; J. You et
al., 2021). Nevertheless, preliminary experiments and optimization are necessary in
determining the appropriate potential, as too low or high may negatively impact the

electrochemical response (Bosire & Rosenbaum, 2017; Teravest & Angenent, 2014).
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Consequently, electroanalysis was done at a constant applied potential of 400 mV in 8 mL
cells using carbon screen-printed electrodes, while the drugs were added at their
corresponding MIC values and in the presence of 0.1 mM 2-HNQ as mediator. Under this
state, the oxygen in the electrochemical cell is used up quickly during the initial rapid
bacterial growth, while a part of the electron flow resulting from growth and metabolism
can be intercepted at the electrode. This simple approach has been repeatedly employed to
characterize biofilm formation (Keogh et al.,, 2018) with or without antimicrobial
treatments (Kannan et al., 2019; Olaifa et al., 2021; Savi¢ et al., 2020).

Before addition of drugs, biofilm estimates via crystal violet assay and OD of planktonic
cells were comparatively evaluated with the chronoamperometric response. Graphical
representations of both OD and crystal violet estimates produced a similar pattern
(Appendix 5.9), while the chronoamperometric data (Appendix 5.9), showed a slow current
output in the early hours (0 - 7 h), before a rapid growth began. This is indicative of
complex combined roles of initial cell attachment, biofilm formation and growth, and
stimulation of extracellular electron transfer mediated by 2-HNQ redox coupling by
actively growing metabolic cells. Chronoamperometric results validated that Itz, Flz, and

Cip significantly affected A. baumannii biofilm formation (Figure 5.3A, Appendix 5.10).

Presented in Fig 5.3A is the chronoamperometric traces A. baumannii biofilms with and
without drug treatments. This result can be qualitatively described and separated into three
parts: a) slow growth characterized with initial cell attachment to the solid electrode (0-6
h); b) rapid biofilm formation and growth, (7-15 h); ¢) limited biofilm growth phase (16-
24 h) due to nutrients and diffusional limitations; d) death phase (48 h and beyond) due to
high death rate and increased number of inactive biofilm cells at the bottom layers.
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Fig. 5.3. (A) Chronoamperometry of A. baumannii biofilms with and without the drugs:
cells not exposed to drugs (black trace); cells exposed to Flz (red trace); cells exposed to
Itz (blue trace); cells exposed to Cip (green). (B) Total Q obtained after 24 h of incubation
at E =400 mV (C). Crystal violet estimates of biofilms on the WE surface determined after
a 24 h potentiostatic experiment. (n=3). Asterisk (*) indicates significant difference
between control and treated biofilms (p < 0.05) according to Tukey’s test. NS means not
significant.

Quantitatively, at approximately 16 h, the current response for biofilm not exposed to drugs
was 6.00£1.74 puA/cm?, while biofilms exposed to Itz, Flz and Cip exhibited current
responses of 0.92+0.03 pA/cm?, 2.53+£0.87 pnA/cm?, and 0.45+0.15 pA/cm?, respectively.
Similarly, the total charge output (Q, mC) calculated upon completion of electroanalysis
(Fig. 5.3B), showed that A. baumannii biofilms produced lower Q under drug treatments
relative to the untreated biofilms. Therefore, both current density and Q estimates validate

the effect of the tested drugs on A. baumannii biofilms.

89



Biofilm measurement via crystal violet staining (Fig. 5.3C) after 24 h of
chronoamperometric measurements also indicated a significant difference between treated
and untreated biofilms, with Cip, Itz, and Flz producing 90.5+333.3 %, 81.2+33.3 %, and
69.1£13.3 % reduction in biofilm formation, respectively, in comparison with untreated
biofilm (Appendix 5.12). These findings (Appendixes 5.10, 5.11 and 5.12) are statistically
significant (p<0.05), and they support the biochemical findings (section 5.3.1).
Independent control experiments with sterile medium only, redox mediator only, and
medium and mediator only, all produced near-zero current response (Appendix 5.1),
confirming that the electrochemical responses are due to the 2-HNQ redox coupling by

biofilms cells on the electrode.

Biofilms of A. baumannii have been found in a number of biotic surfaces (wounds and soft
tissue infections) and abiotic niches (particularly health-care-related instruments and
devices) (Eze et al., 2018). As a result, it is important to evaluate these drugs for their
ability to remove already formed A. baumannii biofilms via chronoamperometry.
Interestingly, unlike our previous work on pre-formed C. albicans biofilms using a similar
technique with no substantial result (Olaifa et al., 2021), the antifungals examined in this

study were able to eliminate pre-formed A. baumannii biofilms.

Upon observation of a stable current response, the test agents were introduced gently into
the electrochemical cells using a sterile micro-syringe. Cip induced a rapid current
reduction at 2xMIC values (Fig. 5.4A). Both Flz (Fig. 5.4B) and Itz (Fig. 5.4C) exhibited
a sharp reduction in current responses when added at 5xMIC values. These
observations could be attributed to the detachment of the early biofilm from the
solid electrode surface as a result of the high drug doses, as 1xMIC does not show any
impact on preformed biofilms under the experimental conditions. While this finding is in
line with that of Santoro et al. (2016), who had reported that addition of toluene, a
wastewater contaminant, caused a continuous decline in current response of E. coli cells,
it contradicts with the work of Palanisamy et al. (2019) where almost a complete retrieval
of current response was obtained upon addition of a chemical pollutant, 1-cyclohexyl-2-
pyrrolidone, on preformed E. coli biofilm. This may possibly be attributed to the volatility

nature of 1-cyclohexyl-2-pyrrolidone, thus, making it to rapidly evaporate from the
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experimental set-up, hence, its rapid loss of antibiofilm activity. As presented in Fig. 5.4,
a small recovery (< 5%) of the current signal was observed, even after 45 h. This suggests
that the biofilm cells on the electrode surface may be dead or that all A. baumannii cells in
the electrochemical cell are dead. It is however complicated, to validate via electroanalysis
which of these phenomena played out, as both generate analogous effects (i.e., a decline or
shutdown of the current flow). Despite this limitation, the bioelectrochemical approach for
assessment of antibiofilm efficacy can be faster and less cumbersome than traditional
culture-based methods.
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Fig. 5.4. Representative chronoamperometry of A. baumannii pre-formed biofilms

following addition of the drugs. (A) Cip (2xMIC) (red trace); (B) Flz (5xMIC) (black trace)
and (C) Itz (5xMIC) (blue trace).
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5.3.3 Microscopy

Microscopy is an important but highly destructive gold standard approach often adopted
to determine the efficacy of antimicrobial therapies on biofilms (Gomes & Mergulhio,
2017) and helps qualitatively visualize the degrees of inhibition, killing or
removal (Goldbeck et al., 2014). Post-chronoamperometry, microscopic analysis of the
SPEs using SEM and CLSM was performed to validate the effects of the tested drugs on A.

baumannii biofilms.

I [

Fig. 5.5. Representative SEM of A. baumannii on the WE surface only following
completion of electroanalysis. (A) Cells not exposed to any of the drugs (B) Cells exposed
to Flz. (C) Cells exposed to Itz. (D) Cells exposed to Cip.

As presented in Fig. 5.5A, SEM images (x5000 magnification) of biofilms without any
drugs revealed a completely formed biofilm structure with cells seen surrounded by the

matrix. The cells typically appeared homogeneous, with intact membrane integrity and
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form (Fig. 5.5A). On the other hand, biofilms exposed to the text drugs at inoculation were
unable to form a full biofilm while their cells were mainly monolayered and sparsely
distributed. Additionally, morphological damages that include membrane disruptions,
unusual cell elongation and other cell shapes and forms (Fig. 5.5B, 5.5C and 5.5D) were
observed. Specifically, Fig. 5.5B and 5.5C indicate that Itz and Flz may have disrupted the

membrane integrity, leading to cell death and or aberrant surface morphology.

Cell elongation is a well-known physiological reaction to both physical and chemical
stressors, including extreme temperature, pH, salinity, and exposure to antimicrobials. It
enables cells to increase their exterior surface areas in order to facilitate attachment,
cellular contacts, and nutrient uptake during their stress adaptation processes (Uzoechi &
Abu-Lail, 2019, 2020), in this case — the treatment of A. baumannii with the test drugs (ltz,
Flz, and Cip). Furthermore, secretion of membrane-bound molecules that results in an
increase in surface roughness has been linked to bacterial membrane integrity and adhesion
to surfaces under harsh/stressful/unfavorable conditions (Limoli et al., 2015). Fig. 5.5B,
5.5C, and 5.5D illustrate cell elongation and surface roughness, which could be a feasible
survival strategy for A. baumannii cells when exposed to drugs under the experimental

conditions.

CLSM, in comparison to SEM, is a more advanced imaging technique that has been
frequently used to study biofilm morphologies (Palmer & Sternberg, 1999). Cerca and
colleagues had previously published a study on CLSM analysis of S. epidermidis subjected
to rifampicin, vancomycin, and farnesol treatments. They demonstrated that farnesol
reduced biofilm biomass, indicating that it could be used as a pharmaceutical adjuvant in
clinical practice (Cerca et al., 2012).

The CLSM images in this work corroborates with that of the SEM images, while
the biofilm biomass on the electrode of each experimental condition matches to the results
obtained using biochemical and bioelectrochemical assays for the same experimental
conditions. As qualitatively presented in Fig. 5.6, the order of activity is Cip>Itz>Flz. This
is supported by chronoamperometric results (Fig. 5.3A). Fig. 5.6A, however, shows that
the biomass was higher in untreated biofilm and lower in the treated biofilms (Fig. 5.6B,
5.6C and 5.6D). In general, the electrochemical data is supported by SEM and CLSM
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results, implying that electroanalysisis appropriate for antibiofilm testing of

antimicrobials and repurposed compounds.

Fig. 5.6. Representative CLSM of A. baumannii on the WE surface only following
completion of electroanalysis. (A) Cells not exposed to any of the drugs (B) Cells exposed
to Flz. (C) Cells exposed to Itz. (D) Cells exposed to Cip. Scale bars indicate 50 um.

5.4  Possible mechanisms of action of Itz and Flz against A. baumannii biofilms

Fungicides' mechanisms of action against fungal biofilms have been extensively researched
and documented (Prasad et al., 2016). Despite this, little is known about their activity
against bacteria particularly Gram-negative bacterial biofilms. Azole fungicides, such as
Itz and Flz, are renowned for their broad-spectrum action and selectivity for interfering
with the formation of membrane sterol lipids in fungal cell wall (Campoy & Adrio, 2017).
These sterols (e.g., ergosterols, triglycerides, and phospholipids) are critical membrane
molecules that maintain or facilitate stability, permeability, and other homeostatic cell
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functions. Therefore, any disruption in the formation, structural organization, and/or
quantity may eventually affect cell growth and metabolism (Prasad et al., 2016). Bacterial
membranes, however, lack sterols, but they do possess hopanoids, which are
chemically and functionally analogous to sterols (Lodha et al., 2019).

Hopanoids, like sterols, are known for their physiological functions relating to maintaining
the membrane integrity and permeability in bacteria (Mangiarotti et al., 2019; Welander et
al., 2009). They have also been identified as key component of bacterial stress responses
to pH changes (Kharbush et al., 2018; Schmerk et al., 2011), exposure to
chemical detergents and antimicrobial molecules (Willdigg & Helmann, 2021).
Additionally, it has been established that hopanoids together with glycolipids found in the
outer membrane spaces of bacteria, interact to form a well-organized bilayer structure that
is homologous to the sterol-sphingolipids arrangements in fungal membranes (Saenz et al.,
2015).

Consequently, this resemblance in the morphology and physiology of bacterial and fungal
membranes could be explored to solving antibiotic resistance problem by designing new
drugs or repurposing old drugs with a potential to target the hopanoid biosynthetic
pathways (Mingeot-Leclercq & Décout, 2016). As a result, it is hypothesized that the
antibiofilm activity against A. baumannii biofilms described in this study may be due
to interference in the membrane lipids by Itz and Flz treatments. Malott et al. (2014) found
similar results when they repurposed fosmidomycin against Burkholderia multivorans,

commonly associated with lung infections, primarily in persons having cystic fibrosis.
55 Summary

Both biochemical and bioelectrochemical results validate that fungicide repurposing for
control of bacterial biofilms could be the missing piece in the puzzle of fight against
bacterial resistance. While crystal violet assay demonstrated 90.5 %, 81.2 %, and 69.1 %
biofilm inhibition, electroanalysis demonstrated 92.5 %, 84.7 %, and 57.8 % reduction in
current output of A. baumannii biofilm, exposed to Cip, Itz, and Flz, respectively. Though
both approaches complement each other, chronoamperometry offers a simple, low-cost,

rapid, and real-time platform for antibiofilm assessment.
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Furthermore, the activity of Itz and Flz against A. baumannii biofilm described in this work
could herald a key strategy for enhancing the sensitivity of antibiotic resistant bacteria

through a combination therapy of Itz or Flz with other potent antibacterial drugs.
5.6  Outcome

Olaifa, K., Ajunwa, O., & Marsili, E. (2022). Electroanalytic evaluation of antagonistic
effect of azole fungicides on Acinetobacter baumannii biofilms. Electrochimica
Acta, 405, 139837. https://doi.org/10.1016/j.electacta.2022.139837

96



Chapter Six: Detection of C. albicans cells in urine samples via electroanalysis

6.1 Introduction

As previously established in Chapters 2 and 4, Candida species are considered the leading
cause of fungal infections (Kainz et al., 2020), ranging from invasive and systemic life-
threatening to mild, topical and mucocutaneous diseases. Of all known Candida spp., C.
albicans is the most prevalent and pervasive (Soll & Daniels, 2016), partly because it is a
natural commensal and a dominant colonizer of most body parts including the skin,
respiratory, reproductive and gastrointestinal tracts (Achkar & Fries, 2010), and partly due
to its marked biofilm phenotype (Rodriguez-Cerdeira et al., 2019). Candida spp. biofilms
exhibit resistance to antifungal treatments, and the resulting infections can be difficult to
manage/control, thereby contributing to high morbidity and mortality rate (Cavalheiro &
Teixeira, 2018). Nevertheless, early and rapid detection and diagnosis is crucial for

effective management of Candida-induced infections (Hussain et al., 2020).

Urinary tract infections (UTI) are among the most common infectious diseases worldwide
(Behzadi et al., 2019; Flores-Mireles et al., 2015; Murray et al., 2021; Oztiirk & Murt,
2020). The term UT], though very broad, is often used synonymously to describe fungal
urinary tract infection potentiated by Candida spp, and with a special focus on C. albicans
as the most implicating agent (Poloni & Rotta, 2020). This is supported by recent evidence
suggesting a decline in the occurrence of UTI caused by bacterial species and a rise in the
occurrence of UTI caused by fungi, notably the dimorphic yeast C. albicans, and especially
in critically ill or hospitalized patients (Dias, 2020), a condition generally referred to as
genitourinary candidiasis (GC). This may be manifested as candidal balanitis or
balanoposthitis in males, vulvovaginal candidiasis in females, and candiduria in both
genders. Although these diseases are common in both healthy and immunocompromised
individuals, they are of special concern in the latter due to the consequent high morbidity
and mortality (Achkar & Fries, 2010; Obisesan et al., 2015).

Candiduria, that is, the presence of Candida in urine, may be due to several factors
including but not limited to: colonization of the bladder or urinary catheters, UTI,

manifestation of candidemia without UTI, candidal prostatitis, and/or contamination of the
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urine sample (Odabasi & Mert, 2020). Colonization or contamination is the commonest
cause of candiduria in most patients, whether symptomatic or asymptomatic (Kauffman et
al., 2011; Odabasi & Mert, 2020). Either ways, the presence of Candida in urine often
requires diligent clinical evaluation (Kauffman, 2014), as it may be indicative of UTI or
other underlying health conditions, such as renal malfunction, diabetes mellitus, and
genitourinary structural pathology (Gajdacs et al., 2019; Poloni & Rotta, 2020), especially

in immunodeficient patients.

Currently, a standard diagnosis for candiduria is not yet available, as criteria, procedures,
and methods of detection and analysis vary across laboratories (Alfouzan & Dhar, 2017;
Behzadi et al., 2015, 2019; Gharaghani et al., 2018; Obisesan et al., 2015; Odabasi & Mert,
2020; Poloni & Rotta, 2020), which makes therapeutic decisions even more complicated
(Dias, 2020; G. M. E. Lima et al., 2017). Initial isolation on routine culture media such as
potato dextrose agar (PDA), Sabouraud dextrose agar (SDA) or even CHROMagar™
Candida, followed by microscopic visualization of colonies remains the gold standard
(Alfouzan & Dhar, 2017; Gharaghani et al., 2018). This is, however, time and resource
consuming, as these laboratory processes may take 48-96 h to give actionable results,
causing delay that encourages haphazard and unempirical use of antifungal drugs
(Markowitz et al., 2019). Commercial kits (e.g., Dipstick, test strip and other ELISA based
techniques), flow cytometry, mass spectrometry, spectroscopic methods (e.g., Infrared,
Raman), sequencing and other nucleic acid-based approaches (e.g., PCR, gPCR) are either
expensive and thus not readily available, or require some level of expertise to operate and
interpret the results (Behzadi et al., 2019; Fazeli et al., 2019; Obisesan et al., 2015).

Momenzadeh and colleagues had recently proposed a computer-aided diagnostic software
for detection of vulvovaginal candidiasis (Momenzadeh et al., 2018). Unfortunately, its
successful application hinges on the availability of existing microscopic images of yeast
cells, which cannot be generated for each patient, particularly in small hospital with limited
resources. Therefore, the need for a more direct, simple, fast, sensitive, and cost-effective
diagnostic approach cannot be overemphasized. Electrochemical biosensors can be
adopted to achieve this purpose (Fritzenwanker et al., 2016; Hussain et al., 2020;

Markowitz et al., 2019). We have recently adopted this approach for analysis and
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assessment of antifungal drugs against C. albicans biofilms (Olaifa et al., 2021) and other
clinically important microbial pathogens (Olaifa et al., 2022; N. Savi¢ et al., 2020) using
laboratory culture media.

Moreover, there are few studies in the literature on the electrochemical-based detection of
Candida spp. in clinical samples. Muir and colleagues have proposed electrochemically
labelled DNA probes for diagnosis of candidemia, using extracted genomic DNA of C.
albicans cells isolated from blood samples (Muir et al., 2011). This approach, however,
requires some level of expertise and technical knowledge in molecular biology. Also, kits
and reagents required for nucleic acid extraction are expensive and not easily available,

especially in local and primary health care facilities.

In another recent study by Dutta and coworkers, a glucose meter coupled with a
manufactured electrochemical sensor was proposed for the detection of C. albicans in urine
and serum (Dutta et al., 2021). In their approach, hemicellulase — a hydrolytic extracellular
enzyme - was added in the system, while using glucose meter to estimate the amount of
glucose released from the enzymatic lysis of the fungal cell wall. The amount of glucose
released was proportional to the concentration of C. albicans. Similarly, Sa and colleagues
employed a lectin-based sensor in a three-electrode system for detection of pathogenic
Candida spp using a chemically defined growth medium (Sa et al., 2020). However, the
need for an analytical grade substance/enzyme and/or additional devices may make these

methods relatively expensive.

Consequently, direct, and real-time whole cell detection of C. albicans in urine samples
using simple and low-cost approach, and with limited or no use of additional materials or
reagents is worth investigating. Herein, we demonstrated for the first time the use of cheap
and readily available carbon screen-printed electrode for detection of C. albicans whole
cells in urine samples via electroanalysis. SEM was also done to visualize the attached cells

on the electrodes, thus validating the electrochemical measurement.
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6.2  Experimental

6.2.1 Materials

Screen-Printed Carbon Electrodes (SPEs) (Reference code: C110) described in previous
chapters (sections 3.2, 4.2 and 5.2) were used with no modification. Methacrylate
electrochemical cell (ref. CELL) suitable for work-in-solutions SPEs, also obtained from
Metrohm DropSens, Spain, were used in electrochemical measurements. Prior to
electrochemical measurements, every SPE was sterilized in 70 % (v/v) ethanol, washed in
sterile deionized water, and then blotted to dry, while the electrochemical cells were
washed, sterilized in 70 % (v/v) ethanol for 30 minutes, followed by exposure to 30 minutes
UV-b radiation. During all experiments, the electrochemical cells were maintained at a
temperature of 37 °C in steel-beads dry bath.

Urine samples were willfully provided by healthy volunteers (male and female, young and
old individuals: age 19-45) following oral description of the project and its objectives, and
immediately transported to the laboratory for processing. The samples were homogenously
pooled; centrifuged (10,000 rpm for 10 minutes), and then the supernatant was filter-
sterilized on 0.22 um filters (Corning® syringe, USA) to remove living cells and
particulate matter. The filtrate obtained was used for electrochemical measurements or

stored at 4 °C in the refrigerator when not used.

The standard strain C. albicans ATCC 10231 was used. The yeast strain was initially sub-
cultured and subsequently maintained in SDA, while RPMI 1640 medium supplemented
with 2% glucose was occasionally employed for broth cultivation and inoculum
preparation, and urine was employed as sole growth medium for all electrochemical

measurements.
6.2.2 Methods

6.2.2.1 Electroanalysis

Detection was done in electrochemical cells containing 8 mL processed urine spiked with

freshly prepared inoculum diluted to the corresponding value of colony forming unit (CFU)
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of microorganism per mL of urine. After inoculation, cyclic voltammetry (CV) and
differential pulsed voltammetry (DPV) and chronoamperometry (CA), were performed in
succession using a computer-controlled VSP multichannel potentiostat (BioLogic, France).
The parameters for CV included: Ei = =700 mV vs. Ag pseudo-reference electrode, Er =
800 mV vs. Ag pseudo-reference electrode, scan rates 1 mV s* and 10 mV s? run in
succession, current averaged over the last 50% of the step duration and recorded over N =
10 voltage steps. Similarly, the parameters for DPV were Ei = —800 mV vs. Ag pseudo-
reference electrode, Ef = +800 mV vs. Ag pseudo-reference electrode; pulse height 50 mV,
pulse width 400 ms, step height 5 mV, step time 500 ms, current average over the last 50
% of the step. CA was performed at 400 mV vs. Ag pseudo-reference electrode, and the
current output was recorded every 60 s for 24 h, after which CV and DPV were repeated

before the experiment was concluded.

6.2.2.2 Crystal violet assessment and microscopic imaging of C. albicans cells on the

electrodes

Following completion of electrochemical characterization, crystal violet assay for
estimation of the attached cells on the working area of the electrodes was done as
previously described (Chapter 4, section 4.2). Scanning electron microscopy (SEM) was

also done as described previously in Chapter 4 (section 4.2.2.3).
6.3  Results and Discussion
6.3.1 Electroanalysis

Electrochemical signatures of C. albicans cells spiked in human urine was characterized
by CA, CV and DPV using unmodified graphite screen-printed electrodes. Urine samples
from more than 20 healthy individuals were collected and pooled, while a new SPE was

used for each independent electrochemical assay to prevent cross-contamination.

The quantitative definition of candiduria is yet to be standardized. Thus, the diagnostic
criterion of colony forming unit per milliliter of urine (CFU/mL) varies from one clinical
laboratory to another. For example, an estimate of 10° to 10° CFU/mL (Achkar & Fries,
2010; Behzadi et al., 2015, 2019; Poloni & Rotta, 2020), 10* to 10° CFU/mL (Gajdacs et
al., 2019; Odabasi & Mert, 2020) or > 10* CFU/mL (Gharaghani et al., 2018) are often
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considered candiduria, subject to the gender and age of the patient, and /or the occurrence
of a subsisting ailment (e.g., renal infections). Nevertheless, recent studies in collaboration
with the National Institute of Health adjudged the adoption of the presence of 103 cells of
C. albicans per mL of a urine sample as the lowest cut-off value for defining candiduria
(Alfouzan & Dhar, 2017). While a range of cell concentrations were electrochemically
assayed in the present study, assays of 100 CFU/mL provided the most informative
diagnostic information. Control experiments with urine only, urine spiked with Escherichia
coli, Acinetobacter baumannii, and a co-culture of C. albicans and E. coli were also carried
out. Our results however indicate that the sensor, having graphite as its working electrode,
showed bioaffinity for Candida cells probably because of the unique structural and
biochemical configurations its cell wall surface, which contains ~ 90% carbon rich

compounds including mannose polymers, f-glucans and chitin (Sa et al., 2020).

The CA of filter-sterilized urine spiked with known concentration of viable
microorganisms is shown in Fig. 6.1 A. While 10 CFU/mL (black trace) and 1000 CFU/mL
(blue trace) C. albicans, 100 CFU/mL E. coli (olive trace), 100 CFU/mL A. baumannii
(navy trace), and a co-culture of 100 CFU/mL of E. coli and C. albicans (violet trace) do
not show a defined pattern just as the sterile urine (magenta trace), 100 CFU/mL of E. coli,
however, showed a poorly reproducible rapid rise in current output within 2 h of
inoculation, with a maximum current yield of 18.12+1.15 pA at ~1.6 h, followed with a
rapid decline. Additionally, 100 CFU/mL of C. albicans (red trace) produced a
reproducible current output that could be qualitatively described as a sigmoid curve, a
pattern common to most weak electroactive microorganisms when grown under favorable

laboratory conditions (Olaifa et al., 2021).

The current trend of 100 CFU/mL of C. albicans (red trace) can be categorized into three
distinct parts: (i) a slow adaptation period (0-2 h), followed by a gradual increase (2—4 h),
probably due to rapid utilization of available nutrient coupled with rapid proliferation of
cells; (ii) a very short stationary phase (4—4.5 h) marked with a current peak of 30.12+2.45
nA, probably due to nutrients limitations; (iii) a gradual decline (> 4.5 h), probably due to

exhaustion of functional nutrients.
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Fig. 6.1. (A) CA of sterile urine (magenta trace) and urine spiked with 10, 100 and 1000
CFU/mL C. albicans (black, red, and blue trace, respectively), 100 CFU/mL E. coli (olive
trace), 100 CFU/mL A. baumannii (navy trace), co-culture of C. albicans and E. coli (violet
trace). (B) Cumulative charge outputs at varying times of potentiostatic incubation of
spiked and sterile urine samples.
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The concentration of planktonic cell at the end of the analysis was much higher than the
inoculum, while biofilm estimates on the WE area did not return quantifiable estimates
following crystal violet staining and spectrophotometric measurement. It is therefore a
possibility that the overall current response is contributed also by the planktonic growth of
Candida cells under the electrochemical growth conditions adopted. Interestingly, growth
of C. albicans in conventional 96-well microtiter plates with an initial OD similar to that
of electrochemical experiment (~ 102 CFU/mL) using both urine and conventional RPMI
(with 2% glucose) as growth media (Appendix 6.1), showed urine could support Candida
growth beyond 48 h, although its growth is about 2% less in comparison to the conventional

RPMI medium (Appendix 6.1).

Furthermore, the cumulative charge output obtained via integration of the current output
over a specified period, using the EC-Lab software, was also used to describe the
electrochemical behavior of Candida cells spiked in filter-sterilized urine samples. As
presented in Fig. 6.1B, the charge output increases with the number of C. albicans cells in
the inoculum, in the range 10-100 CFU/mL. However, the charge output decreased again
at 1000 CFU/mL. This is suggestive that the sensitivity of the sensor decreased at high cell
concentration in the inoculum. Interestingly the current output decreased slowly after 8 h
for all the C. albicans inocula. Nonetheless, the highest difference in current and charge
output was observed at t < 5 h, which can be adopted as a suitable time for electrochemical

detection of Candida under these experimental conditions.

The sensitivity and limit of detection (LOD) of the sensor were estimated as 8.19+1.87
mC/CFU/mL and 39 CFU/mL, respectively, from the plot of maximum charge output (mC)
versus different CFU/mL of Candida in urine (Appendix 6.2) This plot showed that a linear
relationship existed between the two variables in the range of 10-100 CFU/mL, with a
coefficient of determination (R?) of 0.9664. Unfortunately, this range falls short of the most
range concentrations (10° — 10° CFU/mL) typical of candiduria (as previously discussed)
that may warrant medical intervention, thus preliminary dilution of the urine samples may
be needed. Additionally, the low sensitivity observed in this study may be attributed to the
complex nature of urine, as previously observed for most biofluids (sputum, blood, urine)

used for electrochemical detection of Pseudomonas aeruginosa (Ostrov et al., 2017;
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Webster et al., 2014). In a related study on electrochemical detection of C. albicans in
blood samples (candidemia), a detection limit of 10 CFU/mL blood was obtained (Muir et
al., 2011). While this falls within the lower clinical range for candidemia (5-100 CFU/mL
blood) (Loeffler et al., 2000), Muir and colleagues opined that a lower LOD outside the
range (i.e., <5 CFU/mL blood) is preferable to minimize the chances of false-negative
results (Muir et al., 2011).

800 p
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— O ™ =
—— 100 CFU/mL C. albicans (0 h)
200k — — 100 CFU/mL C. albicans (24 h)
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Fig. 6.2. Representative cyclic voltammograms at 1 mV/s scan rate of sterile urine
(magenta trace) and urine spiked with 100 CFU/mL C. albicans (red trace), 100 CFU/mL
E. coli (green trace), 100 CFU/mL A. baumannii (wine trace), co-culture of C. albicans
and E. coli (dark yellow trace) at 0 h (solid trace) and 24 h.

Cyclic voltammetry (CV) is another important electrochemical technique relevant for
characterization of biological phenomena including microbial growth and metabolism
(Kang et al., 2012; Marsili, Rollefson, et al., 2008; Teravest & Angenent, 2014). It is,
however, necessary to carry out preliminary investigations to determine the optimal
potential range that would produce reproducible results and does no damage to the

microbial cells. Nonetheless, low scan rates (in the range of 1-5 mV/s) is mostly preferred
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for microbial studies and analysis, as it minimizes charging currents, and allows detection
of sluggish electron flow phenomena at the electrode interface (Olaifa et al., 2021). In this
study, CV was performed at both scan rates of 1 mV/s and 10 mV/s, respectively, under
non-turnover (0 h) and turnover (24 h) conditions, as we do not have prior knowledge of

the voltammetric behavior of C. albicans in human urine samples.

The voltammetric responses observed at both scan rates were similar (Fig. 6.2 and
Appendix 6.3), demonstrating that EET rate was fast. This may be attributed to the complex
biochemical nature of human urine, which contains relatively high concentration of
undefined redox substances, thus, causing high redox reaction rates but also instability of
current outputs. While no clear definitive cyclic voltammetric patterns were observed in
most of the experimental conditions, a larger non-turnover CVs with defined anodic and
cathodic peaks were repeatedly observed for C. albicans 100 CFU/mL (Fig. 6.2),
suggesting microbial metabolism of a redox molecule in the urine samples. The onset of
the anodic peak was observed at a positive potential of approximately 260 mV vs. Ag while
the reverse cathodic peak occurred at a negative potential of —200 mV vs. Ag (Fig. 6.2).
Additionally, the absolute values of both anodic and cathodic currents were maximum for
C. albicans 100 CFU/mL, indicating the sensitivity of the sensor towards this cell count.
Furthermore, the non-turnover CVs at 0 h for the co-culture of C. albicans and E. coli
caused a shift in the electrocatalytic peak, with anodic peak drifted towards positive
potential at 400 mV vs. Ag and cathodic peak drifted to the negative at —540 mV vs. Ag.,
while their respective absolute current values reduced significantly (Fig. 6.2). It is
important to emphasize that, while there is defined peaks in sterile urine, the relatively
large redox response is suggestive of the presence of minute concentrations of undefined
native active redox substances. In general, these results agree with that observed for CA.

Differential pulse voltammetry (DPV) is mostly adopted for bioanalytical studies as a
complementary technique to CV, so as to further elucidate the redox mechanisms involved
in microbial growth and metabolism (Besant et al., 2015; Buzid et al., 2016; Campuzano
et al., 2017; Marsili, Rollefson, et al., 2008; Naradasu, Guionet, Okinaga, et al., 2020;
Seviour et al., 2015). Fig. 6.3 shows the representative raw DPV scans obtained at 0 and

24 h of electroanalysis, for urine samples with and without inoculation. The absence of
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peaks in sterile urine at both 0 and 24 h (magenta solid and dot traces, respectively) is of
significant relevance, suggesting that there may be no reversible electroactive molecules
in these samples, or that the constitutive redox molecules in these samples require a
biogenic redox coupling for it to be electrochemically manifested. Nonetheless, it is evident
that the urine samples were rich in undefined complex substances, leading to generation of
noise, as characterized by a relatively high resistivity (with a charging current of ~ 50 pA)
and instability and fluctuations in the current outputs (of sterile urine at both 0 and 24 h
(magenta solid and dot traces, respectively). Repeated experiments with same and different

batches of urine samples produced similar results.
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Fig. 6.3. DPV of sterile urine (magenta trace) and urine spiked with 10, 100 and 1000
CFU/mL C. albicans (black, red, and blue trace, respectively), 100 CFU/mL E. coli (green
trace), 100 CFU/mL A. baumannii (wine trace), co-culture of C. albicans and E. coli (dark
yellow trace) at 0 h (solid trace) and 24 h.

This observation is, however, in variance with that reported by Webster and colleagues on
their work on electrochemical detection of P. aeruginosa in biofluids, wherein a fine scan
with a negligible peak was observed for sterile urine (Webster et al., 2014). This could be

because ultra-processed urine samples purchased from commercial outlets and may have
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been long-stored on the shelves, were used in their study, while fresh urine samples

subjected only to simple filter-sterilization was used in the current study.

Two observations were common in the DPV scans, namely (a) all characteristic redox
peaks of spiked urine samples were observed at positive potential, and (b) all scans of
spiked urine show reduced peak intensity after 24 h of electroanalysis, suggesting a
decrease in microbial/metabolic activity probably due to exhaustion of nutrients. Following
peak analyses (Appendix 6.4), at inoculation, 10 and 1000 CFU/mL C. albicans and 100
CFU/mL A. baumannii exhibit similar peak patterns with peak intensity of 14.90+0.14 pA,
29.16+1.84 pA, and 27.87£5.26 pA at 41116 mV, 41942 mV and 439+5 mV potentials,
respectively, while 100 CFU/mL E. coli exhibit a similar peak intensity but at 279+10 mV
potential. Furthermore, at inoculation (0 h), 100 CFU/mL C. albicans exhibits a broader
peak intensity of 461.37+36.46 pA at 421+14 mV, while at 24 h, the anodic peak reduced
to 24.07+£2.59 pA and shifted positively to 494+21 mV. Additionally, the DPV scans at
inoculation, of urine spiked with a co-culture of C. albicans and E. coli exhibit two redox
peaks, each similar to the representative peak of the individual strains, though with
increased peak intensity (Fig. 6.3). This is suggestive that the two strains exhibit a
mutualistic metabolism, and that DPV is sensitive enough to detect each strain, individually

or as co-culture.

6.3.2 Microscopic analysis

The application of microscopy as a supporting technique for microbial studies is well
documented in the literature (Chandra et al., 2001; Hrubanova et al., 2018; Jarosz et al.,
2019; Kleine et al., 2019; Meireles et al., 2015; Méndez-Tovar et al., 2019; Veloz et al.,
2019). Thus, following completion of electrochemical characterization, the electrodes were
removed and processed as previously described for SEM imaging. Bare electrodes without
inoculation were also imaged using the same procedures. Presented in Fig. 6.4 is the
representative SEM images of inoculated and bare electrodes. The low frequency and
sparse distribution of attached cells on the inoculated electrodes (Fig. 6.4A—-B) further
alludes to the results of electroanalysis, validating that the electrochemical responses

obtained in this study were partly due to the planktonic cells. Fig. 6.4A shows a look-alike
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of the C. albicans biofilm matrix; Fig. 6.4C confirms the vegetative budding formation,
typical of C. albicans cells, while Fig. 6.4D is a representative SEM image of a bare SPE,
confirming the graphitic surface configuration.

Fig. 6.4. Representative SEM images of early biofilm formation of C. albicans on graphite
electrode SPE surface after 24 h of potentiostatic growth. (A) Sample showing biofilm
matrix; (B, C) Samples showing budding formation in young cells; (D) sample bare
electrode from a control sterile urine following completion of electroanalysis.

6.4  Summary

The conventional gold standard approach for C. albicans detection and characterization in
clinical settings, especially in local and poor communities, remains the culture-dependent
techniques which is tedious and require longer duration to obtain actionable results.
Consequently, the need for a more simple and rapid diagnostic platform is exigent. In this
study, we report for the first time the electrochemical characterization of C. albicans cells
in  human wurine wusing commercially available, low-cost, unmodified SPEs.
Chronoamperometry provided the most informative diagnostic information within 2-5 h of
inoculation. The assay was shown to be sensitive to detect 39 CFU C. albicans cells per
mL of human urine but was less sensitive when the cell counts become too low or too high.

The high ionic strength and the constitutive chemical components of urine may have
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impacted the sensitivity. Nonetheless, this work could provide a basis for further
improvement and optimization of low-cost, simple-to-use bioelectrochemical platforms
using unmodified SPEs. Additionally, SEM images indicated early biofilm formation on
the electrode surface. However, the low biofilm biomass and sparse distribution of cells on
electrode surface is indicative that both planktonic and attached cells may have contributed

to the electrochemical response.

6.5 Outcome

Olaifa, K., Monari, M., Ajunwa, O., & Marsili, E. Real-time electroanalysis of Candida
albicans in human urine samples via screen-printed electrochemical assay.

[Manuscript 90% completed].
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Chapter Seven: Limitations, concluding remarks and future prospects

7.1  Comments on our choice of SPEs, its limitations and comparison with the classical

3-electrode system

The choice of screen-printed electrodes (SPESs) or the classical 3-electrode system is often
dependent on a number of factors including the experimental purpose vis-a-vis the pros
and cons of the method. In cathodic microbial electrochemical systems where electrons are
transferred from the electrode to the biofilms for the purpose of bioelectrosynthesis or
electrochemical fermentation, the 3-electrode system is encouraged as it allows maximum
electron transfer from the electrodes to the biofilms, efficient upscaling, and proper down-
stream processing. On the other hand, in anodic microbial electrochemical systems where
electrons are transferred from the biofilms to the electrode, a more relevant phenomenon
for clinical application in the development of biofilm sensor and antimicrobial testing
especially for weak electricigens (the two focal areas in the thesis), SPEs are best suited as
it is more sensitive for detection and monitoring of early biofilm formation signatures due
to their compact size and structural arrangement. Furthermore, each electrode in the case
of the 3-electrode system needs to be acquired/made/fabricated and processed/cleaned
separately, thus contributing to high cost and tediousness - luxuries that cannot be afforded
in most local and rural healthcare facilities, especially in the developing countries. The
possibility of reusing each of these electrodes also pose concerns about contamination and
erroneous outcomes. SPEs on the other hand are inexpensive and disposable, with the 3
electrodes integrated into one small compact configuration. It requires only a mild
cleaning/processing and allows testing with microvolumes of samples (typical of
healthcare settings), a critical advantage completely lacking in the classical 3-electrode
system. Use of SPEs requires small volume of sample and antimicrobials, making it

feasible for high-throughput screening.

Pseudo-reference, as in the case of SPEs used in the thesis, forms an essential part of the
eelectrochemical transducer for the maintenance of the reference potential of the system.
The reference electrode provides a stable potential towards which the working electrode of
an electrochemical cell can be measured or controlled. This is critical in potentiometric

sensor, where any drift in the reference electrode potential may lead to a change in the
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electrochemical output. Indeed, the properties of the electrode materials are prone to
change in structure and composition over time. This is even more possible when the sensor
system is used in longer experimental set-up, thus, possibly influencing the electrochemical
output due to oxide layer formation, corrosion, desorption, degradation etc. SPEs are,
however, not designed for a long-term experiment. They are best suited for a one-time short
duration experiment, so their stability and responsibility are conserved. All experiments
reported with SPEs in the thesis were completed in 24 hours (about 90 %), and in few cases
48 hours (< 10 %). Within such durations, SPEs are known to be stable, and yield
reproducible results. This is supported by the work of Sepstad et al. (2018) on the long-
term stability study of screen-printed pseudo-reference electrodes for electrochemical
biosensors. In their experimental design, different pseudo-reference electrodes including
the pseudo-Ag electrode used and reported in the thesis, were tested for a long-term
duration of 40 days. All electrode surfaces remain unchanged in structure and composition
after a measurement period of 40 days, while electrodes with a printed Ag ink (same as
what is used and reported in the thesis) exhibited a potential stability beyond 48 hours. In
general, and as what is known of SPEs, the study concluded that SPEs are best suited for
short-term experiments. This is same as what is recommended in the thesis, that significant
biosensing and antimicrobial testing results were obtained within 10 hours of inoculation,
as against the minimum of 2-3 days most often recorded with the conventional biochemical

approaches.

Furthermore, the roughness and porosity of electrode surface, together with its chemical
characteristics, contribute to biofilm formation, and by extension, to its electroactivity. For
instance, the larger the surface area, the more biofilm will form, thus resulting in a higher
electrochemical output. Therefore, the current density for a typical working electrode in a
3-electrode setup and for a SPE will be different, due to the different surface roughness
and chemical composition of the electrodes, even if both of them are made of graphite.
However, it can be assumed that the current density will follow a similar pattern with time
for the WE of 3-electrode setup and for a SPE, which mainly depends on the concentration
and structure of the biofilm formed on the WE in both setups. It should be noted that the
current output depends also on the metabolic activity of the biofilms (e.g., the summatory

of the viable cells that are in the biofilm). To allow comparison of the results reported in
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the thesis with other studies, the current output and the charge output has been reported as
current density and charge density with respect to the geometric surface of the WE, i.e.,
nA cm 2 (Koch & Harnisch, 2016).

7.2 Concluding remarks and future prospects

Based on the results obtained from the studies conducted and presented in this thesis, it is
concluded that our hypotheses have been proven correct. That is, electrochemical
techniques could be successfully adopted for analysis of clinically relevant microbial
species, evaluation of antimicrobial/antibiofilm compounds’ efficacy, and detection of

selected microbial pathogens in relevant clinical biofluids.

The bioelectrochemical platform discussed in this thesis has been applied only under well-
controlled laboratory conditions so far. Its implementation for drug testing, including
existing clinically relevant antimicrobial/antibiofilm drugs, new compounds with
promising antimicrobial/antibiofilm activity, or repurposed drugs, against clinically
relevant microbial species, and detection of relevant microbial cells in actual biofluids
(e.g., urine) was done with a number of samples that may be yet inadequate to ascertain a
satisfactory validation for real-life clinical practice. Nonetheless, the distinctive features
and practical advantages — versatility, portability, low cost, commercial availability of
basic components, simplicity of technique, ease of implementation and interpretation of
results, potential for miniaturization, and possible integration with microfluidics and other
advanced technologies, potential for optimization through modification and/or
functionalization of electrode surface, of the bioelectrochemical approach, and most
importantly, its real-time feature, make it a methodology of choice for further exploration
and research, and adoption in healthcare settings particularly in low-income, poor and local

communities with no access to modern diagnostic facilities.

Sequel to the remarkable findings reported in this thesis, further research may be necessary
to extend this approach to other infectious agents, including viruses. Additionally, the
application of our bioelectrochemical platform for direct detection of microbial pathogens
in biological fluids may require additional electrode modification with compatible

biorecognition elements so as to improve specificity, and/or with antifouling peptides
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especially in situations where extended incubation period may be required. Future research
should also be directed to testing of this platform for other microbial species using other
variety of biofluids (e.g., blood, serum, saliva, sputum) so as to extend the range of possible
applications.

It is remarkable to mention that the early presentation of glucometers (glucose sensors) for
clinical use many decades ago was greeted with significant cynicism on whether it would
be helpful or cost effective (Cohen & Zimmet, 1980; Mach et al., 2012). Today, the rest is
history, as the significance of glucose sensors in the present-day clinical diagnosis cannot
be overemphasized. Therefore, to prevent a repeat of history, there is an urgent need to
improve the market outlook and adoption of bioelectrochemical sensors in clinical practice.
This may be achieved through, first, gradual and successive integration of electrochemical
techniques with the existing traditional diagnostic methodologies, and second, funding of
collaborative R&D between academics in universities/research centers and clinical
practitioners. This would ensure adequate access to sufficient number of clinical samples,
thus, foster significant improvement in the design and development of relevant

bioelectrochemical devices, leading to a more rapid diagnoses and better patient outcomes.

Prevention, they say, is better than cure. Thus, it has become a priority that ongoing efforts
on health education and awareness among the populace on relevance of basic hygiene, pros
and cons of microbial pathogenesis, antimicrobial resistance, and the implications of both
self-medication and delayed presentation of medical illnesses, should be intensified.
Additionally, drug repurposing should be further explored as sustainable strategy in the
fight against resistant microbial species, as it holds promising potential in complementing
the conventional drug discovery programs. It is also cheap, fast, and poses little or no

toxicity concerns.

Moreover, as all the essential known mechanisms of action of most clinically relevant
antimicrobials/antibiotics are becoming compromised (as highlighted in Chapter 2),
leading to loss of drug efficacy, rapid emergence and spread of antimicrobial resistance
factors, it is becoming exigent to investigate other cellular targets for antimicrobial activity.
Interestingly, arguments about adoption of microbial energetics, in this case EET as

presented in this thesis, as a proxy for cellular growth activities, are now being made. It is
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equally logical that a laser attention is beamed to same microbial energetics (EET and its

related respiratory machineries) for the design and development of new and novel drugs.

Finally, while the field of bioelectrochemical sensing continues to evolve and advance, it
is becoming increasingly necessary to have a centralized library for collection of
electrochemical signatures of microorganisms and/or their metabolites, just as we have
gene maps and banks for genetic characterizations of microbes. This, | believe, would open
new frontiers and opportunities in microbial electrochemistry and its potentials for

biosensing applications.
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Appendixes
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Appendix 3.1. Total Q (mC) of biofilms grown with and without [Fe(CN)s]*~ as redox
mediator for C. albicans isolate 24 (black) , A. baumannii (ATCC 19606) (violet), C.
parapsilosis (ATCC 22019) (red) and C. albicans (ATCC 10231) (blue).
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Appendix 4.1(A): Analysis of variance for planktonic and biofilm cells estimates at varying time intervals of growth at E = 0.4
vs. Ag pseudo-reference electrode.

Null hypothesis: no difference in planktonic and biofilm cell counts.
Alternate hypothesis: there is difference in planktonic and biofilm cell counts.

SUMMARY

Groups Count Sum Average Variance
Planktonic cells 5 3.758083 0.751617 0.29806
Biofilms cells 5 2.089167 0.417833 0.126838
Source Sum of squares  Deg.of Meansquare Mean P-value F crit
of freedom square ratio

variation (F)

Between 0.278528284 1 0.278528284 1.311034168 0.285304834 5.317655072
groups

Within 1.699594356 8 0.212449294

groups

Total 1.97812264 9

As F < F crit, we accept the null hypothesis; there is no significant difference between planktonic and biofilm cell counts at
varying time intervals of growth at E = 0.4 vs. Ag pseudo-reference electrode.
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Appendix 4.1(B): Representative fluorescent microscopic images of C. albicans biofilms at
varying times interval.
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Appendix 4.2: ANOVA for optical density of planktonic cells in different experimental conditions after 24 h growth at E = 0.4
vs. Ag pseudo-reference electrode.

Null hypothesis: no difference in the optical density of planktonic cells among the experimental conditions.
Alternate hypothesis: there is difference in the optical density of planktonic cells among the experimental conditions.

SUMMARY
Groups Count Sum Average Variance
Cells+mediator only 3 4.055 1.351666667 0.058565
Cells+mediator+complex 3 3 1.023 0.341 0.0031
Cells+mediator+Flz 3 2.137 0.712333333 0.024904
Cells+mediator+AmB 3 1.857 0.619 0.010036
ANOVA

Source Sum of squares  Deg.of Meansquare Mean P-value F crit

of freedom square

variation ratio (F)

Between  1.643158667 3 0.547719556 22.67857 0.000289 4.066181

groups

Within 0.193211333 8 0.024151417

groups

Total 1.83637 11

As F > F crit, we accept the alternate hypothesis; there is a significant difference in the optical density of planktonic cells among
the experimental conditions.
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Appendix 4.3: ANOVA for biofilm cells concentration measured with crystal violet assay for different experimental conditions
after 24 h growth at E = 0.4 vs. Ag pseudo-reference electrode.

Null hypothesis: no difference in the optical density of biofilm cells among the experimental conditions.
Alternate hypothesis: there is difference in the optical density of biofilm cells among the experimental conditions.

Summary
Cou

Groups nt Sum Average Variance

Cells+mediator only 3 2.243 0.747666667 0.008217

Cells+mediator+complex 3 3 0.032 0.010666667 1.43E-05

Cells+mediator+Flz 3 0.345 0.115 0.001171

Cells+mediator+AmB 3 0.516 0.172 0.002107
ANOVA

Source Sum of squares Degrees of Mean square Mean P-value F crit

of freedom square

variation ratio (F)

Between 0.986243333 3 0.328747778 114251  6.6E-07 4.066181

groups

Within 0.023019333 8 0.002877417

groups

Total 1.009262667 11

As F > F crit, we accept the alternate hypothesis; there is a significant difference in the optical density of biofilm cells among
the experimental conditions.
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Appendix 4.4: ANOVA for total charge output for different experimental conditions after 24 h growth at E = 0.4 vs. Ag
pseudo-reference electrode

Null hypothesis: no difference in the total charge output among the experimental conditions; Alternate hypothesis: there is
difference in the total charge output among the experimental conditions.

SUMMARY
Groups Count Sum Average Variance
Cells+mediator only 2 1983.26895 991.634475 35235.24644
Cells+complex 3 3 295.05123 98.35041 435.6692775
Cells+Flz 2 1127.59401 563.797005 2.77779521
Cells+AmB 2 312.456 156.228 1165.575762
Mediator+Medium
only 2 0.317595474 0.158797737 0.050544361
Cells+medium only 2 6.10467 3.052335 0.271768781
Mediator+complex 3 2 110.445 55.2225 4.23754272
Cells+mediator+DMSO 2 1832.423 916.2115 14499.85292
ANOVA

Source Sum of squares Degrees of Mean square Mean P-value F crit

of freedom square ratio

variation (F)

Between 2475698.061 7 353671.1515 61.47316028 7.00268E-07  3.292745839

groups

Within 51779.35133 9 5753.261259

groups

Total 2527477.412 16

As F > F crit, we accept the alternate hypothesis; there is a significant difference in the total charge output among the
experimental conditions.
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Appendix 4.5: Cyclic voltammogram of C. albicans ATTC 10231 at 0 h (dot traces)
and 24 h (solid traces) at 10 mV s™1. Cells with 0.1 mM Ks[Fe(CN)g] as a redox
mediator (red trace); cells with 0.1 mM Ks[Fe(CN)s] and MIC of complex 3 dissolved
in DMSO (black trace); cells with 0.1 mM Ks[Fe(CN)s] and MIC of Flz dissolved in
DMSO (blue trace); cells with 0.1 mM Kz[Fe(CN)s] and MIC of AmB dissolved in
DMSO (magenta trace); cells with 0.1 mM Kjs[Fe(CN)e¢] and 0.1% (v/v) DMSO
(orange trace); cells and RPMI medium only (with no mediator) (violet trace); 0.1
mM Kis[Fe(CN)e] and complex 3 only (green trace); RPMI medium and 0.1 mM
Kz[Fe(CN)e] (yellow trace). Results are the average of two independent biological
replicates except for cells with 0.1 mM Kis[Fe(CN)e] as a redox mediator (red trace),
and cells with 0.1 mM Kjs[Fe(CN)s] and MIC of complex 3 dissolved in DMSO
(black trace) with three independent biological replicates.
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Appendix 4.6: Effect of antifungal compounds Flz, AmB, and complex 3 at 1-100 x
MIC on pre-formed C. albicans biofilm, as determined by XTT reduction assay. (A)
Biofilm pre-formed for 8 h; (B) Biofilm pre-formed for 48 h.
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Appendix 5.1. Chronoamperometry of cells with 0.1 mM 2-HNQ (red trace); 0.05
mM 2-HNQ (black trace).
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Appendix 5.2. One-way ANOVA followed by Tukey’s test on the comparative
susceptibility (MICs, uM) of A. baumannii against tested drugs.

Overall ANOVA

DF Sum of Mean Square F Value Prob>F
Squares
Model 2 5581.08667 2790.54333 244.45094 1.78195E-6
Error 6 68.49333 11.41556
Total 8 5649.58

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.

Results of mean comparisons - Tukey’s post hoc test.

MeanDiff SEM g Value Prob Alpha Sig LCL UCL
Itzvs Cip  48.26667 2.75869 24.7434  5.50416E-6 0.05 1 39.80205  56.73129
Flzvs Cip  56.43333 2.75869 28.92996 2.15903E-6 0.05 1 47.96871  64.89795
Flz vs Itz 8.16667 2.75869 4.18656  0.05714 0.05 0 -0.29795  16.63129

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.
Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level.
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Appendix 5.3(A). One-way ANOVA followed by Tukey’s test on the effect of different

concentrations of Amp on growth (ODeoo) of A. baumannii.

Overall ANOVA

DF Sum of Mean F Value Prob>F
Squares Square

Model 5 2.12778 0.42556 2.1574 0.05785
Error 432 85.21381 0.19725
Total 437 87.3416

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 not significantly different.

Results of mean comparisons - Tukey’s post hoc test.

MeanDiff SEM q Prob Alpha Sig LCL UCL
Value

5pMvs 0 uM -0.13595 0.07351 2.61533 0.43519 0.05 0 -0.34639  0.07449
10uMvsOpM  -0.18176 0.07351 3.49657 0.13464 0.05 0 -0.3922 0.02868
10uMvs5uM -0.04581 0.07351 0.88123 0.9893 0.05 0 -0.25625 0.16463
20 uMvs 0 pM -0.19734  0.07351 3.79628 0.08045 0.05 0 -0.40778 0.0131
20uMvs5 M -0.06139 0.07351 1.18095 0.96086 0.05 0 -0.27183  0.14905
20 pM vs 10 -0.01558 0.07351 0.29972 0.99994 0.05 0 -0.22602  0.19486
pM
50 uMvs 0 pM  -0.19408 0.07351 3.73365 0.09001 0.05 0 -0.40452 0.01636
50 uMvs5uM  -0.05813 0.07351 1.11832 0.96902 0.05 0 -0.26857  0.15231
50 uM vs 10 -0.01232  0.07351 0.23709 0.99998 0.05 0 -0.22276  0.19811
pM
50 uM vs 20 0.00326 0.07351 0.06263 1 0.05 0 -0.20718 0.21369
pM
DMSOvs 0 pM -0.09812 0.07351 1.8876 0.76552 0.05 0 -0.30856  0.11232
DMSOvs5puM 0.03783 0.07351 0.72773 0.9956 0.05 0 -0.17261  0.24827
DMSO vs 10 0.08364 0.07351 1.60897 0.86541 0.05 0 -0.1268 0.29407
pM
DMSO vs 20 0.09922 0.07351 1.90868 0.75694 0.05 0 -0.11122  0.30965
uM
DMSO vs 50 0.09596 0.07351 1.84605 0.78206 0.05 0 -0.11448  0.3064
uM

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.

Sig equals O indicates that the difference of the means is not significant at the 0.05 level.
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Appendix 5.3(B). One-way ANOVA followed by Tukey’s test on the effect of different
concentrations of Flz on growth (ODseoo) of A. baumannii.

Overall ANOVA

DF Sum of Mean F Value Prob>F
Squares Square
Model 6 44.07018 7.34503 83.0609 0
Error 503 44.48001 0.08843
Total 509 88.55019

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.

Results of mean comparisons - Tukey’s post hoc test.

MeanDiff SEM g Value Prob Alpha Sig LCL UCL
1 pMvs 0 pM -0.33984  0.04939 9.7305 2.3479E-8  0.05 -0.48606  -0.19362
5uMvs 0 pM -0.66131  0.04922 19.00052 0 0.05 -0.80702  -0.51559

SuMvs1uM -0.32147  0.04939 9.20439 1.58593E-8 0.05
10 pM vs O pM -0.69407  0.04922 19.94178 O 0.05
10 pM vs 1 pM -0.35423  0.04939 10.1424 2.21447E-8 0.05
10 pM vs 5 pM -0.03276  0.04922 0.94126  0.99435 0.05
20 uM vs O pM -0.73653  0.04922 21.1619 O 0.05
20 uM vs 1 pM -0.39669 0.04939 11.3583 1.92182E-8 0.05 -0.54291  -0.25047
20 pM vs 5 pM -0.07523  0.04922 2.16138 0.72764 0.05 -0.22094  0.07049

S

1

1

1 -0.46768  -0.17525
1
1
0
1
1
0

20uMvs10uM  -0.04247 0.04922 1.22012 0.97778 0.05 0 -0.18818  0.10325

1
1
0
0
0
0
1
1
1
1

-0.83978  -0.54835
-0.50044  -0.20801
-0.17847  0.11295

-0.88224  -0.59082

50 puM vs O pM -0.73464  0.04922 21.10758 O 0.05 -0.88035  -0.58893
S0 uM vs 1 pM -0.3948 0.04939 11.30417 1.9342E-8 0.05 -0.54102  -0.24858
50 pM vs 5 pM -0.07334  0.04922 2.10706 0.75086 0.05 -0.21905  0.07238
S0uMvs10pM  -0.04058 0.04922 1.1658 0.9824 0.05 -0.18629  0.10514
SO0uMvs20pM  0.00189 0.04922 0.05431 1 0.05 -0.14382  0.1476

DMSO vs 0 uM -0.09812  0.04922 2.81919  0.42007 0.05 -0.24383  0.04759
DMSO vs 1 pM 0.24172 0.04939 6.92104 2.74571E-5 0.05 0.0955 0.38794
DMSO vs 5 pM 0.56318 0.04922 16.18132 0 0.05 0.41747 0.7089

DMSOvs 10 uM  0.59595 0.04922 17.12258 0 0.05 0.45023 0.74166
DMSOvs20 uM  0.63841 0.04922 18.3427 O 0.05 0.4927 0.78412
DMSOvs50 uM  0.63652 0.04922 18.28839 0 0.05 0.49081 0.78223

(BN

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.
Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level.
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Appendix 5.3(C). One-way ANOVA followed by Tukey’s test on the effect of different
concentrations of 1tz on growth (ODeoo) of A. baumannii.

Overall ANOVA

DF Sum of Mean F Value Prob>F
Squares Square
Model 6 21.29897 3.54983 43.3342 0
Error 504 41.2864 0.08192
Total 510 62.58537

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.

Results of mean comparisons - Tukey’s post hoc test.

MeanDiff SEM g Value Prob Alpha Sig LCL UCL
1 uMvs 0 uM -0.34574  0.04737 10.32115 2.14858E-8  0.05 1  -0.48599 -0.2055
5uMvs 0 uM -0.35231  0.04737 10.51724 2.10033E-8  0.05 1 -0.49256 -0.21207
S5uMvs 1 uM -0.00657  0.04737 0.19608 1 005 0 -0.14681 0.13367
10 uM vs O uM -0.35112  0.04737 10.48166 2.10896E-8  0.05 1 -049136 -0.21088
10 uM vs 1 uM -0.00538 0.04737 0.16051 1 005 0 -0.14562 0.13487
10 uM vs 5 uM 0.00119  0.04737 0.03558 1 005 0 -0.13905 0.14143
20 utM vs 0 uM -0.53672  0.04737 16.02227 O 0.05 1 -0.67697 -0.39648
20 uM vs 1 pM -0.19098 0.04737 5.70112 0.00125 0.05 1 -0.33122 -0.05074
20 uM vs 5 uM -0.18441  0.04737 5.50503 0.00215 0.05 1 -0.32465 -0.04417
20 uM vs 10 uM -0.1856 0.04737 5.54061 0.00195 0.05 1 -0.32585  -0.04536
50 uM vs 0 pM -0.62185 0.04737 18.56337 O 0.05 1 -0.76209 -0.4816
50 uM vs 1 pM -0.2761 0.04737 8.24221 2.24318E-7  0.05 1 -041635 -0.13586
50 uM vs 5 pM -0.26953  0.04737 8.04613 4.67431E-7 0.05 1 -0.40978 -0.12929
50 uM vs 10 uM -0.27073  0.04737 8.08171 4.08911E-7 0.05 1 -0.41097 -0.13048
50 uM vs 20 pM -0.08512  0.04737 2.5411 0.55081 005 0 -0.22537 0.05512
DMSO vs 0 uM -0.09812  0.04737 2.92911 0.37152 005 0 -0.23836 0.04212
DMSO vs 1 tM 0.24762  0.04737 7.39205 5.2623E-6 0.05 1 0.10738 0.38787
DMSO vs 5 uM 0.25419  0.04737 7.58813 2.57953E-6  0.05 1 0.11395 0.39443
DMSO vs 10 pM 0.253 0.04737 7.55255 2.93876E-6  0.05 1 0.11276 0.39324
DMSO vs 20 uM 0.4386 0.04737 13.09316 0 0.05 1 0.29836 0.57885
DMSO vs 50 uM 0.52373  0.04737 15.63426 O 0.05 1  0.38348 0.66397

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.
Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level.
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Appendix 5.3(D). One-way ANOVA followed by Tukey’s test on the effect of different
concentrations of Cip on growth (ODeoo) of A. baumannii.

Overall ANOVA

DF Sum of Mean F Value Prob>F
Squares Square
Model 6 53.68216 8.94703 121.13737 0
Error 504 37.22469 0.07386
Total 510 90.90685

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.

Results of mean comparisons - Tukey’s post hoc test.

MeanDiff SEM g Value Prob Alpha Sig LCL UCL

1 uMvs 0 uM -0.36295  0.04498 11.41072 1.8925E-8 0.05 1 -0.49612  -0.22979
5uMvs 0 uM -0.68486  0.04498 21.53096 O 0.05 1 -0.81803  -0.55169
5uMvs 1 uM -0.32191  0.04498 10.12024 2.20083E-8  0.05 1 -0.45507  -0.18874
10uMvsOuM  -0.78624 0.04498 247183 O 0.05 1 -0.91941  -0.65308
10uMvs1lpuM  -0.42329 0.04498 13.30758 O 0.05 1 -0.55646  -0.29012
10uMvs5uM  -0.10138 0.04498 3.18734 0.26894 005 0 -0.23455 0.03178
20uMvsOpuM  -0.80849 0.04498 254177 O 0.05 1 -0.94166  -0.67532
20uMvs1uM  -0.44554  0.04498 14.00698 O 0.05 1 -0.5787 -0.31237
20uMvs5uM  -0.12363 0.04498 3.88674 0.08873 005 0 -0.2568 0.00954
20 uM vs 10 pM -0.02225  0.04498 0.6994 0.99892 005 0 -0.15541 0.11092
50uMvsOpM  -0.80681 0.04498 25.36473 O 0.05 1 -0.93997 -0.67364
50uMvs1puM  -0.44385 0.04498 13.95401 O 0.05 1 -0.57702  -0.31069
50uMvs5uM  -0.12195 0.04498 3.83377 0.09762 005 0 -0.25511 0.01122
50uMvs 10 pM  -0.02056  0.04498 0.64643  0.99931 005 0 -0.15373 0.1126
50 uM vs 20 pM  0.00168 0.04498 0.05297 1 005 0 -0.13148 0.13485
DMSOvsOuM  -0.09812 0.04498 3.08477 0.30754 005 0 -0.23129 0.03505
DMSOvs1uM  0.26483 0.04498 8.32595  1.6471E-7 0.05 1 0.13167 0.398
DMSOvs5uM 0.58674  0.04498 18.44619 O 0.05 1 0.45357 0.71991
DMSOvs 10 uM  0.68812 0.04498 21.63353 0 0.05 1 0.55496 0.82129
DMSOvs20 uM  0.71037 0.04498 22.33293 0 0.05 1 0.5772 0.84354
DMSO vs50 uM  0.70868 0.04498 22.27996 O 0.05 1  0.57552 0.84185

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.
Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level.

163



Appendix 5.4. One-way ANOVA followed by Tukey’s test on the effect of tested
compounds (Cip, Flz and Itz) on biofilm formation by A. baumannii at two different

concentrations (1xXMIC and 10xMIC) upon addition at the start of incubation.

Overall ANOVA

DF
Model 7
Error 16
Total 23

Sum of
Squares
0.85316
0.04116
0.89432

Mean

Square
0.12188
0.00257

F Value

47.3734

Prob>F

1.61167E-9

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.

Results of mean comparisons - Tukey’s post hoc test.

Cip 10xMIC vs Cip 1xMIC
Flz 1xMIC vs Cip 1xMIC

Flz 1xMIC vs Cip 10xMIC

Flz 10xMIC vs Cip 1xMIC

Flz 10xMIC vs Cip 10xMIC
Flz 10xMIC vs Flz 1xMIC

Itz 1xMIC vs Cip 1xMIC

Itz 1xMIC vs Cip 10xMIC

Itz 1xMIC vs Flz 1xMIC

Itz 1xMIC vs Flz 10xMIC

Itz 10xMIC vs Cip 1xMIC

Itz 10xMIC vs Cip 10xMIC
Itz 10xMIC vs Flz 1xMIC

1tz 10xMIC vs Flz 10xMIC

Itz 10xMIC vs Itz 1xMIC
DMSO 1xMIC vs Cip 1xMIC
DMSO 1xMIC vs Cip 10xMIC
DMSO 1xMIC vs Flz 1xMIC
DMSO 1xMIC vs Flz 10xMIC
DMSO 1xMIC vs Itz 1xMIC
DMSO 1xMIC vs Itz 10xMIC
DMSO 10xMIC vs Cip 1xMIC
DMSO 10xMIC vs Cip 10xMIC
DMSO 10xMIC vs Flz 1xMIC
DMSO 10xMIC vs Flz 10xMIC
DMSO 10xMIC vs Itz 1xMIC
DMSO 10xMIC vs Itz 10xMIC

DMSO 10xMIC vs DMSO 1xMIC

MeanDiff
-0.103
0.04667
0.14967
-0.089
0.014
-0.13567
0.09133
0.19433
0.04467
0.18033
-0.085
0.018
-0.13167
0.004
-0.17633
0.38533
0.48833
0.33867
0.47433
0.294
0.47033
0.387
0.49
0.34033
0.476
0.29567
0.472
0.00167

SEM

0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141
0.04141

g Value
3.51722
1.59356
5.11078
3.03915
0.47807
4.63271
3.11883
6.63604
1.52527
6.15797
2.90256
0.61466
4.49612
0.13659
6.02138
13.15826
16.67547
11.5647
16.19741
10.03943
16.06082
13.21517
16.73239
11.62161
16.25432
10.09635
16.11773
0.05691

Prob
0.2675
0.94109
0.03756
0.42726
0.99996
0.07061
0.39749
0.00464
0.95255
0.00897
0.48068
0.9998
0.08416

1

0.01083
1.60366E-6
1.36818E-7
9.23931E-6
1.53507E-7
5.4853E-5
1.60721E-7
1.50792E-6
1.34523E-7
8.66564E-6
1.509E-7
5.12057E-5
1.46035E-7
1

Alpha
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

S
0
0
1
0
0
0
0
1
0
1
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
0

LCL
-0.24638
-0.09672
0.00628
-0.23238
-0.12938
-0.27905
-0.05205
0.05095
-0.09872
0.03695
-0.22838
-0.12538
-0.27505
-0.13938
-0.31972
0.24195
0.34495
0.19528
0.33095
0.15062
0.32695
0.24362
0.34662
0.19695
0.33262
0.15228
0.32862
-0.14172

UCL
0.04038
0.19005
0.29305
0.05438
0.15738
0.00772
0.23472
0.33772
0.18805
0.32372
0.05838
0.16138
0.01172
0.14738
-0.03295
0.52872
0.63172
0.48205
0.61772
0.43738
0.61372
0.53038
0.63338
0.48372
0.61938
0.43905
0.61538
0.14505

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.
Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level.
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Appendix 5.5. One-way ANOVA followed by Tukey’s test on the effect of tested
compounds (Cip, Flz and 1tz) on preformed biofilm of A. baumannii at two different

concentrations (1xMIC and 10xMIC) (B), as determined by crystal violet staining assay.

Overall ANOVA

DF Sum of Mean
Squares Square
Model 7 1.34614
Error 16 0.04153
Total 23 1.38767

F Value

0.19231
0.0026

Prob>F

74.08119

5.3468E-11

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.

Results of mean comparisons - Tukey’s post hoc test.

Cip 10xMIC vs Cip 1xMIC
Flz 1xMIC vs Cip 1xMIC

Flz 1xMIC vs Cip 10xMIC
Flz 10xMIC vs Cip 1xMIC
Flz 10xMIC vs Cip 10xMIC
Flz 10xMIC vs Flz 1xMIC

Itz 1xMIC vs Cip 1xMIC

Itz 1xMIC vs Cip 10xMIC

Itz 1xMIC vs Flz 1xMIC

Itz 1xMIC vs Flz 10xMIC

Itz 10xMIC vs Cip 1xMIC

Itz 10xMIC vs Cip 10xMIC
Itz 10xMIC vs Flz 1xMIC

Itz 10xMIC vs Flz 10xMIC
Itz 10xMIC vs Itz 1xMIC
DMSO 1xMIC vs Cip 1xMIC
DMSO 1xMIC vs Cip 10xMIC
DMSO 1xMIC vs Flz 1xMIC
DMSO 1xMIC vs Flz 10xMIC
DMSO 1xMIC vs Itz 1xMIC
DMSO 1xMIC vs Itz 10xMIC
DMSO 10xMIC vs Cip 1xMIC
DMSO 10xMIC vs Cip
10xMIC

DMSO 10xMIC vs Flz 1xMIC
DMSO 10xMIC vs Flz
10xMIC

DMSO 10xMIC vs Itz 1xMIC
DMSO 10xMIC vs Itz 10xMIC
DMSO 10xMIC vs DMSO
1xMIC

MeanDiff
-0.22867
-0.01333
0.21533
-0.07967
0.149
-0.06633
-0.03833
0.19033
-0.025
0.04133
-0.12067
0.108
-0.10733
-0.041
-0.08233
0.457
0.68567
0.47033
0.53667
0.49533
0.57767
0.431
0.65967

0.44433
0.51067

0.46933
0.55167
-0.026

SEM

0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416
0.0416

0.0416
0.0416

0.0416
0.0416
0.0416

g Value
7.77359
0.45327
7.32032
2.70829
5.0653
2.25502
1.30315
6.47044
0.84988
1.40514
4.1021
3.67149
3.64883
1.39381
2.79895
15.53585
23.30944
15.98912
18.24414
16.839
19.63795
14.65197
22.42556

15.10524
17.36026

15.95512
18.75407
0.88388

Prob
9.88851E-4
0.99997
0.00182
0.56044
0.03992
0.74711
0.97923
0.00583
0.99835
0.96887
0.13738
0.22633
0.23205
0.97018
0.5228
1.08379E-7
5.12984E-7
1.65105E-7
1.08037E-7
1.30625E-7
1.4488E-7
3.14805E-7
1.64952E-7

1.85656E-7
1.17645E-7

1.67341E-7
1.44505E-7
0.99789

Alpha
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

0.05
0.05

0.05
0.05
0.05

1
0

LCL
-0.37269
-0.15736
0.07131
-0.22369
0.00497
-0.21036
-0.18236
0.04631
-0.16903
-0.10269
-0.26469
-0.03603
-0.25136
-0.18503
-0.22636
0.31297
0.54164
0.32631
0.39264
0.35131
0.43364
0.28697
0.51564

0.30031
0.36664

0.32531
0.40764
-0.17003

UCL
-0.08464
0.13069
0.35936
0.06436
0.29303
0.07769
0.10569
0.33436
0.11903
0.18536
0.02336
0.25203
0.03669
0.10303
0.06169
0.60103
0.82969
0.61436
0.68069
0.63936
0.72169
0.57503
0.80369

0.58836
0.65469

0.61336
0.69569
0.11803

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.
Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level.
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Appendix 5.6. Chronoamperometry of cells with 0.1 mM 2-HNQ (black trace); cells
only (no mediator) (red trace); medium only (no mediator) (blue trace); mediator
only (magenta trace); medium with 0.1 mM 2-HNQ (green trace); 1xMIC Cip with
with 0.1 mM 2-HNQ (pink trace); 1xMIC Flz with with 0.1 mM 2-HNQ (violet trace);
1 xMIC Itz with with 0.1 mM 2-HNQ (purple trace). The curves are the average of at
least two independent biological replicates.
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Appendix 5.7. (A) OD of planktonic cells with and without mediator after 24 h growth
under conventional (no potential) and at E = 400 mV. (B) Biofilm cells concentration
measured with crystal violet assay for cells with and without mediator after 24 h growth
under conventional (no potential) and at E = 400 mV. The difference between each pair of
conditions is statistically insignificant (p < 0.05). NS means not significant.
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Appendix 5.8. Current output of A. baumannii biofilm over 24 h poised at different
potential (mV). The curves are the average of at least two independent biological replicates.
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Appendix 5.9. biofilm and planktonic cells estimate at varying time intervals under
potentiostatic growth at E = 0.4 vs. Ag pseudo-reference electrode (n=3). No statistical
significance between the estimates (p < 0.05) (Appendix 5.10).
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Appendix 5.10. One-way ANOVA followed by Tukey’s test on the chronoamperometric measurements on the effect of Flz, Itz
and Cip at their MIC values on the current output of A. baumannii biofilms.

Overall ANOVA

DF Sum of Mean Square F Value Prob>F
Squares
Model 3 1.44301E8 4.81004E7 948.24823 0
Error 5543 2.81172E8 50725.54469
Total 5546 4.25473E8

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.

Results of mean comparisons - Tukey’s post hoc test.

MeanDiff SEM g Value Prob Alpha Sig LCL UCL
Flz vs Cells -269.77805 8.55244 4460992 2.22045E-16 0.05 1 -291.74957 -247.80653
Itz vs Cells -328.89043 8.55244 54.38462 2.22045E-16 0.05 1 -350.86196 -306.91891
Itz vs Flz -59.11238 8.55244  9.7747 2.87191E-11 0.05 1 -81.08391  -37.14086
Cip vs Cells -437.82848 8.55398 72.38533 2.22045E-16 0.05 1 -459.80396 -415.85299
Cipvs Flz -168.05043 8.55398 27.78345 2.22045E-16 0.05 1 -190.02591 -146.07494
Cip vs Itz -108.93804 8.55398 18.01051 2.22045E-16 0.05 1 -130.91353  -86.96256

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.
Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level.
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Appendix 5.11. One-way ANOVA followed by Tukey’s test on the columbic charge output obtained after 24 h of incubation of

treated and untreated A. baumannii biofilm at E = 400 mV.

Overall ANOVA

DF Sum of Mean Square F Value Prob>F
Squares
Model 3 1.73587E9 5.78624E8 12.4449 0.00934
Error 5 2.32474E8 4.64949E7
Total 8 1.96835E9

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.

Results of mean comparisons - Tukey’s post hoc test.

MeanDiff SEM g Value Prob Alpha Sig LCL
Flzvs Cells -22261.58333 6224.60806 5.05777 0.05598 0.05 0  -45229.88104
Itz vs Cells  -35912.065 6818.71649 7.44822 0.0122 0.05 1  -61072.57453
Itz vs Flz -13650.48167 6224.60806 3.10135 0.24389 0.05 0  -36618.77938
Cipvs Cells -36123.37 6818.71649 7.49205 0.0119 0.05 1  -61283.87953
CipvsFlz  -13861.78667 6224.60806 3.14936 0.23504 0.05 0  -36830.08438
Cipvs Itz -211.305 6818.71649 0.04383 0.99999 0.05 0  -25371.81453

uCL
706.71438
-10751.55547
9317.81604
-10962.86047
9106.51104
24949.20453

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.
Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level.
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Appendix 5.12. One-way ANOVA followed by Tukey’s test on the crystal violet estimates of treated and untreated A. baumannii

biofilm on the working electrode area only; after potentiostatic experiment.

Overall ANOVA

DF Sum of Mean Square F Value Prob>F
Squares

Model 4 0.18963 0.04741 396.16017 5.78844E-11
Error 10 0.0012 1.19667E-4
Total 14 0.19083

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.

Mean comparisons - Tukey’s post hoc test.

MeanDiff SEM g Value Prob Alpha Sig LCL UCL

Cip vs Cells -0.26167 0.00893 41.43072 O 0.05 1 -0.29106 -0.23227
Itz vs Cells -0.23467 0.00893  37.1557 0 0.05 1 -0.26406 -0.20527
Itz vs Cip 0.027 0.00893  4.27502 0.07571 0.05 0 -0.0024  0.0564
Flz vs Cells -0.19967 0.00893 31.61401 O 0.05 1 -0.22906 -0.17027
Flz vs Cip 0.062 0.00893  9.8167 2.98173E-4 0.05 1 0.0326 0.0914
Flz vs Itz 0.035 0.00893  5.54169 0.01893 0.05 1 0.0056 0.0644
DMSO vs Cells  -0.01233 0.00893  1.95279 0.65197 0.05 0 -0.04173 0.01706
DMSO vs Cip 0.24933 0.00893 3947793 0 0.05 1 0.21994  0.27873
DMSO vs Itz 0.22233 0.00893 35.20291 O 0.05 1 0.19294  0.25173
DMSO vs Flz 0.18733 0.00893 29.66123 O 0.05 1 0.15794 0.21673

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.
Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level.
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Appendix 6.1. Comparative growth curves of C. albicans in filter-sterilized urine and
conventional RPMI (supplemented with 2% glucose) medium. (n=4)

173



1200

y=8.1897x + 275.06 Maximum Q
R?=0.9664 Line of fit

O 1000
E
e
= 800
>
E
é 600
3 L

400

200 A 1 A A A )

20 40 60 80 100 120
CFU/mL C. albicans

Appendix 6.2. Plot of maximum charge output (mC) obtained at different CFU/mL of C.
albicans.
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Appendix 6.3. Representative cyclic voltammograms at 10 mV/s scan rate of sterile urine
(magenta trace) and urine spiked with 100 CFU/mL C. albicans (red trace), 100 CFU/mL
E. coli (green trace), 100 CFU/mL A. baumannii (wine trace), co-culture of C. albicans
and E. coli (dark yellow trace) at O h (solid trace) and 24 h.
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Appendix 6.4. (A) Peak position and (B) peak intensity of DPV spiked urine samples at E
= 0.4 vs. Ag. Control experiments with sterile urine show no peaks and are therefore
excluded.
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