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Abstract

Microbial biofilm, particularly that formed by electroactive bacteria, facilitates long-
distance electron transfer (LDET) across spatially heterogeneous environments,
enabling key applications in bioenergy, bioelectronics, and pathogenesis. Although
substantial progress has been made in characterizing the structural components of these
biofilms, the mechanistic bottlenecks that constrain their electron conduction remain
poorly understood. This dissertation systematically investigates the molecular,
biophysical, and thermodynamic principles governing two principal conduction
pathways, inter-cytochrome electron transfer and vesicle-mediated electron transport, in
both model electroactive and pathogenic biofilms. Special emphasis is placed on the
role of extracellular redox-active flavins, which dynamically shuttle electrons as redox
cofactors to regulate conduction efficiency and pathway selection in diverse biofilm
systems.

Chapter 1 provides an overview of the research background.

Chapter 2 investigated the mechanism of electron conduction in Shewanella
oneidensis MR-1 (S. MR-1) biofilms, a model electroactive bacterium, with particular
emphasis on interprotein electron transfer. While previous studies proposed that electron
hopping between hemes 5 and 10 in the outer membrane cytochrome MtrC is the rate-
limiting step, the strong intramolecular coupling between hemes suggests that
interprotein interactions may constitute the true bottleneck. To test this hypothesis,
temperature-dependent conduction currents were measured using IDE in both wild-type
and mutant strains. Deletion of periplasmic cytochromes had little effect on activation
energy (E,), whereas deletion of omcA or mtrC led to a threefold increase in E,
indicating that electron transfer between OmcA and MtrC is critical for efficient
conduction. Additionally, the reduction of outer membrane fluidity significantly
increased E,, while inter-heme exciton coupling remained unchanged, highlighting the

importance of protein diffusion. Notably, flavin binding suppressed heme-based



conduction but enhanced flavin-mediated currents, likely by obstructing key
interprotein transfer sites at hemes 2 and 7. These findings establish interprotein
electron transfer and flavin modulation as key determinants of biofilm electron
conduction, laying a foundation for engineering high-performance bioelectronic
materials.

Chapter 3 explored the role of pathogen-derived outer membrane vesicles (OMVs)
in mediating electron transfer within the oral biofilm of Porphyromonas gingivalis (PG),
aiming to translate the principles established in Chapter 2 into a pathogenic context by
investigating the conductive properties of PG biofilm. While OMVs are known to
support bacterial survival by promoting biofilm formation, densely packed microbial
communities often experience metabolic inhibition under reductive stress. Evidence
showed that OMVs facilitate extracellular electron transfer, thereby sustaining
metabolic activity in reductive biofilm environments. Using interdigitated electrodes
with 10 pm spacing, a fivefold increase in conduction current (/cons) Was observed when
biofilms were incubated with isolated OMVs. These vesicles were enriched in
peptidylarginine deiminase (PPAD), an enzyme with citrullination activity. Genetic
knockout or chemical inhibition of PPAD significantly reduced the /...« enhancement,
whereas supplementation with FMN, the cofactor of PPAD, further amplified the
conductive response. Moreover, PPAD-containing OMVs markedly promoted biofilm
formation on calcium phosphate discs, indicating that vesicle-mediated electron
conduction is a key factor in pathogenic biofilm development. These findings reveal a
novel electrochemical role for pathogenic OMVs and suggest new targets for anti-
biofilm strategies.

Chapter 4 investigated the functional implications of redox-active biofilms in
antibiotic resistance, building on the novel electrochemical role and mechanism of
pathogenic OMVs identified in Chapter 3 to explore new targets for anti-biofilm
strategies focused on disrupting bioenergetic pathways. Redox-active OMVs were

shown to contribute to antibiotic resistance in PG biofilms by maintaining redox
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homeostasis under drug-induced stress. While traditional antibiotics were less effective
against OMVs-rich biofilms, metabolic inhibitors such as nitazoxanide remained
broadly effective, suggesting that targeting bioenergetic pathways can circumvent
redox-based antibiotic tolerance.
Chapter 5 presents the overall conclusions and prospects based on this body of work.
Collectively, these findings establish flavins and redox proteins as key mediators of
biofilm electron transfer, with broad implications for microbial respiration,

pathogenicity, and therapeutic intervention.

Keywords: Electroactive biofilm, Interprotein electron transfer, Flavin, Biofilm

electron conduction, Activation energy.

I






CONTENTS

Chapter 1. General INtrOAUCTION .....c..eeuteiiieeieieieeiee ettt ettt seeeee e 1
1.1 Microbial electric bIofIlm.........ooiiiiiiiieee e 2
1.1.1 Microbial biofilm formation ProCess..........ecverveereerieerieeereesieeseeseesreereereeseeenenes 3
1.1.2 Microbial biofilm dangers...........ccccueveeriieieeriereesie e eereereeaeens 6
1.2 Long-distance electron transfer (LDET) ........ccccovveviieiieiieeicciecieee e 9
1.2.1 Cell survival strategy in microbial biofilm...........ccccevvereiieciiicieieece e 9
L1.2.2  LDET PrOCESS...cccttieiuiieeteeesreerieeetteesteesseeessseesseesssreessseessseesssessssesssssessssessssses 12
1.2.3  Molecular mechanism for LDET..........cccoooiiiiiiiiiieeeeeeecee e 13
1.2.4  Applied perspectives for microbial LDET ..........cccccovvviiviiniiiiieieeieeeeeve e 16
1.3 Biofilm electron conduction ............c.ceeeeieririeiienieee e 20
1.3.1 Configuration of interdigitated electrode (IDE) .........cccoovvevievcieeciierieieeeeeee, 21
1.3.2  Electrochemical setup and gating measurement on IDE ..............ccccovevvienrennnnnn 22
1.3.3  Biofilm electron conduction CUITENL...........ccceeririeieriieieeeeiee et 23
1.4 Thermodynamic mechanism of LDET ........c.cccccooiiviiiiiiiiiiiececeeeere e 25
1.4.1 ACIVAION ENETZY (F4) veivvirrearieiierieesiesieereereeseesseesseesssessesseesseessesssessssesssensns 25
1.4.2 Arrhenius MOAE]........c.oiiiviiiiiiiieeee e e 25
1.4.3  APPLCALION 1N Eyeeonieeeiieiieiieciie ettt ettt et ettt sate et eteebeesseesnee e 26
1.5 Outline Of the thesSiS......cccuiiiiiiiciiee e e 27
1.6 RETEICINCES ...ttt et ettt et st e e e 30

Chapter 2. Cell-surface inter-cytochrome electron transfer limits biofilm electron conduction

kinetics in Shewanella oneidensis MR=1 ..........ccccovuiviiiiiieiiecieeeee e 40
2.1 INETOAUCTION ..ttt et 41
2.2 IMETROMS ...ttt 43

2.2.1 The microbe culture CoONditions ...........coeveeruererieninierereeese et 43
2.2.2  Electrochemistry measurements..........cceecveeuereueerreesieenieneeseesneenseesseesseessnesssennns 43
2.2.3 Scanning electron MiCIOSCOPY.....ccverrerriieriieriierieereeeteereesieeseesresreenseeseesseesses 44
2.2.4  Cellular cholesterol qUantification ............cccceeeveeeiierienierie e e see e 44



2.2.5  Fluorescence recovery after photobleaching............ccoceevevvriinciineenieneesieenee 44
2.2.6  Circular dichroism spectrosCOpy MeasuremMent..........ccververveerreerreeseesnesnennennne 45
23 RESUILS ...ttt e 46
2.3.1  The outer membrane cytochrome complexes (OMCs) mediate the biofilm
€leCtTON COMAUCTION ......eiiitieiieiiet ettt ettt ettt st e et e st e b eae e e 46
2.3.2  The OmcA and MtrC interaction facilitates the biofilm electron conduction...... 50
2.3.3  Contribution of diffusion and collision among OMCs on the biofilm electron
(o707 016 1D 1o 0] o USSR 52
2.3.4  Flavin binding reveals the electron transfer pathway in OMCs..........ccceevveennee. 60
2.3.5  Non-covalently bound flavins decrease the energy barrier among monoclonal
L 21 (P 64
2.3.6  Effect of temperature sweeping on the heme alignment in OMCs....................... 69
24 DISCUSSION ..ttt ettt ettt et ettt e et e bt et e bt e sbtesateenteenteebeesbeesaeesnseenne 70
2.5 RETEIEIICES ...ttt ettt 74
Chapter 3. Outer membrane vesicles facilitate biofilm development by enhancing electron
conduction in Porphyromonas gingivalis biofilm..........cccccveeeiiieiiiciiinieniecc e 79
3.1 INETOAUCTION ...ttt sttt et 80
3.2 LY (1 4 Vo & ST 82
3.2.1 The microbe culture CONditions ...........ccceeeeririerienieiese e 82
3.2.2  Outer membrane vesicles (OMVs) preparation and quantification...................... 82
3.2.3  Transmission €leCtron MICTOSCOPY ...ccvverreerreerveerveerreerreesreessressesseessesssesssessseesenes 82
324  Integrated detection of OMVs redox activity and protein identification using
TMBZ staining, SDS-PAGE, and LC-MS ..ottt 83
3.2.5  Electrochemical and thermal activation energy (E,) measurements in an
interdigitated electrode (IDE) SYSteM.......c.cccuieriiirierienieiie ettt 84
3.2.6  CitrulliNation @SSAY ......ccverreeieeiieieesieereereestesteeseesseesseesseesssesssesssessessseessessses 84
3.2.7  Colony Forming Units (CFUs) measurement after IDE assay...........ccccceeeueenene. 85
3.2.8  Biofilm fOrmation @SSAY ........cceecveeuieriierieriieiieeieeieeieeseeseeesee e ereense s nseeneees 85
3.2.9  Scanning electron MICTOSCOPY .....eecveerreereereereerirearseesseesseesseesssessesssessseesseesseessees 86
33 RESUILS ...ttt et e 87

II



3.3.1  Biofilm electron conduction generation within Porphyromonas gingivalis (PG)
bIOfIIm .o &7

332 PG biofilms electron conduction enhancement via OMVS .........ooovvvvvvieeeeiinnennnn. 92

3.3.3  Peptidylarginine deiminase (PPAD) enzyme in OMVs mediates PG biofilm

ElECTION CONMAUCTION ... nnnnn 95

3.3.4  Flavin mononucleotide as the cofactor of PPAD enzyme in OMVs mediates PG

biofilm electron CONAUCTION ........ceiiiiiiiiieiieiie ettt e 99
335 Electroactive OMVs enhance PG biofilm formation ............ccccceveeeviiniiniennenns 102
34 DISCUSSION ..ttt ettt ettt ettt et e st e e ate s te e bt e bt e bt e sbeesaeesaneenseeseens 105
3.5 RETEIEIICES ...ttt st eee et 108
Chapter 4. Targeting biofilm electron transfer to overcome antibiotic tolerance ..................... 115
4.1 INEPOAUCTION ...ttt st eteeae e 116
4.2 IMEENOMS ...ttt et ettt et st eteereens 118
4.2.1 The microbe culture CONAItioNS ..........ceevueerierierieeie ettt 118
4.2.2  Outer membrane vesicles (OMVs) preparation and quantification.................... 118
4.2.3  Biofilm fOrmation........ccocceoirieieiieiee e 118
4.2.4  Antimicrobial assay based on Colony Forming Units (CFUs) enumeration...... 118
4.2.5  Determination of 50% Minimum Inhibitory Concentration (MICso) ................. 119
4.2.6  Statistical @NALYSIS ....cccviicviiriieiiesiecie ettt ereeeeas 119
43 RESUILS ..ttt 121

4.3.1 OMVs-associated Porphyromonas gingivalis (PG) biofilm displays broad-

spectrum resistance to conventional antibIOtICS ........c.ververierieriieeiiieieecieeree e sve e eeeens 121

4.3.2  Bioenergetic inhibitors retain antimicrobial efficacy against OMVs-protected
DIOTIIM oo 123

433 OMVs increase the MICso of conventional antibiotics but not that of energy

100151 P21 o0 DTS 0 1 01 o3 110) ¢ J TSRO 125

43.4  Cl-amidine inhibits Peptidylarginine deiminase (PPAD) activity and sensitizes

OMVs-associated PG BiofIlm.......oooiiiiiiiiiiiiiiee ettt 127

4.3 DISCUSSION ..coieeeeiiiieee ettt et et e e e e e e ettt eeesessseeaaaeeeeesssssennasaseeeessssnnnnns 129
4.4 RETETEIICES ..ottt e e e st e e s e e searaeeeeessesnennes 132
Chapter 5: Conclusion and PrOSPECES .......c.vereerierieriieerieereesieeseesresresreesseesseesseesssesssesssessseens 140

I



5.1 General summary and key findings........c.ccccvevvevieriiencienciieeeeeeree e 141
5.2 FULUIE PIOSPECES ..evvieeiiieeiie ettt ettt ettt e e tee e et esnaee s 143
53 FINal 1€mMarks ........cooueiuiiiiiiieee et 144
54 RETETEICES ...ttt 145
LiSt Of PUDIICALIONS. ....cuvieiieiieiesieeie ettt teete et e e e steeseaeesbeesseessaessaessnessseenseesseens 148
ACKNOWICAZEMENL. .....cc.viiiiiiieiie ettt ettt ettt e et e seae st e esbe e seessaesssesssesnseesseesssesnas 149

v



Chapter 1. General introduction



1.1 Microbial electric biofilm

Biofilms are complex, structured communities of bacteria that adhere to surfaces and
are embedded within a self-produced extracellular matrix (Sharma et al., 2019; Schulze
et al., 2021). These structures are of considerable biological and clinical significance, as
they confer enhanced resilience to environmental stresses and enable microorganisms to
persist under adverse conditions. In the context of human health, biofilms are
recognized as major contributors to the pathogenesis of persistent and chronic infections.
It has been widely reported that up to 80% of chronic diseases are biofilm-associated,
particularly in cases involving implanted medical devices such as urinary catheters,
orthopedic prostheses, heart valves, and chronic wound beds (Costerton et al., 1999;
Hall-Stoodley et al., 2004). Prominent pathogens such as Pseudomonas aeruginosa (P.
aeruginosa) and Staphylococcus aureus (S. aureus) are frequently implicated in these
scenarios, exhibiting elevated tolerance to antimicrobial agents and evasion of host
immune defenses within the biofilm niche (Ricciardi et al., 2018; Thi et al., 2020). From
an environmental and industrial standpoint, biofilms also present substantial challenges.
Their formation on surfaces in water systems, pipelines, and industrial equipment is a
major cause of biofouling, material corrosion, and biocontamination, which can lead to
decreased operational efficiency and significant economic losses (Flemming et al., 2002;
Wagas et al., 2023).

Notably, not all biofilm systems are inherently harmful. A subset of biofilms formed
by electroactive bacteria, such as Shewanella oneidensis MR-1 (S. MR-1) and
Geobacter sulfurreducens (G. sulfurreducens), display highly specialized mechanisms
for extracellular electron transfer (EET) (Reguera et al., 2005; Pirbadian et al., 2014;
Shi et al., 2016). These microorganisms can utilize insoluble metal oxides or electrodes
as terminal electron acceptors in anaerobic respiration, offering promising applications
in bio-electrochemical systems, including microbial fuel cells (MFCs) and

environmental bioremediation technologies (Logan et al., 2006; Lovley, 2008). Such



duality, biofilms as both pathological agents and biotechnological tools, has positioned
them at the forefront of interdisciplinary research spanning microbiology, materials
science, and biomedical engineering.

Considering their biological complexity and broad relevance, this part aims to
systematically review microbial biofilms from three interrelated perspectives: microbial
biofilm formation process, microbial biofilm dangers, and cell survival strategy in
microbial biofilms.

1.1.1  Microbial biofilm formation process

Microbial biofilms are highly organized, three-dimensional cellular aggregates that
form at the interface between liquid and solid phases (Herrling et al., 2019). These
structures are the result of a dynamic and regulated developmental process involving
surface attachment, cell proliferation, extracellular matrix production, and spatial
organization (Sharma et al., 2023). The formation of a biofilm confers upon
microorganisms the ability to establish long-term colonization, resist environmental
fluctuations, and maintain a stable population under hostile conditions (Hall-Stoodley et
al., 2004). The biofilm developmental process is generally divided into five distinct but
interconnected stages (Figure 1.1):

1) Free-floating cells

In the initial phase, planktonic (free-living) bacterial cells approach the surface
through weak physicochemical forces, such as van der Waals interactions, electrostatic
attraction, and hydrophobic effects. This stage is characterized by transient contact that
can still be reversed. For instance, P. aeruginosa utilizes type IV pili and adhesion-
related proteins such as PilY1 to initiate weak yet directed surface binding (Orans et al.,
2010; Beaussart et al., 2014; Guo et al., 2024). This preliminary interaction allows
bacteria to sense surface properties and initiate downstream signaling cascades.

2) Adhesion
Following surface sensing, bacterial cells transition to an irreversible attachment

phase, often mediated by the secretion of extracellular polymeric substances (EPS) that



anchor the cells more firmly to the substrate. A classic example is Staphylococcus
epidermidis, which produces polysaccharide intercellular adhesin to reinforce
attachment and initiate quorum sensing signals, thereby establishing the foundation for
multilayered biofilm growth (Mack et al., 1996; Vuong et al., 2004).
3) Aggregation

After stable attachment, bacterial cells undergo rapid proliferation and secrete
structured EPS, resulting in the formation of three-dimensional microcolonies
interspersed with fluid-filled channels. This stage is critical for nutrient diffusion and
waste removal. Vibrio cholerae, for example, regulates spatial heterogeneity within
biofilms through a quorum-sensing network that governs matrix composition and
cellular differentiation (Hammer & Bassler, 2003).
4) Maturation

As the biofilm matures, it develops chemical and physical gradients, such as oxygen,
pH, and nutrient levels, which drive the emergence of metabolically stratified
subpopulations. Outer-layer cells tend to perform aerobic respiration, whereas cells
embedded deeper in the biofilm often switch to anaerobic pathways using alternative
electron acceptors such as nitrate or ferric iron (Okabe et al., 1996). These gradients
contribute to the resilience and heterogeneity of mature biofilms.
5) Dispersion

In the final stage, a subset of biofilm-embedded cells reactivates motility-related
pathways or expresses specific enzymes to degrade components of the EPS matrix,
enabling dispersal to new environments. Bacillus subtilis, for example, employs a
regulated, signal-mediated detachment system involving the production of biofilm-

degrading enzymes to initiate group dispersal (Boyd & O'Toole, 2012).



Bacteria
biofilm formation

Figure 1.1. Developmental stages involved in microbial biofilm formation. the
schematic illustration depicts the cyclic developmental stages of bacterial biofilm

formation.

This progression from initial adhesion to eventual dispersion underscores the
dynamic and adaptive nature of microbial biofilms. These characteristics are
particularly pronounced in electrochemically active biofilms (EABs), which are
specialized for electron transfer to solid-state acceptors. A representative model is S.
MR-1, which forms biofilms on electrode surfaces or metal oxides. This species utilizes
a multi-heme outer membrane cytochrome complex (e.g., MtrCAB) to export electrons
across the cell envelope to external acceptors, thus thriving in redox-limited and
anaerobic environments (Marsili et al., 2008; Pirbadian et al., 2014; Shi et al., 2016).
Recent research has demonstrated that modular regulation of biofilm development at
each stage, ranging from surface interaction to structural maturation, can significantly
enhance both biofilm robustness and electron transfer efficiency. For example, Li et al.,

(2023) reported a bioengineered S. MR-1 strain that achieved a maximum power output



of 3.62 W/m?, the highest reported to date for this species. This was accomplished
through synthetic manipulation of cellular hydrophobicity, extracellular DNA
accumulation, elevation of intracellular c-di-GMP levels, and heterologous expression
of outer membrane cytochromes and electron shuttle biosynthesis genes. Additionally,
integration of nanomaterials such as graphene oxide and carbon nanotubes enabled the
construction of a three-dimensional artificial conductive network. This work provides a
strategic framework for improving the performance of biofilms in energy conversion

and bioelectronic applications (Figure 1.2).
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Figure 1.2. Schematic illustration of stage-specific biofilm engineering to enhance
structural development and electron conductivity in Shewanella oneidensis MR-1 (S.

MR-1) (Li et al., 2023).

1.1.2  Microbial biofilm dangers
Microbial biofilms are ubiquitous in natural ecosystems, the human microbiota, and
various industrial infrastructures. While their structural stability and metabolic

versatility enable microorganisms to adapt to diverse environments, these features pose



significant threats to human health and engineered systems. The major categories of
biofilm-associated risks are outlined below (Figure 1.3):
1) Pathogenic threats

Polymicrobial biofilms formed by anaerobic pathogens such as Porphyromonas
gingivalis (PG) and Fusobacterium nucleatum (FUSO) play a central role in the
etiology of periodontitis, systemic inflammatory responses, and have been increasingly
linked to the progression of some cancers (Kostic et al., 2013; Gallimidi et al., 2015;
Wang et al., 2024). These organisms utilize heme acquisition systems and putative EET
pathways to sustain anaerobic respiration within the biofilm matrix. Recent findings
suggest that such biofilms may exhibit electroactive behavior, contributing to redox
homeostasis and interspecies interactions (Naradasu et al., 2020 and 2022). These
properties not only enhance microbial survival but may also facilitate tissue invasion
and immune evasion.
2) Clinical infections and antibiotic resistance

In healthcare settings, P. aeruginosa is a well-documented opportunistic pathogen
known for forming resilient biofilms on the respiratory tract and the surfaces of medical
devices such as endotracheal tubes, catheters, and stents. Biofilm-embedded cells
exhibit markedly increased resistance to antibiotics, largely due to the presence of
dormant “persister” subpopulations and the protective extracellular matrix ( Mah et al.,
2003; Hoiby et al., 2015; Sultana et al., 2016). Furthermore, exposure to sub-inhibitory
concentrations of antibiotics has been shown to upregulate genes associated with redox
balance and potential conductive pathways, indicating a capacity for redox regulation
within P. aeruginosa biofilms (Soares et al., 2020; Ciemniecki et al., 2024). Such
findings suggest that microbial biofilms may dynamically respond to pharmacological
pressure by modulating metabolic and electron transport activities.
3) Industrial and environmental corrosion

In engineered systems, EABs formed by bacteria such as S. MR-1 and Desulfovibrio

desulfuricans are exploited in applications including wastewater treatment, MFCs, and



bioremediation due to their EET capabilities (Lovley, 2006b). However, these same
electrochemical properties can lead to microbially influenced corrosion of metallic
surfaces, including pipelines, electrodes, and marine infrastructure (Little et al., 2020).
This form of corrosion is driven by the localized redox reactions mediated by biofilm-
associated microorganisms, leading to material degradation and reduced system lifespan
(Deng et al., 2015 and 2018). The duality of EABs, offering both technological utility
and infrastructure risk, demands careful design and monitoring in industrial contexts.

Given the numerous dangers associated with biofilm formation, understanding the
survival strategies and underlying mechanisms of cells within biofilms is essential for
developing effective approaches to disrupt and mitigate biofilm-related infection and
pollution.

Pathogenic Biofilms Environmental Biofilms
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Figure 1.3. Representative electroactive microbial species involved in pathogenic and
environmental biofilm formation. Pathogenic biofilms include Porphyromonas
gingivalis (PG), commonly associated with oral infections, and Pseudomonas
aeruginosa, linked to respiratory tract infections. Environmental biofilms feature

electroactive bacteria such as S. MR-1, found in marine sediments, and Desulfovibrio



ferrophilus, often present in industrial settings such as factory reactors and pipelines.

1.2 Long-distance electron transfer (LDET)

1.2.1  Cell survival strategy in microbial biofilm

To sustain energy homeostasis under adverse environmental conditions, such as
anoxia, electron acceptor scarcity, or metal-enriched niches, microorganisms have
evolved specialized metabolic adaptations. Among these, EET is a pivotal mechanism
that enables cells to discharge electrons from intracellular respiratory chains to external,
non-traditional electron acceptors, including oxidized metal species or abiotic electrode
surfaces (Lovley, 2006a). This process not only ensures continuity of respiration under
redox-limited conditions but also fundamentally restructures intercellular energy

interactions, facilitating cooperative metabolic networks within the biofilm (Figure 1.4).
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Figure 1.4. Oxygen gradient-driven metabolic differentiation within microbial biofilms.
An oxygen concentration gradient across the biofilm leads to spatial metabolic
differentiation among microbial populations. Surface-associated cell utilizes oxygen for
aerobic respiration, while deeper-layer cell encounters oxygen limitation and adapt by

employing extracellular electron transfer (EET) strategies to maintain energy production.



Emerging studies have revealed that certain microbial biofilms can support not only
short-range electron exchange between neighboring cells but also long-distance electron
transfer (LDET) across tens to hundreds of micrometers. This capacity is underpinned
by the construction of transcellular conductive networks, which serve as biological
equivalents to electrical circuits. Three primary mechanisms have been identified as
contributors to LDET: Multi-heme cytochromes, often arrayed along outer membranes
or periplasmic extensions, enable stepwise electron hopping across redox centers
spanning multiple cells (Figure 1.5. A) (Reguera et al., 2005; Lovley, 2006a; Dahl et al.,
2022). Conductive pili or protein nanowires enriched in aromatic residues facilitate
electron delocalization via m-n stacking interactions, forming quasi-metallic conduction
pathways analogous to organic semiconductors (Figure 1.5. B) (Malvankar et al., 2011).
Diffusible redox mediators, such as flavin mononucleotide (FMN) or anthraquinone-
2,6-disulfonate (AQDS), shuttle electrons through the extracellular matrix, enabling
dynamic electron exchange across distant cells or species boundaries (Figure 1.5. C)
( Newman & Kolter, 2000; Marsili et al., 2008; Von Canstein et al., 2008; Glasser et al.,
2017)

(A) Multi-heme cytochromes|(B) Conductive pili or protein nanowires|(C) Diffusible redox mediators

Redox-active proteins

Redox-active protein Nanowire ‘ /D
~ Electron
shuttles ®
- kE' /
[ Electron accepters (e.g. electrode) J [ Electron accepters (e.g. electrode) ] [ Electron accepters (e.g. electrode) J

Figure 1.5. Representative mechanisms of LDET utilized by EAMs: (A) Multi-heme
cytochrome-mediated direct electron transfer; (B) Conductive pili or protein nanowire-

based long-range conduction; (C) Electron shuttling via diffusible redox mediators.



Collectively, these strategies reflect an evolutionary solution to metabolic challenges
in redox-restricted environments. Beyond environmental electron transfer, LDET is
increasingly recognized as a functional component of pathogenic biofilms, where it may
contribute to oxidative stress resistance, interspecies metabolic cooperation, and
persistence under immune pressure or antibiotic exposure. As the field advances,
investigations have begun to focus on elucidating the structural, thermodynamic, and
ecological foundations of LDET in electrochemically active biofilms. Such studies not
only deepen our understanding of microbial energy metabolism but also provide a
theoretical framework for exploring electron-sharing conduits in complex microbial
communities, with implications for both microbial ecology and bioelectronic

engineering.
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1.2.2 LDET process

In both natural ecosystems and human-engineered environments, microorganisms
frequently colonize interfacial habitats, where they optimize energy acquisition through
the formation of biofilms. These biofilms are highly organized microbial consortia
embedded within a self-produced extracellular matrix, typically adhering to solid or
liquid-solid interfaces. They are characterized by pronounced spatial heterogeneity in
metabolic activity, nutrient availability, and redox potential (Stewart & Franklin, 2008).
High-resolution microelectrode analyses have revealed steep oxygen gradients within
biofilms: while the dissolved oxygen concentration at the biofilm interface (0-50 um)
may reach up to 200 mM, it rapidly declines to less than 5 mM at depths beyond 100
um, establishing distinct anaerobic microenvironments (Okabe et al., 1999). These
sharp physicochemical gradients impose significant constraints on microbial respiration,
necessitating the evolution of electron transfer mechanisms capable of bridging spatially

separated redox zones (Figure 1.6).

Concentration of oxygen consumption
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Figure 1.6. Redox gradient-driven LDET in microbial biofilm

LDET has emerged as a pivotal strategy enabling microbes to overcome such

challenges. LDET encompasses a suite of mechanisms including the production of
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conductive pili, the organization of outer membrane cytochrome networks, and the
secretion of soluble redox mediators, that collectively facilitate electron transport from
cells in deep anoxic layers to terminal electron acceptors located at or near the biofilm
surface, such as oxygen, ferric iron (Fe*"), or solid-state electrodes (Shi et al., 2016;
Lovley, 2017). In G. sulfurreducens, for instance, cells located in the basal regions of
the biofilm utilize conductive pili to relay electrons upward toward surface oxygen
(Malvankar et al., 2014).

The distinctiveness of LDET lies in its multiscale integration of electron flow. At the
nanometer scale, electron transfer between heme centers can proceed via quantum
tunneling when their separation is within 2 nm ( Page et al., 1999; Gray & Winkler,
2005; Winkler & Gray, 2015). At the micrometer scale, protein-based conductive
networks enable electron propagation over distances of several hundred microns. This
spatial coordination of redox activity not only underpins microbial survival under
redox-stratified conditions but also represents a fundamental biophysical framework for
cooperative metabolism in multicellular microbial communities (Pfeffer et al., 2012;
Kato, 2015). Hence, LDET is not merely a metabolic adaptation, it is integral to the
ecological success and biotechnological potential of electroactive microorganisms.

1.2.3  Molecular mechanism for LDET

Microbial biofilms are highly organized multicellular systems capable of sustaining
efficient LDET, a feature crucial for maintaining redox homeostasis and energy
metabolism across spatially stratified environments. This ability is primarily attributed
to the development of diverse electron conduction architectures, enabling millimeter-
scale electron transport across extracellular space. Representative electroactive bacteria,
such as S. MR-1 and G. sulfurreducens, have evolved multiple strategies to overcome
the intrinsic electronic barriers between intracellular donors and distant extracellular
acceptors. These mechanisms encompass outer membrane-integrated multiheme
cytochrome complexes, conductive protein nanostructures, and redox mediator-

facilitated shuttle systems, together reflecting a high degree of structural and functional

13



coupling across biological and physical scales (Figure 1.7).
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Figure 1.7. Microbial ecological mechanisms underlying LDET. Electroactive
microorganisms within biofilms facilitate LDET by transferring electrons from inner,
metabolically active cells to distant external electron acceptors such as electrodes. In a
stratified biofilm, pathogens in oxygen-depleted zones utilize conductive extracellular
structures or redox mediators to relay electrons outward, enabling collective respiration
across spatially separated regions. This ecological cooperation supports sustained

energy metabolism under redox-limited conditions.

1) Outer membrane cytochromes

In §. MR-1, transmembrane electron flow is primarily mediated by the MtrCAB
complex, a tripartite assembly composed of the outer membrane cytochrome MtrC (10
hemes), the periplasmic cytochrome MtrA (10 hemes), and the B-barrel membrane
protein MtrB (Richardson et al., 2012). This complex forms a contiguous electron
orbital chain (Firer-Sherwood et al., 2008), in which electrons are transferred via
stepwise hopping through closely spaced heme centers (~1.3 nm apart), consistent with
Marcus theory for electron tunneling (El-Naggar et al., 2010; Edwards et al., 2018).
These properties confer high adaptability and robustness to the electron transfer system

in fluctuating environmental conditions.
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2) Nanostructured protein conductors

Beyond membrane-associated complexes, certain metal-reducing bacteria utilize
conductive nanostructures for extended-range electron conduction. Recent studies have
demonstrated that G. sulfurreducens. Employs conductive pili (also known as e-pili),
assembled from polymerized PilA protein subunits, to facilitate LDET beyond
membrane-bound cytochrome systems. These pili exhibit exceptional electrical
conductivity, with values reaching up to 5000 S-m™', comparable to synthetic organic
conductors (Shu et al., 2019). Structural and mutagenesis analyses have revealed that
conserved aromatic residues, particularly tyrosine, such as Y32 and Y57, are axially
aligned within the pilus filament, enabling n-n stacking interactions. This arrangement
supports delocalized electron transport via a quasi-metallic n-electron cloud, forming a
molecular wire architecture (Vargas et al., 2013; Shu et al., 2019). Although direct
visualization of ~1.2 nm-spaced periodic positive charges remains elusive, cryo-electron
microscopy and scanning probe studies have uncovered a helical structural organization
of PilA monomers that correlates with thermally activated electron conduction and low
activation energy barriers (Malvankar et al., 2015; Lampa-Pastirk et al., 2016). These
findings underscore the significance of protein-based nanowires in microbial electron
transport and suggest a critical role of aromatic amino acid composition and spatial
arrangement in modulating pili conductivity.

In contrast, S. MR-1 produces nanowire-like structures not through PilA-based pili,
but rather via the self-assembly of outer membrane cytochromes, including MtrC and
OmcA. Although these structures exhibit electron-conductive properties, their
conductivity appears to stem primarily from heme-heme coupling rather than through-
protein backbone conduction (Pirbadian et al., 2014). Advanced imaging techniques
such as cryo-electron tomography and photoelectron microscopy have demonstrated
that the structural organization of these protein nanowires is dynamically regulated
under oxidative stress or low-electron-acceptor conditions, maintaining redox balance

within the biofilm matrix (El-Naggar et al., 2010; Subramanian et al., 2018).
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3) Redox mediator

Redox mediator molecules play an essential role in facilitating electron transport over
distances beyond the reach of physical conductive structures. In S. MR-1, secreted
flavin derivatives such as FMN and flavin adenine dinucleotide (FAD) can form
reversible coordination complexes with multiheme cytochromes like MtrC, thereby
enhancing EET efficiency (Okamoto et al., 2013; Xu et al., 2016). Spectroscopic studies
have confirmed directional non-covalent interactions between flavins and the iron
centers of heme groups, which stabilize transient electron pathways and reduce
energetic loss during redox transitions (Okamoto et al., 2013). In G. sulfurreducens,
extracellular cytochromes such as OmcZ form conductive polymer-like filaments that
integrate with pili to create a three-dimensional electron conduction network. This
hierarchical system not only expands the effective conduction distance but also
enhances the structural and metabolic resilience of the biofilm under environmental
stress (Wang et al., 2019). Recent findings from Desulfovibrio varians GY32 have
extended the phylogenetic distribution of LDET mechanisms, revealing the presence of
8 nm wide conductive filaments composed of phenylalanine-rich MtrA homologs with
graphene-like electronic properties (Guo et al., 2024). These discoveries open new
avenues for the design of biomolecular materials and redefine the evolutionary
boundaries of microbial electron transfer capabilities.

In summary, LDET in bio-membranes is a multi-mechanism process achieved
through the synergistic action of outer membrane cytochromes, conductive
nanostructures, and soluble small molecules. These conduction pathways may be highly
heterogeneous in bio-membranes of different species, environments, and developmental
stages, and further analysis is urgently needed by combining structural biology,
electrochemistry, and in vivo imaging techniques.

1.2.4  Applied perspectives for microbial LDET
1.3.1 Microbial fuel cells applications

Beyond its ecological relevance, LDET also holds considerable promise in
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applications related to energy conversion and antimicrobial intervention. In MFCs, the
upper limit of current density is fundamentally constrained by the efficiency of electron
transport within biofilms (Malvankar et al., 2012). Genetic engineering approaches such
as structure-guided mutagenesis and directed evolution have been employed to enhance
the conductivity of microbial pili study has obtained a variant strain of G.
sulfurreducens KN400, through selective cultivation. The current and power density of
this strain in MFCs are significantly higher than those of the wild type. The enhanced
current generation ability of KN400 is related to its higher conductivity and lower
internal resistance, indicating that genetic engineering can improve the electron transfer
efficiency of microorganisms, thereby improving the performance of MFCs (Yi et al.,
2009).
1.3.2  Antimicrobial application

In the context of clinical biofilm-associated infections, EET has been increasingly
recognized as a contributing factor to bacterial resistance against antimicrobial agents.
For instance, in P. aeruginosa, components of the aerobic respiratory chain, including
NADH dehydrogenases and flavodoxins, facilitate intracellular NADH oxidation,
thereby attenuating reactive oxygen species (ROS) accumulation induced by antibiotics
such as ciprofloxacin. This modulation of redox metabolism has been shown to enhance
oxidative stress resistance and promote cellular survival (Moyano et al., 2014). P.
aeruginosa is a gram-negative bacterium that causes serious infections clinically due to
its complex antibiotic resistance mechanisms and biofilm-forming ability. The oxygen-
terminated EET may enhance the resistance of biofilms to environmental stress,
including antibiotic stress (Tokunou et al., 2022). The electron transport systems in its
biofilm, such as outer membrane cytochromes, help maintain the cellular redox balance
and reduce antibiotic-induced oxidative stress, thereby enhancing its resistance.

MRSA’s ability to form biofilms makes it more challenging in clinical infections.
Studies have shown that the biofilm structure of MRSA is closely related to its

antibiotic resistance. For example, the resistance of MRSA to vancomycin in invasive
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diseases in children emphasizes the role of exopolysaccharides in resistance (Pardo et
al., 2024). The exopolysaccharide and protein network in MRSA biofilms may enhance
its structural stability through electron transport mechanisms and hinder the penetration
of antibiotics. Emerging evidence suggests that electron transfer processes within the
biofilm matrix may influence its physical properties, thereby modulating antibiotic
diffusivity. Moreover, using multiple particle tracking demonstrated the power of MPT
to quantify changes in the diffusion behavior of tracer particles within AMR biofilms
before and after antibiotic treatment (Powell et al., 2021).

Their findings revealed that antimicrobial exposure not only reduced the mobility of
particles but also increased the stiffness of the EPS network, highlighting the dynamic
interplay between antibiotic stress, biofilm mechanics, and transport properties.

1.3.3 Nanomaterial-based disruption of LDET for antimicrobial applications

Targeting LDET pathways has therefore emerged as a promising strategy in
antimicrobial therapy. For example, Nanomaterials, particularly FesOs-based composites,
have demonstrated synergistic antibacterial effects when used in conjunction with
conventional antibiotics. FesOs@Ag nanocomposites can significantly enhance the
antibacterial effect when used in combination with traditional antibiotics. The developed
ciprofloxacin-loaded silver nanoparticles showed significant synergistic effects against
multidrug-resistant strains such as Staphylococcus aureus and Escherichia coli, with an
inhibition zone diameter of up to 34 mm, which exceeded the effect of using silver
nanoparticles or ciprofloxacin alone. (Laib et al., 2025). In addition, T Graphene
quantum dots (GQDs) can interact with aromatic residues in proteins and nucleic acids
due to their unique electronic structure and n—r stacking ability, thereby regulating their
structure and functional state. GQDs can induce cascade apoptosis of trypanosomes by
interacting with antioxidant-related proteins, indicating that GQDs have potential in
regulating the electronic environment of biomacromolecules (Xie et al., 2022). This lays
the conceptual groundwork for the rational design of LDET-inhibiting nonintervention

tools.



These studies provide mechanistic insights into the red oxygen-based antibacterial
strategy and lay a conceptual foundation for designing non-interventional tools targeting
LDET. By using nanomaterials to regulate the electron transport pathways of bacteria, it
is expected that new antibacterial treatments will be developed to overcome the

resistance challenges faced by traditional antibiotics.



1.3 Biofilm electron conduction

In electroactive biofilms, Electric biofilm conduction serves as a fundamental
physical indicator of the efficiency of LDET. The ability of microorganisms to transport
electrons over micron to millimeter scales varies substantially among species, reflecting
diverse structural and biochemical adaptations (Ding et al., 2016). For instance, biofilms
formed by G. sulfurreducens. Exhibit conductivities up to approximately 5,000 uS-cm™,
whereas S. MR-1 biofilms range between 10-100 uS-cm™. In contrast, anaerobic
granular sludge biofilms typically show values in the tens of pS-cm™ (Malvankar et al.,
2011; Snider et al., 2012). These differences, spanning several orders of magnitude,
underscore the significance of conductivity as both a mechanistic marker and a
performance-limiting parameter in microbial electrochemical systems. Biofilm
conductivity arises from a combination of mechanisms, including: (i) redox cycling by
small, diffusible electron shuttles such as flavins and quinones, and (ii) structural
electron transport through extracellular conductive appendages, including multiheme
cytochrome networks and microbial nanowires. The arrangement of redox-active
centers, the density and spatial organization of conductive biomolecules, and external
conditions, such as pH, ionic strength, and temperature, all strongly influence

conductivity across the biofilm matrix (Okamoto et al., 2014).
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1.3.1 Configuration of interdigitated electrode (IDE)

Interdigitated electrode (IDE) provides a high-resolution, non-destructive method for
assessing the lateral conductivity of biofilms (Ding et al., 2016). A typical IDE consists
of 130 parallel gold electrode fingers (2 mm x 10 um x 90 nm) patterned onto a glass
substrate, with an inter-finger spacing of 10 um. The electrodes are grouped into two
interleaved sets, source and drain, each containing 65 fingers. The total inter-electrode
path length is 25.8 cm, the total electrode area is 0.026 cm? while the total biofilm
coverage area is 0.039 cm? (Figure 1.8). This configuration allows for highly sensitive

detection of in-plane current flow under controlled electrochemical conditions.

Total electrode area is 0.026 cm?
65 source electrode strips

2 mm

I ¥
Glass substrate| '10 ym
65 drain electrode strips

Figure 1.8. Configuration of an interdigitated electrode (IDE) for biofilm electron

conduction measurement.
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1.3.2  Electrochemical setup and gating measurement on IDE

For conductivity measurements, the IDE is incorporated into a single-chamber
electrochemical cell. A platinum wire serves as the counter electrode, and a saturated
Ag/AgCl (3 M KCl) electrode is used as the reference. The system contains 4.5 mL of
defined growth medium. Dissolved oxygen is removed by bubbling N2/CO: gas for 30
minutes. A low scan rate (1 mV-s') and a fixed source—drain potential difference (Esp =
0.02 V) are applied, and the resulting current difference (/conq) is recorded to quantify
lateral electron transport.

Electrochemical gating measurement (EGM) is further employed to modulate the
redox environment across the electrodes and probe the responsiveness of the biofilm. In
single-electrode EGM, the IDE is polarized at Esp = 0 V during biofilm growth. In dual-
electrode EGM, after biofilm maturation, a small potential difference is applied (Esp =
0.02 V), and the synchronized current response is measured to isolate conduction-
dependent signals (Figure 1.9).

Single-Electrode EGM (Egp =0 V) Double-Electrode EGM (Egp = 0.02 V)

WE RE CE WE1 RE CE WE?2

Long-distance EET

Biofilm formation on IDE

Electrode drain l
Electrode source .
[ Biofilm Matrix &)
oY)
'\'\."‘ \ Gap =10 pm
o 1
(e

Electrode source l

Long redox

Figure 1.9. Electrochemical gating measurement of biofilm electron conduction using

an IDE array. Left: IDE-based single-chamber electrochemical system for biofilm
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growth. Right: an IDE-based double-chamber electrochemical system for electron
conduction analysis and schematic representation of LDET between microbial cells

across the 10 um electrode gap.

1.3.3  Biofilm electron conduction current
The measured current (/;0:1) includes three components:
Liotal = Lredox + Leatatytic + Leona (1)
*  lredox: arising from redox-active species at the interface.
*  Lawnic: due to metabolic oxidation of electron donors.

*  leona: attributed to the true electronic conductivity of the biofilm matrix.

To extract Icona, the method proposed by (Xu et al., 2018) is employed. The current at
Esp =0V (baseline) is subtracted from that at Esp = 0.02 V (Figure 1.10), yielding:
Leona = (Idrain' Isource)/ 2 (2)

This single-scan background subtraction minimizes biofilm disturbance and ensures

accurate conductivity estimation.
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Figure 1.10. (A) Schematic cross-sectional view of a biofilm-coated IDE, illustrating
electron transport across the biofilm. Adapted from the design by Snider, R. M. (2012).

(B) Representative plots of source current, drain current, and calculated conductive
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current derived from dual-electrode measurements, reflecting biofilm-mediated electron

conduction.
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1.4 Thermodynamic mechanism of LDET

1.4.1  Activation energy (E.)

In electroactive microbial biofilms, LDET involves the movement of electrons from
intracellular donors to extracellular acceptors through structurally and chemically
diverse pathways. These pathways include quantum tunneling, thermally activated
hopping, mediated electron transfer, and metal-like conduction. Studies have shown that
electron transport in G. sulfurreducens. Biofilm is a thermally activated process with an
activation energy of about 0.2 eV (about 19.3 kJ/mol). This suggests that electron
transport occurs primarily through a thermally activated hopping mechanism (Yates et
al., 2016). A crucial parameter for distinguishing between these mechanisms is the
activation energy (E4), which reflects the energy barrier that electrons must overcome
during conduction. As a thermodynamic descriptor, E, provides critical insight into the
nature of the electron transport process. By measuring the temperature dependence of
biofilm electron conduction or electron flux and applying the Arrhenius model,
researchers can extract the apparent activation energy of the system. This parameter not
only reveals the fundamental nature of the conduction mechanism but also allows
comparative analysis across microbial species, genetic mutants, redox mediators, and
environmental conditions, offering actionable guidance for optimizing bio-
electrochemical systems and synthetic bioelectronics.

1.4.2  Arrhenius model

The rate of electron migration in the microbial conductive network is closely related
to the ambient temperature. Under ideal conditions, the electron conduction behavior
can be approximately obeyed by the Arrhenius thermodynamic model, and its
mathematical expression is as follows (Xu et al., 2018):

In (Leona) = A — 1000/Tx(E4/1000k) 3)
Where A was the pre-exponential factor, T was absolute temperature (K), and k was the

Boltzmann constant.
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In practice, researchers usually use IDEs to record transverse electron currents at
multiple temperature points and perform a logarithmic transformation (In o) to fit the
relationship between In (Zcons) and 1000/T by linear regression. The slope of the straight
line is, and E, is obtained. In contrast, other non-Arrhenius behaviors (such as variable
range transitions, Coulomb blockade, and band deformation) may also occur in some
proteins or disordered conductors. However, in most bacterial conductive systems, the
Arrhenius model has been widely verified as the main thermodynamic framework for
estimating electron migration processes (Malvankar et al., 2011). In addition, by
analyzing the linearity of the temperature response curve of conductivity (R? value), it
can also help determine whether the electron migration path is dominated by a single
mechanism.

1.4.3  Application in E,

Activation energy analysis, grounded in the Arrhenius model, serves as a critical
thermodynamic framework for dissecting microbial electron transfer mechanisms (Xu et
al., 2018). It enables the identification of conduction modes, the evaluation of mutant
phenotypes, and the optimization of synthetic bioelectronic designs. As instrument
resolution and environmental control improve, E, will become a core performance
metric in biofilm electrochemistry, energy bioconversion, and redox-driven microbial

technologies.
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1.5 Outline of the thesis

This dissertation is structured into five chapters, each contributing to a
comprehensive and systematic investigation of microbial LDET within biofilm
environments. The central objective of this work is to elucidate the roles of membrane-
associated cytochromes, outer membrane extension complexes and electron shuttles in
mediating LDET, and to assess how these elements mutually influence biofilm
conductivity, structural integrity, and functional adaptability. Through mechanistic
analyses in model electroactive bacteria and translational perspectives on pathogenic
biofilms, this thesis aims to establish a foundational understanding that informs the
development of both advanced bioelectronic systems and innovative antimicrobial
strategies.

Chapter 1 provides the theoretical foundation and contextual background for the
subsequent chapters. It introduces the concept of electron conduction in microbial
biofilms, with a particular focus on LDET pathways mediated by multiheme c-type
cytochromes embedded in the outer membrane, extended membrane-derived structures
(such as nanowires and vesicles), and diffusible redox mediators, including flavins and
quinones (Reguera et al., 2005; Okamoto et al., 2013). The structural architecture of
electroactive biofilms is described in detail, emphasizing the spatial arrangement of
redox centers and the critical role of percolation pathways in facilitating efficient
electron transport over micrometer-scale distances (Malvankar et al., 2011; Yates et al.,
2016). This chapter also contextualizes microbial LDET within broader biomedical and
bioengineering frameworks. This includes its application in enhancing power output in
MEFCs, its influence on redox signaling and antibiotic tolerance in chronic biofilm-
associated infections, and its potential as a therapeutic target for anti-biofilm
interventions (PYi et al., 2009; Owell et al., 2021). In addition, the concept of E, is
introduced as a thermodynamic parameter for evaluating electron transfer kinetics. By

quantifying the temperature dependence of biofilm conductive current via the Arrhenius
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model, £, serves as a diagnostic indicator to distinguish between different rate-limiting
factors and conduction mechanisms involved in LDET. Collectively, this framework
underscores the interdisciplinary relevance of microbial LDET and provides a coherent
rationale for the multi-level investigations presented in the subsequent chapters.

Chapter 2 investigates the molecular determinants of electron conduction within S.
MR-1 biofilms. Utilizing a custom-built IDE platform under variable temperature
conditions, this chapter reveals that the rate-limiting step in biofilm LDET lies in
interprotein electron transfer between the outer membrane cytochromes MtrC and
OmcA. The study employs mutant strains, electrochemical measurements, circular
dichroism spectroscopy, and fluorescence recovery after photobleaching to demonstrate
that lateral diffusion and dynamic collision of OMCs on the cell surface critically
dictate £, of biofilm conduction. These results underscore interprotein electron transfer
and flavin modulation as key determinants of biofilm electron conduction, laying a
foundation for engineering high-performance bioelectronic materials.

Chapter 3 builds upon the mechanistic insights gained in S. MR-1 and applies them to
the biofilm-forming human oral pathogen PG. Through detailed electrochemical and
proteomic analyses, this chapter demonstrates that OMVs secreted by PG serve not only
as structural agents in biofilm development but also as active redox mediators. It
identifies peptidylarginine deiminase (PPAD) as an OMVs-associated enzyme that, in
the presence of FMN, catalyzes redox reactions facilitating electron conduction across
the biofilm matrix. The synergistic interaction between PPAD and FMN is shown to
lower E, of conduction and significantly enhance biofilm conductivity and biomass
accumulation. This chapter highlights an unorthodox function of PPAD, extending its
role beyond immunopathology into microbial electron metabolism.

Chapter 4 investigates the implications of redox-enabled biofilm architectures for
antimicrobial resistance. It reveals that OMVs-enriched PG biofilms exhibit markedly
enhanced tolerance to conventional antibiotics such as amoxicillin, clindamycin, and

metronidazole, likely due to the redox buffering capacity and structural protection
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provided by OMVs and PPAD. In contrast, energy metabolism-targeting agents such as
nitazoxanide and tizoxanide maintain efficacy even under these conditions, suggesting
that disruption of anaerobic electron flow and ATP synthesis bypasses the resistance
mechanisms conferred by redox-active biofilms. The chapter emphasizes a paradigm
shift toward targeting microbial energetics as a strategy for controlling recalcitrant
biofilm infection.

Chapter 5 synthesizes the major findings of this dissertation and discusses their
broader implications for the fields of microbial bioelectrochemistry, pathogenesis, and
biofilm-targeted therapy. It outlines prospective research directions, including structural
resolution of OMVs redox assemblies, synthetic modulation of membrane electron
transfer systems, and therapeutic targeting of flavin-cytochrome interactions. This
chapter positions the dissertation within a growing scientific effort to integrate systems
biology, bioengineering, and clinical microbiology toward understanding and
manipulating biofilm-based microbial survival strategies.

Collectively, this dissertation advances a unified model of biofilm electron
conduction and its regulatory principles by exploring cross-kingdom conservation and
divergence of LDET mechanisms. Through the dual lens of environmental electroactive
bacteria and clinically significant pathogens, the thesis bridges the gap between
fundamental redox biology and translational biofilm research, contributing to both

theoretical frameworks and practical innovations in energy and health sciences.
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Chapter 2. Cell-surface inter-cytochrome electron transfer
limits biofilm electron conduction Kinetics in Shewanella

oneidensis MR-1
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2.1 Introduction

Electrochemically active bacteria, with the ability to form electrically conductive
biofilm matrices for bioenergy conversion and bioelectronics (Chen et al., 2020), have
engendered much interest in the scientific community, thereby, understanding the flow
of electrons inside the biofilm is crucial to achieving high current density in microbial
electrochemical systems (Logan et al., 2019). Significant progress has been made in
elucidating the molecular structures of redox-active proteins within the extracellular
matrix (Shi et al., 2016; Kumar et al., 2017), yet the kinetic bottlenecks in long-distance
electron transfer (LDET) across the densely packed, multi-layered biofilms remain
poorly understood.

Among electrogenic organisms, Shewanella oneidensis MR-1 (S. MR-1) stands out,
known for facilitating robust extracellular electron transfer (EET) to both electrodes and
minerals via its intricate outer membrane cytochrome complexes (OMCs), including
MtrC, MtrA, and OmcA. These complexes, which function akin to biological wires, are
equipped with extensive networks of heme reaction centers that efficiently channel
electrons from the cellular interior to the exterior (Edwards et al., 2020). Previous
studies have inferred the role of OMCs in mediating LDET within biofilms through
detailed analyses of redox signal (Okamoto et al., 2012). The unique configuration of
heme centers along the surface of MtrC and OmcA enables multiple electron ingress
and egress points (Figure 2.1.A), thereby facilitating the formation of expansive
electron transport routes through diffusion and intermolecular collisions on the
membrane’s surface (Subramanian et al., 2018; Chong et al., 2022). However, defining
the rate-limiting steps in electron transfer, whether intra- or inter-OMCs, challenges
researchers. Recent work by Xu et al., (2018) highlighted the potential rate-limiting
pathways by employing an interdigitated electrode (IDE) system to ascertain the
temperature-dependence of biofilm conductivity, revealing insights into the activation
energy (E.) associated with the rate-limiting step of the biofilm electron conduction
(Yates et al., 2015; Xu et al., 2018). Their analysis suggests that the electron routes
hemes 5-10 pathway of MtrC, characterized by E, values comparable to a kinetic Monte

Carlo model simulation and higher than those of alternate routes, are likely critical. This
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approach, however, did not explore other potential electron transfer pathways involving
periplasmic cytochromes or inter-OMCs interactions comprehensively (Figure 2.1.B).
Our investigation builds on this foundation by contrasting gene knockout mutant
strains to examine the impact of inter-cytochrome interactions on the rate-limiting step
energy barrier, E,, for biofilm electron dynamics. We also probe the effects of OMCs
diffusion and collision dynamics with cholesterol(Eaton et al., 1981) and the interaction
of non-covalently attached flavin with OMCs on the biofilm electron conduction,
associated with whole-cell circular dichroism (CD) spectroscopy to explore inter-heme
exciton coupling in OMCs (Tokunou et al., 2018). By pinpointing and clarifying these
bottlenecks, our research aims to develop strategies that significantly enhance electron
transfer within biofilms, thereby augmenting the operational efficacy of bioelectronic

devices.
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Figure 2.1. (A) The crystal structure of OmcA (PDB: 4LMH) and MtrC (PDB: 4LMS).
Heme centers for electron ingress and egress points were highlighted. (B) The
schematic model for potential intercellular electron pathways through the outer

membrane (OM) or the periplasm cytochromes.
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2.2 Methods

2.2.1 The microbe culture conditions

S. MR-1 wild type (WT) and mutant strains were inoculated from our lab storage and
precultured in a 50 Ml Falcon tube with Luria-Bertani (LB) medium (shaking at 180
rpm, 30°C). Then, cell suspensions were washed two times with a defined medium
(DM). Cells were harvested after washing twice with DM medium. The compositions of
DM are NaHCO:s 2.5 g/L, CaCl>-2H>0 0.08 g/L, NH4ClI 1.0 g/L, MgCl>-6H>O 0.2 g/L,
NaCl 10 g/L, and HEPES 7.2 g/L. The method to construct 4omcAIl (lacking the genes
encoding the outer-membrane cytochrome C: mtrA, mtrB, mtrC, mtrD, mtrE, mtrF, and
omcA), APEC (lacking the genes encoding the periplasmic cytochrome C genes: mtrA,
mtrD, dmsE, SO4360, and cctA), domcA, and AmtrC was described in previous studies.

2.2.2  Electrochemistry measurements

A single-chamber cell was used for electrochemical linear sweep voltammetry under
bipotential states. The working electrode IDE of indium tin oxide (ITO) sputter
deposited on a glass with a 10 um gap between the source and drain electrodes (10 um
in width) (Figure 2.2.A). The reference was Ag/AgCl electrode (3M KCIl saturated),
and the counter electrode was a Pt wire. The 6 Ml washed cell suspensions were
redissolved in DM to an ODsoo of 1.0 and were purged with nitrogen for 30 min to
remove the oxygen. The S.MR-1 biofilm was electrochemically incubated for 24 hours
by the poising potential at 0.4 V (vs. standard hydrogen electrode [SHE]) to form the
biofilm on an IDE electrode (VMP3: Biologic SAS, Seyssinet-Pariset, France). Then,
the conducting current (/.0nz) Was obtained by setting the source and drain potentials, ES
and ED, respectively, in a constant offset voltage of 20 Mv. The current was subtracted
by the equation below:
Leona= (Larain- Lsource)/2 (1)
Lirain and Isource were the current profiles of the cyclic voltammetry (CV) from IDE with
higher and lower potential, respectively.

The E, accounting for the redox-mediated electron transport of S. MR-1 wild type
and mutant strains domcAll, APEC, AdomcA, and AmtrC were acquired by conducting
the temperature-linked Arrhenius equation examinations. Temperatures were step-

controlled from 30°C to 9°C by circulating water in the jacket of the single-chamber
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reactor. After stabilizing the temperature for 15 to 20 minutes, the gate measurements
were conducted. The E, was obtained by fitting the data to the empirical Arrhenius
equation:

In (Leona) = A - 1000/T*(E,/1000k) (2)

Where A was the pre-exponential factor, T was the temperature (K), and k was the

Boltzmann constant.

2.2.3  Scanning electron microscopy

The biofilm incubated on the electrode was fixed with 2.5% glutaraldehyde for 5
days at 4°C. Then, samples were dehydrated in 25, 50, 75, 90, and 100% ethanol and
freeze-dried under a vacuum before scanning electron microscopy (SEM). The dried
samples were coated with evaporated platinum for 30 seconds and were then checked

by Keyence VE-9800 microscope at 10 kV.

2.2.4  Cellular cholesterol quantification

S. MR-1 cells were treated with 0, 20, 100, or 200 mg/L cholesterol and incubated in
an electrochemical reactor at 0.4 V and 30°C for 20 h. Cells were harvested by
centrifugation at 7,800 rpm for 5 min at 4°C both before and after the electrochemical
assay. The resulting pellets were lysed by resuspension in cold ethanol: isopropanol (1:1,
v/v), followed by vortexing for 30 s and incubation at -20°C for 1 h. Lysates were
centrifuged at 12,000 rpm for 10 min, and supernatants were collected. After vacuum
drying, the residues were resuspended in 1 mL of Assay Buffer II and used for
subsequent analysis. Cellular cholesterol levels were measured using the Total
Cholesterol & Cholesteryl Ester Colorimetric Assay Kit (ab282928, Abcam) according
to the manufacturer’s instructions. Cellular cholesterol concentrations were calculated
based on a standard curve using the following equation:
C=B/V)xD 3)
where B was the amount of cholesterol determined from the standard curve, V was the

sample volume (pL), and D was the dilution factor.

2.2.5 Fluorescence recovery after photobleaching
S. MR-1 cells were treated with 0, 20, 100, or 200 mg/L cholesterol and incubated in

an electrochemical reactor at 0.4 V and 30°C for 20 hours. After incubation, the entire
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culture was harvested and resuspended in 1xphosphate-buffered saline (PBS) to an
ODsoo of 1.0. The outer membrane was stained by adding FM™4-64FX dye to a final
concentration of 30 ug/mL, followed by incubation in the dark for 20 minutes. A 30 uL.
aliquot of the stained suspension was placed on a glass slide for imaging. Fluorescence
imaging was performed using a Nikon Al confocal microscope equipped with a
60xobjective lens. The dye was visualized using 488 nm excitation light and an
emission filter with a bandwidth of 663-738 nm. A defined region of interest (ROI) on
the outer membrane was photobleached using a 488 nm laser at full power for 0.5
seconds. Fluorescence recovery within the ROI was recorded over 80 seconds post-
bleaching. Fluorescence intensity in the bleached area was normalized to that of an
adjacent unbleached control region. Recovery kinetics were fitted to a single-
exponential function to determine the characteristic recovery time constant (t), as
described previously (Ginez et al., 2022):

F)=A x (1 —e-t/t) 4)

2.2.6  Circular Dichroism spectroscopy measurement

The CD spectra of OMCs in an intact cell were measured by the Jasco
spectropolarimeter (JASCO CD, J-1500: Tokyo, Japan). Cell suspensions of S. MR-1
and mutant strains domcAll, AomcA, and AmtrC were prepared by washing and
resuspending in DM to an ODggo of 1.32. To further enhance the signal, we increased
the cell density and used an integrating sphere (IS) to alleviate the scattering light of the
cell suspension in front of the CD detector. Briefly, the parameters were set as: 200 nm
min-1, 0.1 nm data pitch, 5.0 nm bandwidth. Then, 3 mL of cell suspension was added
to a quartz cuvette and purged with nitrogen for 10 min after adding 30 mM sodium
lactate as an electron donor to reduce the OMCs. In contrast, to oxidize heme centers in
OMC:s, the cell suspension was incubated in the presence of oxygen and fumarate (50
mM). The temperature of the suspensions was controlled at 36°C, 31°C, 26°C, 21°C,
16°C and 11°C by the accessory equipped with the Peltier-type temperature controller
(PTC-517: JASCO, Tokyo, Japan) with a temperature sensor. Upon reaching the setting
temperature, the scanning of the suspensions was conducted. Then, their ellipticities

were normalized at 440 (Long et al., 2023).
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2.3 Results

2.3.1 The outer membrane cytochrome complexes (OMCs) mediate the biofilm
electron conduction

To examine the contribution of the outer membrane or the periplasmic cytochromes
on LDET inside the biofilm of S. MR-1, we first compared the biofilm conduction
current among WT of S. MR-1, mutant strains domcAll and APEC by biopotentially
controlled by the source and drain potentials (Es and Ep). A single-chamber four-
electrode system with a 10 pm gap indium tin-doped oxide (ITO) IDE was used to
monitor the lone from the S. MR-1 biofilm (Figure 2.2.A and B). Followed by
incubation poising at 0.4 V (vs. SHE) at 30°C, 10 um thick biofilm formation on the
electrode was observed as reported (Figure 2.2.C) (Okamoto et al., 2012). We washed
the electrode surface twice to diminish the interference of metabolic current toward Zcond,

resulting in the low current production (Figure 2.2.D).
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Figure 2.2. (A) Shewanella oneidensis MR-1 (S. MR-1) biofilm was electrically

cultured for 24 hours to form the biofilm bridging the ITO interdigitated electrode (IDE)
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with 10 pm gaps. (B) Photograph of the experimental four-electrode system. The
reference electrode (RE) is Ag/AgCl (3M KCI saturated). The counter electrode (CE) is
a Pt wire. Working electrode 1 (WEI) and 2 (WE2) are Indium ITO on glass. (C)
Scanning electron microscope images of biofilm grown and remaining on the ITO
electrodes after washing processes. The white bar is 10 um. (D) Single-Potential
Amperogram of S. MR-1 WT and mutant strains. This figure shows the time-dependent
current profiles (30°C, 0.4 V vs. SHE) for S. MR-1 WT and mutant strains, recorded
after washing the IDE with DM. The green profile represents positive control, showing
the current profile measured under identical conditions but with 10 mM lactate present

as the electron donor.
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We then measured the Z4in and lyource by sweeping the voltammetry to calculate the
Icona by Equation 1. As shown in Figure 2.3.A and B, the oxidative peak of gate
potential E¢ (Ec = [Es + Ep]/2) at around 200 Mv from the /cons of S. MR-1 WT was
observed. Upon altering the reactor temperature from 30°C to 9°C, we confirmed the
linear correlation between In (/eone) and 1000/T (Figure 2.3.C). The magnitude of the
energy barrier derived from the Arrhenius equation was estimated as previously
reported (Equation 2), resulting in the semi-empirical thermal activation energy (E,) of
0.34 + 0.02 eV (Figure 2.6.B), consistent with electron transfer reactions involving

hemes of S. MR-1 OMCs (Xu et al., 2018).
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Figure 2.3. (A) Both of representative S. MR-1 WT biofilm conduction current (Zcona)
(A) and APEC I.ona (B) versus the gate potential under each temperature, calculated by

subtracting the source from the drain current in the absence of an electron donor (offset
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voltage = 20 mV, scan rate and v =1 mV-s™). The same tendency was observed in three

independent assays. (C) Representative Arrhenius-style plots of WT, APEC.

The Icona profile and temperature dependency were distinct in 4omcAIl but similar in
APEC compared with WT (Figure 2.3.C and Figure 2.4). Icona of domcAll strain was
disordered, lacking the clear Arrhenius behavior observed in the wild-type and single-
knockout strains. Specifically, no systematic change in current was observed upon
shifting the reactor temperature (Figure 2.4.B), which makes it infeasible to derive a
reliable E,. In contrast, APEC showed almost identical peak positions and E, with WT
(Figure 2.3.C and 2.6.B). These results suggest that OMCs, rather than the

cytochromes in the periplasm, mediate the biofilm conduction current in WT.
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Figure 2.4. (A) The representative S. MR-1 AOmcALL I.ona versus the gate potential
under each temperature, calculated by subtracting the source from the drain current in
the absence of an electron donor (offset voltage = 20 mV, scan rate and v =1 mV-s™).
The same tendency was observed in three independent assays. (B) Representative

Arrhenius-style plots of AOmcALL.
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23.2 The OmcA and MtrC interaction facilitates the biofilm electron
conduction

Given the expression of MtrDEF is limited compared with OMCs in WT (Barchinger
et al., 2016), the observed I.ona is most likely attributable to OmcA and MtrC on the cell
surface (Figure 2.1). To elaborate the inter-protein electron transport between OmcA
and MtrC, we measured the I.ons of strains domcA and AmitrC. At 30°C, the I.ong Was
comparable to that of the WT (Figure 2.3.A and 2.5). However, at reduced
temperatures, the conductivity of AdomcA and AmtrC strains decreased sharply,
corresponding to an increase in the £, to 1.04 £ 0.14 eV (domcA) and 1.48 + 0.23 eV
(4mtrC), respectively (Figure 2.6.B), indicating that the absence of OmcA or MtrC

suppressed the interprotein electron transfer happening in the WT biofilm.
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Figure 2.5. Temperature Dependency of Ilcona in AdomcA (A) and AmtrC (B).
Representative plot of I.onq at various temperatures as a function of gate potential after

24 hours of incubation on an ITO electrode at varying temperatures.
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Figure 2.6. (A) Representative Arrhenius-style plots of WT, APEC, AomcA and AmtrC.
(B) The semi-empirical thermal E, of WT, APEC, AomcA and AmtrC. The activation
energy (E,) was calculated according to Equation 2 in the supporting information. Data
in panel B are presented as means + s.d. (n = 3). n.s., not significant, *, p < 0.05, and **,

p<0.01 (n=23).

Since these measurements were conducted using the same differential two-electrode
CV system described above (Figure 1.9), the changes in /..ns and E, reflect alterations
in lateral electron transport through the biofilm rather than direct cytochrome to
electrode interactions. Given that these mutations of OMCs do not impact heme
alignment in MtrC and OmcA (Tokunou et al., 2018), the significantly higher E, of
AomcA and AmtrC than WT is likely due to the loss of protein-protein interactions
between OmcA and MtrC in the mutant strains. This indicates that electron transport
between proteins (OmcA-OmcA and MtrC-MtrC) requires higher activation energy than
OmcA-MtrC electron transfer. The near-identical concentration of heme centers on the
cell surface, quantified by cyclic voltammetry (Figure 2.7), further supports our idea, as
a concentration-dependent effect, such as mechanical pressure loss, can be neglected in

the mutant strains (Long et al., 2023).
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Figure 2.7. Representative cyclic voltammogram of S. MR-1 WT, domcA and AmtrC
after 24 hours of incubation on an ITO electrode (vs. SHE). The scan rate is 1000

mV-s.

2.3.3 Contribution of diffusion and collision among OMCs on the biofilm
electron conduction

To confirm that the interprotein interaction via the diffusion and collision of OMCs

dictates the E,, we decreased membrane fluidity with cholesterol that specifically

interacts with the lipid membrane (Figure 2.8) (Eaton et al., 1981).
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Figure 2.8. Scheme steps of electrochemical assays after preculturing with cholesterol.
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Cholesterol incorporation into S. MR-1 cells was confirmed by quantifying
intracellular cholesterol levels following cell lysis using a cholesterol assay kit. A dose-
dependent increase in intracellular cholesterol was observed, with significant

accumulation at concentrations of 100 and 200 mg/L relative to untreated controls

(Figure 2.9).
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Figure 2.9. (A) Standard calibration curve for cholesterol. Quantification of
intracellular cholesterol levels using the standard curve before (B) and after E,
measurement (C). Data are presented as mean + s.d. (n = 3). n.s., not significant; *p <

0.05; **p < 0.01; ***p <0.001.

We then evaluated the impact of altered membrane fluidity on protein dynamics by
performing fluorescence recovery after photobleaching (FRAP) experiments (Figure
2.10.A) across a range of cholesterol concentrations. In cholesterol-free cells, full

fluorescence recovery occurred within 9.6 s, whereas cells treated with 200 mg/L
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cholesterol exhibited significantly slower recovery, reaching completion at
approximately 23.0 s (Figure 2.10.B). Similarly, intermediate cholesterol
concentrations (20 and 100 mg/L) also delayed recovery relative to the control (Figure
2.10.B). Quantitative analysis confirmed significant differences in fluorescence
recovery times and diffusion time constants (t) between the 0 and 200 mg/L groups (p <
0.05), while no significant difference was observed between the 100 and 200 mg/L
groups (Figure 2.10.C), indicating that cholesterol incorporation significantly reduced

the lateral mobility of membrane proteins.

54



>

ILaser-irradiated

P

Fluorescent intensity (a.u.)

—@—w/o cholesterol

—@-—w/ 20 mg/L cholesterol
—@—w/ 100 mg/L cholesterol
~—@-w/ 200 mg/L cholesterol

0.6
0.3 ® i
E 0 20 40 0 FD 100 120
0.0 — T T e !
0 7 14 21 28 35
Time (s)

Time course

wlo
cholesterol

w/ 20 mg/L
cholesterol

w/ 100 mg/L
cholesterol

Bleach

w/ 200 mg/L
cholesterol

Recovery

Recovery

Recovery

40 -
%*
32 4 |
Ty n.s.
= 24 4 °
2 °
[
S 161
[}
- -
": C]
84 °
ol L °
o
0 T T T T
0 20 100 200

Cholesterol concentration (mg/L)

Figure 2.10. (A) Fluorescence recovery curves of S. MR-1 cells treated with 0, 20, 100

and 200 mg/L cholesterol concentrations. The scattered symbols show the recovery data,
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and the continuous lines show the adjustments of the data to a single exponential
equation for bidimensional diffusion. (B) Representative images of S. MR-1 stained
with FM4-64FX showing different recovery speeds after bleaching. (C) Quantification
of fluorescence recovery time and diffusion time constants (1) at a varying cholesterol

concentration. Data are presented as mean + s.d. (n = 5). n.s., not significant, *p < 0.05.

Notably, the preincubation with cholesterol had a negligible effect on the microbial
current production from lactate oxidation in S. MR-1 cells (Figure 2.11), indicating that

the electron transfer capability to the electrode via OMCs was unaffected.
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Figure 2.11. Single-potential amperometric measurements of S. MR-1 wild-type cells
treated with varying concentrations of cholesterol were recorded at 30°C.
Representative current production is shown in (A), and results from three independent

replicates are shown in (B).

However, the estimated E, markedly increased following cholesterol treatment.
Specifically, E, increased from 0.34 + 0.03 eV in the control group to 1.10 + 0.10 eV at
20 mg/L cholesterol and further to approximately 2.07 = 0.21 eV at 100 mg/L
cholesterol (Figure 2.12). No significant difference in £, was observed between the 100
mg/L and 200 mg/L (2.17 £ 0.39 eV) cholesterol treatments (Figure 2.12). Such a
significant increase in activation energy is unlikely to be attributable to reduced lipid
diffusion, as the E, for lipid diffusion typically falls within two orders of magnitude
lower (Venable et al., 2017). Furthermore, intracellular cholesterol levels in S. MR-1

cells remained unchanged following electrochemical measurements, consistent with
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pre-activation levels (Figure 2.9.C). These findings strongly suggest that the lateral
diffusion and transient collision of OMCs play a critical role in mediating efficient

inter-protein electron transfer within the biofilm matrix.
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Figure 2.12. E, in the absence and presence of cholesterol is presented as means =+ s.d.

(n = 3). n.s., not significant, ***p < 0.001.

Additionally, we validated that the cholesterol does not impact the inter-heme
coupling in OMCs with the CD spectroscopy (Berova et al., 2007). To assess whether
cholesterol or flavins impact the structural configuration of OMCs, we employed
whole-cell CD difference spectroscopy focused on the Soret region (~420 nm), which
selectively reports on inter-heme excitonic coupling. Unlike conventional UV CD
spectroscopy, this method is highly specific to c-type cytochromes and is not
significantly affected by non-heme proteins at the cell surface. The absence of notable
spectral changes in the presence of cholesterol or flavins indicates that the alignment
and electronic environment of hemes in MtrC and OmcA remain largely unaltered.
These results support our conclusion that neither cholesterol nor flavins significantly
perturb the inter-heme coupling within OMCs under the conditions tested. Given that
the stacked ten ferrous porphyrin inside the OMCs has strong Soret absorption of CD
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spectra based on the strong exciton coupling effect from the heme coupling, the
variation of CD signal reflects the tiny changes of inter-heme distance and spatial
orientation (Tokunou et al., 2018). Strong Soret absorption (at ~400-550 nm) observed
in CD spectra of WT and OMCs mutants remained unchanged upon incubation in the
presence of cholesterol (Figure 2.13). These results indicate that cholesterol did not
affect the inter-heme coupling within OMCs, strongly supporting our idea that E, is
largely relying on the interprotein electron transfer via diffusion and collision among

OMCs.
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measured under oxidative/reductive conditions. An integrating sphere is used here.

59



2.3.4  Flavin binding reveals the electron transfer pathway in OMCs

To investigate the heme responsible for the interfacial electron transfer in OMCs in
biofilm electron conduction, we examined the impact of flavin binding to OMCs. The
staggered-cross structure of MtrC and OmcA suggests that four terminal hemes (2, 5, 7,
and 10) serve as potential ingress/egress sites (Figure 2.1.A). Among these, hemes 2
and 7, being more buried under the barrel motif, selectively bind with non-covalently
bound cofactors such as flavins (Hong & Pachter, 2016; Edwards et al., 2020). We
hypothesized that flavin binding would block these hemes, reducing electron transfer
through them while leaving hemes 5 and 10 open.

Upon increasing riboflavin (RF) to S. MR-1 biofilms on IDE, we observed a decrease
in the Icona peak associated with heme-mediated conduction, while the peak current at -
150 mV increased in a concentration-dependent manner (Figure 2.14). The -150 mV
peak potential aligns closely with the redox potential of non-covalently bound RF in
OmcA, mediating the oxidized/semiquinone redox reaction (Huang et al., 2023). This
suggests that the formation of bound flavin diminishes the /c.ns contribution from heme

redox centers.
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Figure 2.14. Il of S. MR-1 biofilm versus the gate potential at different

concentrations of riboflavin (RF).
Supporting this, cell-free RF solutions exhibited /...« peaks at -220 mV, consistent
with the oxidized/hydroquinone 2-electron redox reaction (Figure 2.15.A). Additionally,

treatment with 50 pM carbonyl cyanide m-chlorophenylhydrazone (CCCP) abolished
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this peak (Figure 2.16), consistent with that RF binding to OMC:s is stabilized by active
microbial respiration (Pirbadian et al., 2020) and reduced heme center (Okamoto et al.,
2013; Edwards et al., 2015; Huang et al., 2023). These findings indicate that the /conq at -
150 mV is predominantly mediated by bound RF within OmcA, rather than by free
flavin diffusing through the biofilm. Moreover, the bound RF appears to suppress
interprotein electron transfer via hemes 2 and 7, redirecting electron conduction through

the flavin instead.
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Figure 2.15. Conduction current of (A) 10 uM free RF and (B) 10 uM free flavin

mononucleotide (FMN) under different gate potentials and temperatures.
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chlorophenylhydrazone (CCCP) under 30 °C.

Flavin mononucleotide (FMN) exhibited similar effects, decreasing heme-mediated

currents while increasing the —150 mV peak (Figure 2.17). FMN specifically binds

MtrC, and its dissociation constant (Kd) of ~10 uM is comparable to RF (Okamoto et al.,

2014). However, FMN caused a greater reduction in /cons at 2 uM than RF, indicating it

may additionally alter inter-OMC interactions, suppressing inter-heme electron transfer.
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Non-covalently bound flavins are unlikely to alter the overall protein structure, as
demonstrated in previous studies (Breuer et al., 2015; Edwards et al., 2020).
Consequently, hemes 5 and 10 are not expected to be influenced by flavin binding. To
validate this hypothesis, we performed CD spectroscopy to assess the heme alignment
in MtrC and OmcA using AomcA and AmtrC cell suspensions, respectively. Under
reductive conditions, the CD spectra in the presence of 10 uM FMN and RF were nearly
identical to those obtained for AomcA and AmtrC in the absence of flavins (Figure 2.18).
These results confirm that non-covalently bound flavins do not impact the alignment of
hemes 5 and 10. Instead, the data strongly suggest that hemes 2 and 7 play a dominant

role in electron transfer at the interface between OMCs.
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Figure 2.18. CD spectra of S.MR-1 mutant strains domcA and AmtrC with flavins

addition.
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2.3.5 Non-covalently bound flavins decrease the energy barrier among
monoclonal OMCs

Post-flavin binding, heme-mediated conduction no longer correlated linearly with
temperature, indicating heterogeneity or instability in interprotein interactions (Figures
2.19 and 2.20). To distinguish between signals from free flavins and those arising from
flavin-bound OMCs, we performed control experiments using RF in the absence of
OMCs (Figure 2.15). Similarly, no linear correlation was observed in cell-free flavin
solutions. These measurements showed irregular, non-specific redox features and lacked
a peak at -150 mV, indicating that the well-defined signal observed under experimental
conditions is not attributable to free RF alone. Based on this result, and consistent with
previous studies reporting RF-heme binding as a dominant electron transfer pathway in
OmcA, we attribute the -150 mV peak to RF bound at the heme sites of OmcA. This
interpretation supports the conclusion that the enhanced conductivity arises from
specific RF-OMC interactions rather than non-specific mediation by free flavins. In
contrast, RF- and FMN-mediated conduction maintained linear temperature dependence,
with E, of ~0.3 eV, slightly lower than that in WT in the absence of flavins. These
findings highlight that flavin cofactors act as efficient mediators of electron conduction

with lower potential barriers than heme cofactors.
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Figure 2.19. Representative temperature dependency of I...« versus the gate potential of
WT in the presence of 10 uM RF (A) and FMN (B). Notes: for RF and FMN-mediated
conductions, the baseline subtraction was performed using Origin's Peak Analyzer tool
with the "User Defined" mode. Points within +100 mV of the conduction peak potential

at each temperature were selected to isolate conduction currents assignable to flavin or
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heme-mediated pathways.

This method minimizes contributions from freely diffusing

flavins or background noise, enabling precise quantification of bound flavin effects on

electron conduction.
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Figure 2.20. Arrhenius-style plots of /.ons assignable for heme and flavin peaks in the

presence of 10 uM RF and FMN.

In domcA or AmtrC biofilms, E, significantly increased for clonal interprotein

interactions in the absence of flavins (Figure 2.6.B). However, the addition of FMN to

AomcA or RF to AmtrC restored E, to ~0.3 eV (Figures 2.21, 2.22 and 2.23). In

contrast, RF to 4omcA or FMN to AmtrC had no such effect, consistent with the specific
binding of RF to OmcA and FMN to MtrC (Huang et al., 2023). These results suggest

that flavins thermodynamically enhance interprotein electron transfer between OMCs.
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Figure 2.21. Representative temperature dependency of /...a versus the gate potential of
AdomcA in the presence of 10 uM FMN (A) and RF (B). Notes: for FMN and RF-
mediated conductions, the baseline subtraction was performed using Origin's Peak
Analyzer tool with the "User Defined" mode. Points within £100 mV of the conduction
peak potential at each temperature were selected to isolate conduction currents
assignable to flavin or heme-mediated pathways. This method minimizes contributions
from freely diffusing flavins or background noise, enabling precise quantification of
bound flavin effects on electron conduction. (C) Representative Arrhenius-style plots of

AomcA in the presence of 10 uM RF and FMN.
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Figure 2.22. Representative temperature dependency of /...« versus the gate potential of
AmtrC in the presence of 10 uM FMN (A) and RF (B). Notes: for FMN and RF-
mediated conductions, the baseline subtraction was performed using Origin's Peak
Analyzer tool with the "User Defined" mode. Points within £100 mV of the conduction
peak potential at each temperature were selected to isolate conduction currents
assignable to flavin or heme-mediated pathways. This method minimizes contributions
from freely diffusing flavins or background noise, enabling precise quantification of
bound flavin effects on electron conduction. (C) Representative Arrhenius-style plots of

AmtrC in the presence of 10 uM RF and FMN.

Favorable interprotein interactions (WT with RF and FMN, domcA with FMN, and
AmtrC with RF) demonstrated high reproducibility with minimal standard error in E,
values (Figure 2.23). In contrast, the significant variation observed under other

conditions likely reflects lower interprotein affinities. High-affinity interactions
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contribute to greater stability, whereas low-affinity interactions, such as those mediated
by short linear motifs, are more susceptible to minor changes in environmental
conditions, particularly in diffusion- and collision-dominated systems (Benz et al.,
2020). These results further support that direct electron transfer among OMCs mediates
LDET.
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Figure 2.23. E, and its standard error means (n =3) for l.ons assignable to flavin peaks

with WT and mutant strains, Am#rC and AomcA, in the presence of 10 uM RF and FMN.
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2.3.6  Effect of temperature sweeping on the heme alignment in OMCs
Additionally, we confirmed that the temperature dependency of inter-heme coupling
in OMC:s is negligible using CD spectroscopy. Given that interprotein electron transfer
is the rate-limiting step, the heme oxidation state is expected to be more reduced under
in vivo conditions. Under reductive conditions, the CD ellipticity of S.MR-1 changed by
less than 6% across a temperature range of 36°C to 11°C (Figure 2.24.A). A similar
trend was observed in AomcAll, which represents the background CD signal for OMCs
in the WT (Figures 2.24.B, 2.24.C and 2.24.D). This minimal temperature dependency
in CD signals indicates that heme alignment within OMCs is not a primary determinant
of the temperature dependency of I.ons. These findings suggest that inter-heme electron
coupling has a negligible impact on FE,, further supporting the conclusion that
interprotein interactions between OMCs on the cell surface dominate biofilm electron

conduction.
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Figure 2.24. (A) CD spectra of S. MR-1 measured under reductive condition. The CD
spectra from AomcAIll on the cell surface under (B) oxidative and (C) reductive
conditions. (D) The ellipticity from AomcAll on the cell surface under oxidative and

reductive conditions across temperature variations.

2.4 Discussion
While LDET through biofilms has been extensively studied at both microbial
population and molecular levels, identifying the rate-limiting step has remained a

significant challenge (Okamoto et al., 2012; Yates et al., 2015; Xu et al., 2018). Because
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the molecular structures of electron-mediating proteins have been resolved, most studies
have focused on intraprotein electron transfer processes, often overlooking the critical
role of interprotein electron transfer. In this study, we employed consistent growth
conditions and preparation protocols for both wild-type and mutant strains and obtained
highly reproducible electrochemical data. These results indicate that the observed
differences in l.ons and E, arise from intrinsic variations in protein-mediated electron
transfer, rather than from differences in extracellular matrix components (e.g., eDNA,
protein composition) or indirect conduction pathways. To isolate the contribution of
interprotein electron transfer within S. MR-1 biofilms, we minimized the influence of
indirect EET pathways by thoroughly washing cells before measurement, thereby
reducing flavin-mediated background currents. While other components, such as eDNA
or redox-active non-cytochrome proteins may be present, the pronounced decrease in
conductivity observed in AmtrC, AomcA, and domcAIl mutants strongly supports that
OMC:s are essential for long-range conduction. Additionally, cholesterol treatment, used
to reduce membrane fluidity, further impaired conductivity, underscoring the
importance of lateral protein diffusion and cytochrome-cytochrome interactions in
facilitating electron transfer.

Although other outer-membrane cytochromes and porin-cytochrome complexes have
been proposed to participate in EET, our data support that MtrC and OmcA are the
primary contributors under our experimental conditions. The domcAI/l mutant exhibited
disordered and non-temperature-responsive conductive behavior (Figure 2.4),
preventing reliable E, extraction and indicating a breakdown of thermally activated
electron conduction in the absence of outer-membrane cytochromes. Additionally, the
expression level of MtrDEF is minimal in the wild type (Figure 2.1) (Barchinger et al.,
2016), and its deletion does not affect conduction (Myers et al., 2002), unlike the
complete current loss observed in mtrA knockouts (Long et al., 2021). Together, these
findings confirm that the MtrCAB-OmcA pathway dominates interprotein electron
transfer in S. MR-1 biofilms.

We provide the first direct evidence that the diffusion and collision of OMCs on the
outer membrane mediate electron transfer through a rate-limiting interprotein
interaction in biofilms, by genetically deleting OMCs and modulating membrane

fluidity. Furthermore, hemes 2 and 7 serve as key interfaces for interprotein electron
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transfer among OMCs (Figures 2.1.A and 2.23). This finding aligns with the crystal
structure of the MtrCAB complex, where heme 10 receives electrons from MtrA
(Edwards et al., 2020).

Additionally, lateral electron transfer pathways involving hemes 2 and 7 have been
demonstrated in gene-engineered E. coli, where enhanced inter-heme coupling at these
sites significantly improved lateral electron conduction (Long et al., 2023). These
insights provide a stronger foundation for understanding the cross-dagger structure of
deca-heme cytochromes, which appear to be evolutionarily optimized for both lateral
and vertical electron transfer against the outer membrane, facilitating biofilm
development on electron acceptor surfaces.

The present study also demonstrates that the affinity between OmcA and MtrC
facilitates LDET in biofilms, providing insight into mechanisms that regulate electron
transfer pathways and kinetics on the outer membrane (Figure 2.6). While the diffusion
of OMCs on the membrane of S. MR-1 has been previously observed using quantum
dot-based imaging techniques (Okamoto et al., 2014), stoichiometric electron hopping
among OMCs has been generally assumed. Our findings suggest that the affinity
between OmcA and MtrC likely originates from structural compatibility near hemes 2
and 7. Given that interprotein interactions often involve conformational changes,
validating and elucidating this interaction will require advanced protein docking
analyses or co-crystallization studies of OmcA and MtrC (Dobbins et al., 2008;
Edwards et al., 2020; Tsuchiya et al., 2022). This novel insight could significantly
advance our understanding of the dynamic alignment of heme groups within the unique
deca-heme cytochrome complexes in vivo (Louro et al., 2001; Okamoto et al., 2012; Gu
et al., 2021).

Flavin binding to OMCs thermodynamically enhances electron exchange and
increases the interprotein affinity between clonal protein pairs, such as OmcA and MtrC,
interactions that are otherwise less favorable in the absence of flavins (Figure 2.23). By
increasing interprotein affinity, flavin binding improves the efficiency of electron
exchange via diffusion and collision. In addition to the above-mentioned interest in
interprotein interaction, these findings suggest that the presence of flavins enhances
electron transfer within biofilms both qualitatively and quantitatively, underscoring the

importance of optimizing protein interfaces. Given the natural accumulation of secreted
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flavins, such as RF and FMN (Edel et al., 2021), within S. MR-1 biofilms, the organism
appears to utilize a low-barrier, high-stability electron conduction mechanism for
biofilm maturation. Spectroscopy in the Soret region further confirmed that neither
flavin binding nor cholesterol altered inter-heme excitonic coupling, validating that
changes in E, arise from dynamic protein interactions rather than structural
perturbations.

These findings open new avenues for leveraging synthetic biology to integrate flavin
biosynthetic pathways, enabling the creation of highly conductive biofilms for
biocatalysis. Furthermore, targeted genetic modifications to MtrC or OmcA, coupled
with the identification of more effective bound cofactors than flavins, could further
enhance electron transfer rates in biofilm systems by optimizing interprotein electron
transfer (Edwards et al., 2015; Tokunou et al., 2019). The significance of protein
interfaces in mediating efficient electron transfer is also evident in other LDET systems,
such as the protein nanowires in G. sulfurreducens. species (Okamoto et al., 2012),
suggesting a potentially universal mechanism for LDET kinetics in biofilms.

In conclusion, while significant progress has been made in elucidating the roles of
MtrC and OmcA in EET, our study challenges the long-standing assumption that
intraprotein electron transfer within OMC:s is the rate-limiting step for biofilm electron
conduction. Instead, we identified key heme centers facilitating dominant inter-OMC
electron transfer pathways, providing a new perspective on the mechanisms governing
biofilm conductivity. These findings enhance our understanding of biofilm electron
conduction and pave the way for engineering highly conductive biofilms through
targeted protein interface modifications. Such advancements hold great promise for the
development of next-generation bioelectric devices, including organic electronic

transistors, poised to drive future innovations.
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Chapter 3. Outer membrane vesicles facilitate biofilm
development by enhancing electron conduction in

Porphyromonas gingivalis biofilm
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3.1 Introduction

The formation of bacterial aggregates provides significant survival advantages (Hall-
Stoodley et al., 2004), such as the concentration of substrates and enhanced resistance to
antimicrobial agents (Flemming et al., 2002; Stewart et al., 2008; Poole et al., 2012). To
achieve these survival benefits, microorganisms actively produce adhesive factors,
including polymers and membrane vesicles (MVs), to facilitate aggregation and biofilm
formation (Schooling et al., 2006; Wang et al., 2015). However, in oral biofilm
environments, pathogenic bacteria are known to experience accumulated reductive
stress (Marquis et al., 1995; Steeves et al., 2011; Kesarwala et al., 2016; Dzunkova et
al., 2018), which can shift the redox balance of substrates like NADH, thereby impeding
metabolic activity. Paradoxically, studies using meta-transcriptomic analysis have
shown that obligate anaerobic bacteria residing within biofilms often maintain high
metabolic activity (Walters et al., 2003; Stewart et al., 2008).

Understanding how bacteria sustain metabolic activity within biofilms has been a
long-standing focus, especially in medical fields where biofilm control is crucial.
Recently, extracellular electron transfer (EET) has emerged as a potential strategy
microorganisms use to address this fundamental challenge (Gray et al., 2005; Shi et al.,
2016; Glasser et al., 2017). By expelling reductive power to the oxidative environment
outside the biofilm, certain bacteria can maintain metabolic activity; for instance, they
may utilize conductive protein nanowires (Reguera et al., 2005) or small molecules
(Okamoto et al., 2014; Light et al., 2018), like phenazines, to make long-distance
extracellular electron (LDET), thereby alleviating intracellular reductive stress
(Saunders et al., 2020).

Environmental bacteria have been observed to form conductive chains of MVs via
membrane-bound redox enzymes, acting as nanowires that facilitate intercellular and
LDET (Okamoto et al., 2012; Schwechheimer et al., 2015; Deng et al., 2018; Naradasu

et al., 2021; Dahl et al., 2022). While this phenomenon has only been documented in
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environmental species, pathogenic bacteria that rely on MVs for biofilm formation
remain unexplored in this context (Begi¢ et al., 2020; Jeong et al., 2024). Given that
MVs promote cell-to-cell adhesion (Camussi et al., 2010; Hasegawa et al., 2015), they
may also serve as a suitable pathway for intercellular electron transfer (Liu et al., 2019;
Yu et al., 2023). If MVs, which are ubiquitous in pathogenic biofilms, facilitate biofilm
activation via inter-enzyme electron transfer, then inhibiting the specific process could
offer a novel biofilm control strategy.

Porphyromonas gingivalis (PG), a keystone pathogen in biofilm-related diseases, is
capable of sustaining metabolic activity through EET (Naradasu et al., 2019 and 2022).
Moreover, PG vesicles are not simply by-products of cell lysis but are actively produced
through membrane blebbing (Naradasu et al., 2021). This study aims to elucidate the
role of these proactively produced MVs in biofilm electron conduction and to explore
the possibility of biofilm control by targeting this process. Using an interdigitated
electrode (IDE) with 10 pm gap, we will measure biofilm electron conduction and the
impact of OMVs addition, identify key proteins within the vesicles, and investigate
biofilm formation on calcium discs. By revisiting the connection between M Vs, biofilm
formation, and metabolic activity, this study will open potential avenues for biofilm

management.
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3.2 Methods

3.2.1 The microbe culture conditions

PG grew anaerobically in 20 mL Gifu Anaerobic Medium (GAM) for 48 hours at
37 °C. To maintain microbial circumstances anaerobically, GAM was purged with CO»:
N2 (20:80 v/v) mixed gas for 30 min before cell cultivation. Cell suspensions were
centrifuged at 7500 rpm and 4°C for 5 min, then cells were washed two times with a
defined medium (DM) under the same centrifugal conditions, resulting in an ODgoo of
0.5. The components of DM (per liter) are NaHCO3 2.5 g, CaCl>-2H>0 0.08 g, NH4Cl
1.0 g, MgCl>-6H20 0.2 g, NaCl 10 g, HEPES 7.2 g and yeast extract 0.5 g.
3.2.2  Outer membrane vesicles (OMYVs) preparation and quantification

PG solution was cultured using the method previously described. Cell suspensions
were centrifuged at 7800 rpm and 4°C for 10 min, then the cell supernatants were
filtered through a 0.22 um filter to remove cell debris. The filtrates were
ultracentrifuged at 210,000 x g and 4°C for 2 h. After the ultracentrifugation, the
supernatants gradually drained away, and the inner surface of the tube was softly
cleansed using 1xphosphate-buffered saline (1xPBS). Subsequently, the aggregated
pellets adhered to the tube were collected using 1xPBS through pipetting, resulting in
OMVs solutions, and stored at 4°C until further use. OMVs solutions underwent a
fourfold dilution, following which the dimensions and concentration of the
nanoparticles were quantified utilizing the nanoparticle flow cytometry (Nano Analyzer,
NanoFCM Co. Ltd.).
3.2.3 Transmission electron microscopy

OMVs samples were placed onto formvar-coated copper grids and negatively stained
with 2% phosphotungstate acid solution (pH = 7.0) for 60 sec. The grids were analyzed
and visualized using a JEM-1400 microscope (JEOL Ltd.) operated at an acceleration

voltage of 100 kV and imaged by an EM-14830RUBY2 CCD camera (JEOL Ltd.).
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3.2.4 Integrated detection of OMYVs redox activity and protein identification
using TMBZ staining, SDS-PAGE, and LC-MS

To assess the redox activity of OMVs, a combination of TMBZ staining, SDS-PAGE
and LC-MS were utilized. For redox protein detection, 10 uL of OMVs solution was
first denatured by boiling with 10 pL of 2xSDS sample buffer at 95°C for 10 minutes.
Additionally, 15 uL of OMVs solution was mixed with 5 pL of 4xheme buffer for redox
protein detection. Samples (10 puL) were then mixed with 2 pL of PageRuler™ Plus
Prestained Protein Ladder, loaded into polyacrylamide gel wells, and electrophoresis
was performed at 120 V for 100 minutes. The gel was stained with freshly prepared
TMBZ solution (0.6% TMBZ in 0.25 M sodium acetate buffer, pH 5.0) for 30 minutes,
followed by the addition of 0.2% H:0.. Redox proteins catalyzed TMB oxidation,
forming blue bands. The reaction was stopped after 10-15 minutes with distilled water,
and the absorbance at 595 nm was measured to quantify redox activity. The gel was
subsequently analyzed for protein presence.

For further identification of redox proteins, digested peptides from OMVs were
analyzed using nano-liquid chromatography coupled with tandem mass spectrometry
(LC-MS) on a Q-exactive mass spectrometer. Peptide separation was achieved using a
C18 analytical column with a linear gradient of 0-35% bufter B (100% acetonitrile and
0.1% formic acid) at a flow rate of 300 nL/min for 10 minutes. MS and MS/MS spectra
were acquired in a data-dependent TOP10 method, and the resulting MS/MS data were
searched against an in-house PG database using the MASCOT server (v2.5), with
peptide mass tolerance of +15 ppm, fragment mass tolerance of +20 mmu, up to three
missed cleavages, and ESI-TRAP as the instrument type.

Additionally, Functional analysis of all identified potential redox proteins detected

from the UniProt database (https://www.uniprot.org/).
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3.2.5 Electrochemical and thermal activation energy (E,) measurements in an
interdigitated electrode (IDE) system

These were conducted using an IDE configuration with both source and drain
electrodes separated by 10 um gaps in a single-chamber bioreactor. Platinum wire
served as the counter electrode, while Ag/AgCl (saturated with 3M KCl) was utilized as
the reference electrode. The bioreactor contained 4.5 mL DM, adding 0.5 mL of 100
mM histidine and was sparged with N> gas for 30 minutes to exhaust O>. The Iconqin the
IDE array was determined by computing the difference between the source (Es) currents
and drain (Ep) currents under a voltage difference condition (Esp = Ep - Es = 0.02 V),
within the electrochemical measurements at the stable current scanning rate of 1 mV-s™..
The range of potential voltage scanning was from - 0.48 V to 0.5 V and - 0.50 V to 0.48
V, respectively. The /...« was calculated by the following equation (E1): (17)

Leona = (Idrain - Isouree) /2 (1)
Lirain and Lsource were expressed by the current profile of CV, subtracting Lyource from Lirain

under a voltage difference condition.

Thermal activation energy was determined by measuring the temperature dependence
of Icona. The lcona was tested for the efficacy of six dependent temperatures: 37, 32, 27,
22, 17 and 12 °C in the water bath, respectively. Between CV tests under different
temperature conditions, conducting a water bath for approximately fifteen minutes was
necessary to ensure the stability of the required solution temperature within the
bioreactor. The activation energy was calculated with the classical equation (E2):

In (Leona) = A — 1000/T*(E4/1000k) (2)

where A was a temperature-independent factor, T was the Kelvin temperature (K) and k
was the Boltzmann constant.

3.2.6  Citrullination assay

Citrullination assay is based on a homocitrulline/Citrulline Assay Kit (ab242292;
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Abcam plc.) for citrullination analysis. First, samples are prepared according to the kit's
instructions, followed by the addition of reagent A and reagent B. These reagents allow
citrulline or homocitrulline in the samples to react with the chromogenic reagent,
forming a blue-green product. The reaction mixture is incubated at 37°C for 1 hour, and
absorbance is measured using a colorimetric method at a wavelength of 540 nm. To
ensure accuracy, a standard curve is generated using known concentrations of citrulline
standards. The absorbance of the samples is compared to the standard curve to calculate
the concentration of citrulline. This assay is used to evaluate the citrullination levels of
specific proteins, aiming to explore their potential role in cellular signal transduction
and biofilm electrical conduction.

3.2.7 Colony Forming Units (CFUs) measurement after IDE assay

1xPBS was used for diluting cell cultures before plating for colony-forming units

(CFUs) measurement. Dilutions spanning 6-7 orders of magnitude were plated on BHI
agar using 5 pL spots and incubated at 37°C overnight in an anaerobic culture tank.
Colonies were counted with dilution spots containing at least 10 colonies. Then samples
for CFU counting were diluted anaerobically in Brain Heart Infusion (BHI) agar plates
supplemented with 0.5 mL sterile sheep blood. The plates were incubated at 37°C
anoxically for more than 3 days and then counted.
3.2.8 Biofilm formation assay

The calcium discs, as human teeth, were soaked in 1xPBS for 2 hours, then replaced
the GAM culture medium with cell or OMVs suspension and incubated for 24 hours to
simulate bacterial attachment to human teeth. The calcium discs are gently washed
twice with 1xPBS, added 0.1% crystal violet staining solution, and incubated at 4°C for
1 hours. After that, the stained cells were eluted from the calcium discs using ethanol
and acetone (4:1). The biofilm formation on the discs was determined by the absorbance

at 590 nm.
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3.2.9 Scanning electron microscopy

The calcium discs were removed from the cell suspension and washed twice with
I1xPBS, treated with 2.5% glutaraldehyde for 2 hours at 4°C. Following this, the
calcium discs were washed three times with double-distilled water. The washed samples
were dehydrated using a series of ethanol gradients (25%, 50%, 75%, and 100%) in the
same buffer, followed by two exchanges with t-butanol. The samples were then freeze-
dried under vacuum. The dried samples were coated with evaporated platinum and

observed using a Keyence VE-9800 microscope.
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3.3 Results

3.3.1 Biofilm electron conduction generation within Porphyromonas gingivalis
(PG) biofilm

We first established the electrochemical system for measuring electron conduction in

PG biofilms. In a single-chamber, four-electrode system equipped with interdigitated

ITO electrodes (Xu et al., 2018) with a 10 um gap to study electron conduction (Figure

3.1.A), l.ona between Es and Ep electrodes was monitored using a potentiostat, upon the

incubation of biofilm for 24 h of incubation at + 0.2 V vs SHE (Figure 1A).

A

Figure 3.1. Schematic illustration of the electrochemical system for measuring
electrical conduction in Porphyromonas gingivalis (PG) biofilm. (A) Diagram of the
experimental setup; (B) Top view of the interdigitated ITO electrode (IDE) array.
Yellow regions indicate conductive electrodes, with the left side labeled as the source
and the right as the drain. The interdigitated fingers between them enable high-
resolution measurement of lateral electron transfer through the biofilm formed by PG

cells connecting the two electrodes.

Fluorescence microscopy showed a monolayer biofilm formation on the electrode,
bridging the Ep and Es (Figure 3.2.A). Scanning electron microscopy (SEM) showed
that abundant nano-sized particles, MVs, were attaching and connecting PG cells in the

biofilm incubated on the electrode (Figure 3.2.B(a)).

87



Gap
Electrode
Gap .

Figure 3.2. Microscopic characterization of PG biofilm formation on interdigitated
electrodes (IDE). A (a) Bright-field image showing PG cells distributed along IDE. The
labeled electrode and gap regions demonstrate the spatial configuration for biofilm
formation and subsequent electron transport measurements. Scale bar: 26.6 pum. A (b)
Fluorescence microscopy image of PG cells stained with FM4-64FX, a membrane-
selective dye, highlighting the outer membrane structures. The red fluorescence signal
confirms widespread cell attachment and biofilm development across the electrode
surface. (C). Scanning electron microscopy (SEM) image showing high-resolution
morphology of PG cells adhered to the electrode surface before (a) and after (b)

changing fresh electrolyte. Scale bar: 0.5 pm. Yellow regions indicate MVs.
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We then performed double-electrode measurements using voltammetry, applying a
20-millivolt potential difference (Ep - Es = 0.02 V) to drive electron movement from the
source to the drain electrode. As illustrated in Figure 3.1, the oxidation peak for the gate
potential (Ec = [Es + Ep] / 2) was observed at approximately 0 V (vs. Ag/AgCl) in the
I.ona measurements, with a conduction current of 4.23 + 0.14 nA (Figure 3.3.A), which
is a similar extent of current observed in S. MR-1, model environmental electrogenic
bacteria (Xu et al., 2018). We next examined the contribution of soluble substrate and
membrane-bound enzyme to the Icons. We first preincubate the PG cells with 100 mg/L
of cholesterol to increase membrane rigidity by embedding cholesterol between the
phospholipids before the electrochemical incubation. Upon twenty-four hours of
electrochemical incubation, /...« reduced to 0.91 + 0.35 nA (Figures 3.3.B and 3.3.D).
In contrast, before and after replacing the supernatant solution to fresh electrolyte, I.ona
did not show a significant difference (Figures 3.3.C and 3.3.D). We observed abundant
nano-sized particles that remained in the biofilm after washing (Figure 3.2.B(b)). These
results indicate that the electron carrier is not a soluble small molecule but a membrane-

associated redox enzyme.
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Figure 3.3. The representative PG (A), PG w/ fresh electrolyte (B) and PG w/ 100
mg/L cholesterol (C) Biofilm conduction current (/.onq) versus the gate potential under
each temperature, calculated by subtracting the source from the drain current in the
absence of an electron donor (offset voltage = 20 mV, scan rate and v =1 mV-s™). The
same tendency was observed in three independent assays. (D) /.ons comparison for PG
(black), PG with fresh electrolyte (red), and PG with 100 mg/L cholesterol (blue). Data
in panel D are presented as means =+ s.d. (n = 3). n.s., not significant, and ***, p < 0.001

(n=23).
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This insight was further supported by E, for the electron conduction through the PG
biofilm. Lowering the reactor temperature from 37°C to 17°C revealed a linear
correlation between In (Z.ons) and 1000/T for the untreated PG biofilms, PG w/ fresh
electrolyte and cholesterol-treated biofilm (Figure 2.4.A), which inhibits membrane
fluidity (Eaton et al., 1981). Based on previous studies (Equation 2) (Xu et al., 2018),
we used the Arrhenius equation to estimate the higher energy barrier, calculating a semi-
empirical thermal E, of 0.47 = 0.08 eV and 0.44 £ 0.07 eV for the untreated PG biofilms
and the washed biofilm than 0.79 £ 0.04 eV for the cholesterol-treated biofilm (Figure
2.4.B). These results highlight the critical role of membrane-bound enzymes in PG
biofilms for /..ns, suggesting that a low-energy barrier pathway exists when membrane
fluidity is not suppressed by cholesterol. These results are aligned with our hypothesis

that MVs mediate electron conduction through the biofilm.
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Figure 3.4. (A) Representative Arrhenius-style plots of PG, PG w/ fresh electrolyte and
PG w/ 100 mg/L cholesterol. (B) The semi-empirical thermal activation energy (E,) of
PG, PG w/ fresh electrolyte and PG w/ 100 mg/L cholesterol. Data in panel B is

presented as means + s.d. (n = 3). n.s., not significant and **, p < 0.01 (n = 3).
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3.3.2 PG biofilms electron conduction enhancement via OMVs

Next, to examine the contribution of OMVs for LDET in PG biofilms, we added
OMVs isolated from culture medium to evaluate the Zcons of PG biofilm. OMVs were
isolated using ultracentrifugation (Figure 3.5.A), and further purification was not
performed. Transmission electron microscopy (TEM) confirmed that the isolated OMVs
fraction has negligible cell debris (Figure 3.5.B). Upon staining the lipid with DID
staining (1, 1'-Dioctadecyl-3,3,3',3"-Tetramethylindodicarbocyanine  Perchlorate)
(Blachutzik et al., 2012; Lai et al., 2013), the particle size and concentration of the
OMVs were characterized using nanoflow cytometry (nanoFCM) (Han et al., 2023; Li
et al., 2025). The size of OMVs primarily ranged between 50 and 180 nm, consistent
with previous studies(Gui et al., 2016), with a concentration of approximately 2.46 x

10'? particles/mL (Figure 3.5.C).
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Figure 3.5. Isolation and characterization of OMVs from PG culture. (A) Schematic

diagram of OMVs isolation from PG cultures using ultracentrifugation. (B)
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Transmission electron microscopy image for isolated OMVs (scale bar = 0.1 um). (C)
Nanoflow cytometry analysis of lipid-stained OMVs.

We mixed 0.5 mL of OMVs and PG cells with a final ODsoo of 0.5, where the cell
versus MVs ratio is 1:100. Electrochemically incubated at + 0.2 V for twenty-four hours.
The increased concentration of OMVs in the PG biofilms resulted in a notable
enhancement of /cons (Figure 3.6.A), generating currents exceeding 15 nA compared to
native PG biofilms (Figure 3.6.B), associated with a ten-fold increase in the colony-
forming unit from biofilm on the electrode (Figure 3.6.C). While the more viable cell
accumulation is explainable as OMVs enhance intercellular attachment, the /l.ona
increase clearly suggests the electron conduction enhancement rather than facilitating

the cellular attachment.
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Figure 3.6. (A) The representative PG w/ OMVs for Iconq versus the gate potential under
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each temperature, calculated by subtracting the source from the drain current without an
electron donor (offset voltage = 20 mV, scan rate and v =1 mV s!). The same tendency
was observed in three independent assays. (B) lcons comparison for PG (black) and PG
w/ OMVs (red). Data in panel B are presented as means = s.d. (n = 3). *** p <0.001 (n
= 3). (C) Cell survival for PG and PG w/ OMVs by measuring the colony-forming units
(CFUs) from the biofilm on the electrode. Data in panel C are presented as means =+ s.d.

(n=3). *** p<0.001 (n=23).

Furthermore, E, of PG biofilms significantly decreased by 0.15 eV upon incubation
with OMVs, as shown in Figure 3.7.A and 3.7.B, indicating that OMVs provided an

alternative electron pathway (Figure 3.7.C).
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Figure 3.7. (A) Representative Arrhenius-style plots of PG and PG w/ OMVs. (B) The
semi-empirical thermal E, of PG and PG w/ OMVs. Data in panel B is presented as
means + s.d. (n = 3). *, p <0.05 (n = 3). (C) Schematic illustration of OMV-mediated

enhancement of PG biofilm electron pathway.
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3.3.3 Peptidylarginine deiminase (PPAD) enzyme in OMVs mediates PG biofilm
electron conduction

To identify key factors involved in biofilm electron conduction, particularly in OMVs,
we conducted a series of assays. The TMBZ-H:0: catalytic assay (Vargas et al., 1993)
showed an absorbance of 0.23 at 450 nm, comparable to that of 1 pM cytochrome
(Figure 3.8.A), suggesting the presence of significant redox-active cargo within OMVs.
SDS-PAGE with TMBZ staining revealed a protein band at 27 kDa (Figure 3.8.B),
indicating a potential redox-active candidate (Thomas et al., 1976; Miller et al., 1984).
Subsequent LC-MS analysis identified the protein (Figure 3.8.C), and UniProt database
analysis ("UniProt: the universal protein knowledgebase," 2017) (Table 3.1) indicated
that Flavin mononucleotide (FMN) was a cofactor for PPAD, suggesting it may impart
redox properties to PPAD, as FMN is a known redox cofactor (Lin et al., 2015) capable
of reacting with oxidants (e.g., H202) in semiquinone or reduced states. No redox-active

function was predicted for the other proteins analyzed.
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Figure 3.8. Identification of redox-active proteins in OMVs from PG biofilms. (A)
TMBZ-H:0: oxidation assay indicates the presence of redox-active substances in
OMVs. (B) SDS-PAGE analysis with TMBZ staining (left) and Coomassie blue staining
(right) of OMYV proteins. (C) LC-MS proteomic analysis of the TMBZ-stained gel band

from OMV-associated proteins. n = 5.
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Table 3.1. Predicted functions of potential redox proteins based on UniProt database

analysis.

aouesisal
Neigauy ssadsoud [eaibojolg |

Buipuig-wiu!
Buipuig-yNy ‘g

uyo4d jewosogiy 7~
ui@joidoajanuoary 1|
uopaung

uonisod g

3y ul 014 Ag paieanaeu; st Ing ‘uonisod |d 8yl Ul 0id Joj
awainbal e sey suielosd JO SNUILLIZ) OUIWE 33.) 3yl
wouy sapndadu) seseajay eseulalold aulas (uonaund

suja1oid PapoJsiw o uonepeIGap auy) Ul 3101 Jofew e sheld
“Ruanze ay-uisdAnowhyo e sey sisAjoupfy 41y sainbas nungns anfjoajoud
e ssao0ud & ul suiioid snouea u sapndad saneal) aseajoud dy) juapuadap-d 1y
“uofound

a NIWAZ ‘O] 21s Buipuig Jojoe 00 | Sey uielold aseulwiap aubie)Apndad (¥

AWO 40 SKW-O1

funnoe uuod 'z {Guipuig apueyaoesAlod’] TUOHIUNS JEINJ3I0K
or r__muncn_ aueIquIal
B|-ydwo

BuipuIg-Telal ‘g 1wnigjed 1 :pueb —

asealoud oL 7 '@seaoid] uonaung

Auanoe upedz !Buipuig apueyaoesAiod | (UoRIUNS JBINIS0)] -

avdwo

avN :puebi
®
+PHN + HOWYN + +H + T = +QVN + @jeweinb-1 + OZH

| 150y Aqg snua JO sisolfaopua
(" juspuadapui-uljoanea pue -upyie)D) ssaooid [eabojolg

— uunnjBbeway JeNa3o.)

BoUBINIIA, 553001

uoneysi@ asuodsal
aAsuasIadAy enbojoig

aseajond
101y] “Z '@sealoid | “uonouny

35EI0IPAH 1RINJBI0L

Buipuig
odiy uigjoud aucsedey) uieoud papjojun "¢ 'aucsadeyd buipoy ueiosd
Wwapuadap-dly 'z BUIpuIg d1v | “uonaung

871 walead |ewosoqu 505 uiEoud Pwosoqy

) 1ewen|6- + ajeanskdAxooydsoy
=g = auuas-T-oydsoyd-Q + aemniboxo-g
auuoaiixoipiyoydsoyd o)
aeol k Yasoud-4 Z-Ax0IphAu-g Jo
puge aul Lasold o aj AdAxoipfiyoydsoy

-£ J0 UDISIAAUDD B|qISIanal ay) sazAleIe)

~ Buipuig-je1a g ueir| puebn

- BSRIONPAIOPIXD JRINIBN0}

¥Zuz
@5 Buipuiq J03122400 | sey uialolg

97



To examine the role of PPAD, we first performed /...« measurement upon the addition
FMN to the reactor with biofilm electrochemically incubated for 1 hour. Increasing the
added FMN concentration with an hour interval, the /.,ns increased with added FMN
concentration, and twice higher current was observed at 10 uM FMN (Figure 3.9A).
This effect of FMN was not a transcriptional factor by the presence of FMN, because
addition of 10 uM FMN immediately increased to a similar extent of /.ons enhancement
and significantly decreased E, (Figure 3.9). In contrast, when we used riboflavin (RF),
a similar redox cofactor but with a different structure (Pinto et al., 2016; Wakchaure et
al., 2020), we did not see the /...« enhancement (Figure 3.9.B). These data suggest that
the electron transfer reaction mediated by FMN limits the /.ona, supporting that PPAD is

mediating electron transfer, and the cofactor is a limiting factor.
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Figure 3.9. (A) lcona changes in PG and PG w/ OMVs upon increasing Flavin
mononucleotide (FMN) concentrations. (B) Comparison of I...q between PG (black),
PG w/ 10 uM Riboflavin (RF) (red) and PG w/ 10 uM FMN (blue). Data in panel B is

presented as means + s.d. (n = 3). n.s., not significant; *** p <0.001 (n = 3).
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3.3.4 Flavin mononucleotide as the cofactor of PPAD enzyme in OMVs mediates
PG biofilm electron conduction

To further elucidate the idea, we further examined the impact of FMN addition with
the PPAD gene deletion mutant (APPAD). APPAD is known to form less biofilm
(Karkowska et al., 2018). We also observed a decrease in Icons compared with wild type
(WT) biofilm in our electrode system (Figure 3.10.A). The presence of 10 uM FMN
resulted in a significant but only 20-30% increase for Icons (Figure 3.10.A) and
increased E, (Figure 3.10.B) in APPAD, indicating that FMN does not have a positive
effect on the electron transport process in APPAD. These results strongly suggest that
PPAD mediates lcona via FMN cofactor in PG biofilms. This highlights PPAD as

essential for facilitating LDET in PG biofilms.
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Figure 3.10. (A) lcona comparison for PG and APPAD with and without 10 pM FMN
addition. (B) The semi-empirical thermal £, of PG and APPAD with and without 10 uM
FMN addition. Data in panels A and B are presented as means + s.d. (n = 3). *, p <0.05
(n=3), *** p<0.001 (n=23).

To examine the contribution of PPAD on the OMV, we performed /...« measurement
with OMYV isolated from the APPAD culture. When WT was incubated with OMVs for
24 hours, Icona decreased threefold with APPAD OMVs compared with WT w/ OMVs
(Figure 3.11.A). A similar significant decrease was observed in the presence of WT w/
OMVs treated with Cl-amidine (Figure 3.11.A), a PPAD inhibitor (Chumanevich et al.,

2011; Uysal-Onganer et al., 2021), strongly suggesting the role of OMVs in mediating
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LDET via membrane-bound PPAD. Consistently, after incubating WT w/ OMVs with
FMN, the /cons showed a further increase compared with WT biofilm with native OMV's
(Figure 3.11.A). In contrast, Iconas decreased with APPAD OMVs with FMN incubation
(Figure 3.11.A), indicating that the concentration of active electron carrier on the
OMVs is critical for the /.o.a. An alternative electron pathway is suggested because the
deletion of PPAD does not diminish the /.ons. By Temperature-dependent conduction
analyses, we estimated the E, of PG biofilms in various conditions (Figure 3.11.B).
When biofilm is treated with FMN, E, decreased twofold, as biofilm is co-incubated

with WT w/ OMVs treated with FMN.
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Figure 3.11. (A) Comparison of Icons in PG biofilms supplemented with OMVs, APPAD
OMVs, or OMVs treated with 100 uM Cl-amidine, with or without the addition of 10
uM FMN. (B) Semi-empirical thermal E, of the corresponding groups shown in (A).
Data in panels A and B are presented as means = s.d. (n = 3). n.s., not significant; *** p

<0.001 (n=3).

Meanwhile, we also quantified the PPAD enzyme content in OMVs, which
corresponded to approximately 150 uM citrulline, indicating a substantial secretion of
PPAD via OMVs (Figure 3.12). This value was higher than PG, suggesting that PPAD
is enriched on the OMVs. These results indicate the critical role of OMVs in enhancing
the biofilm activity and virulence factor. The importance of PPAD on the OMVs is

consistent with the predominant localization of PPAD on OMVs in the natural oral
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environment (Gabarrini et al., 2018; Vermilyea et al., 2021).
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Figure 3.12. Comparison of PPAD activity in PG biofilm among PG with OMVs, PG
with APPAD OMVs, PG alone, APPAD alone, and 1xPBS control.
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3.3.5 Electroactive OMVs enhance PG biofilm formation

To further explore the vital role of OMVs for biofilm formation, PG suspensions
were applied to calcium discs soaked in saline solution, simulating a dental environment
conducive to biofilm development (Figure 3.13) (Jaffar et al., 2016). Calcium disc
surfaces (Figure 3.13) confirmed biofilm formation on the discs after 24 hours of
incubation. As shown in Figure 3.14, showed that three times more absorption in wild-
type PG than APPAD, suggesting that biofilm formation on the hydroxyapatite disk
would require LDET more than the IDE system. The presence of FMN enhanced
biofilm formation further in the WT. Furthermore, the presence of 100 mg/L cholesterol
suppressed the biofilm formation as with 4PPAD. This large suppression of biofilm
formation is aligned with the factors lowering Iconq, indicating the significance of

electron conduction in biofilm formation.
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Figure 3.13. Schematic illustration of PG biofilm formation on saliva-coated

hydroxyapatite disks.
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Figure 3.14. Quantification of PG biofilm formation on saliva-coated hydroxyapatite
disks using 0.1% crystal violet staining. Data is presented as means + s.d. (n=3). *,p <

0.05.

We next confirmed the role of OMVs in the PG biofilm formation on the
hydroxyapatite disk. The presence of OMVs enhanced biofilm formation, and the
addition of FMN further increased biofilm formation (Figure 3.15). In contrast, the
addition of OMVs from the mutant strain or those treated with Cl-amidine showed the
biofilm formation enhancement by neither OMVs nor FMN addition (Figure 3.15).
These results indicate that electron transfer via PPAD on the OMVs plays a critical role

in PG biofilm formation. This highlights the role of OMVs mediating LDET in PG
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biofilm, demonstrating that OMVs are integral to biofilm physiology. Targeting OMVs-

facilitated LDET offers a promising therapeutic approach for managing oral pathogens.

PG PG w/ OMVs
Blank (1xPBS) PGw/OMVs  w/ A PPAD OMVs w/ 100 M Cl-amidine

Biofilm formation on HA disk

Biofilm elution

4.0 -
ek [ wi/o 10 uyM FMN
1 w/ 10 uyM FMN
3.54 o
3.0 -

Crystal violet staining (590 nm)

piiiin

N & ) \
0"9 o§\ o‘g\ o'@ @
S o
¥ & 9 S O
& Y N
Q &L \'d L N
o° $
Q R
&

Figure 3.15. Quantification of PG biofilm formation on saliva-coated hydroxyapatite
disks using 0.1% crystal violet staining. Data is presented as means = s.d. (n=3). *,p <

0.05; *** p<0.001.
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3.4 Discussion

This study demonstrates that PPAD, traditionally recognized as a deiminase rather
than a redox enzyme (Abdullah et al., 2013), indirectly contributes to the LDET process
within PG biofilms. This contribution is mediated by FMN as a cofactor and facilitated
by the structural environment provided by OMVs. The findings indicate that PPAD, in
association with FMN, enhances LDET in PG biofilms, which is an unconventional
function for typical deiminases. This study elucidates the mechanisms through which
PPAD participates in LDET and discusses the broader significance of these findings.

FMN is a well-known redox-active molecule that undergoes reversible oxidation and
reduction (Deller et al., 2008; Durchschein et al., 2013; Okamoto et al., 2013). This
study shows that when FMN is associated with PPAD in OMVs, it acts as a cofactor,
enabling PPAD to indirectly participate in electron transfer. The observed enhancement
in biofilm electron conduction with FMN addition suggests that PPAD serves as an
auxiliary platform, stabilizing the redox state of FMN and facilitating FMN-mediated
electron transport. This interaction effectively imparts redox functionality to PPAD,
allowing it to contribute to electron flow within the biofilm. Without FMN, PPAD lacks
the intrinsic capacity for redox reactions, indicating that this activity depends entirely on
FMN's presence and interaction with PPAD. Experimental results support this cofactor-
dependent role of PPAD. Comparisons between wild-type PG biofilms and APPAD
mutants, as well as FMN-treated versus untreated conditions, underscore the importance
of FMN-PPAD complexes in maintaining LDET. The addition of FMN significantly
enhances Iconq, particularly in wild-type biofilms, suggesting that FMN amplifies the
role of PPAD in the LDET network. This observation is consistent with previous
research highlighting FMN in electron transfer in S. MR-1 systems (Xu et al., 2018),
although its role as a cofactor for PPAD is a novel finding.

OMVs secreted by PG provide a structural basis (Thoma et al., 2018; Rocha et al.,
2020 and 2021) for LDET by encapsulating PPAD and FMN. These vesicles are rich in
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outer membrane proteins and create a favorable environment for stabilizing redox-active
molecules that would otherwise be unstable in extracellular conditions (Bonnington et
al., 2014). By incorporating PPAD and FMN, OMVs act as conduits for electron
transfer, bridging spatial gaps within the biofilm and enabling more efficient electron
flow. This study demonstrates that OMVs enhance biofilm electron conduction and
reduce E, required for electron conduction, suggesting that OMVs not only shorten
electron diffusion paths but also facilitate LDET thermodynamically within the biofilm
matrix. The structural role of OMVs is further evidenced by experiments showing a
marked decrease in Icons upon inhibition of Cl-amidine or deletion of the PPAD gene.
This decrease suggests that the OMV-associated PPAD-FMN complex is a critical
component of the biofilm electron conduction network. Additionally, the high
concentration of PPAD in OMVs, as indicated by citrulline quantification, confirms its
abundance and underscores its functional significance. OMVs thus provide a unique
microenvironment that allows PPAD to indirectly support LDET, a function it would not
demonstrate in isolation.

While PPAD's primary enzymatic function involves deimination, its association with
FMN in OMVs reveals an additional, non-canonical redox role (Rosen et al., 2020;
Weusthuis et al., 2020). This study shows that the FMN-PPAD complex exhibits redox
activity, facilitating LDET within the PG biofilm. Although PPAD lacks intrinsic redox-
active centers typical of redox enzymes, binding with FMN appears to enable pseudo-
redox behavior, wherein PPAD stabilizes FMN's redox transitions without directly
participating in electron exchange. This non-canonical redox role of PPAD can be
described as surface-mediated electron transfer (SMET). In this model, PPAD functions
as a passive mediator of electron transfer, while FMN performs the actual redox
reaction. The OMVs' microenvironment supports this process by stabilizing the
interactions between PPAD and FMN, allowing efficient electron transfer across the
biofilm. Such SMET functionality is advantageous in anoxic environments, where PG

typically resides, as it facilitates energy transfer without requiring oxygen as a terminal

106



electron acceptor (Naradasu et al., 2022).

To confirm the role of PPAD in the biofilm LDET process, we utilized various
inhibitory and comparative approaches. Inhibition of PPAD with Cl-amidine and
deletion of the PPAD gene both led to significant reductions in /cons, indicating that
PPAD is integral to the electron transfer of the biofilm network. Moreover, the addition
of cholesterol, which increases membrane rigidity (Eaton et al., 1981), similarly
decreased Iconq, suggesting that membrane fluidity and OMVs dynamics are crucial for
efficient electron flow. These findings underscore that, while PPAD is not a
conventional redox enzyme, its interaction with FMN and encapsulation within OMVss
enable it to mediate biofilm electron conduction. Temperature-dependent conduction
measurements provided further insight into the mechanism by which PPAD contributes
to LDET. Arrhenius analysis revealed a lower £, for /.ons in biofilms containing OMVs
with PPAD, indicating that the FMN-PPAD complex thermodynamically favors LDET.
The reduction in E, reflects increased efficiency of electron flow, further confirming
PPAD's supportive role in LDET.

In conclusion, while PPAD is not a conventional redox enzyme, this study shows that
it can contribute to PG biofilm electron conduction through its interaction with FMN
and association with OMVs. The FMN-PPAD complex enables a pseudo-redox activity
that is crucial for facilitating electron conduction across the biofilm matrix. OMVs
provide both structural and thermodynamic support for this process, enhancing LDET,
promoting anaerobic survival, and increasing antibiotic resistance. Although this study
verifies the atypical redox activity of PPAD, particularly in the formation of a stable
complex between FMN and PPAD in OMVs, is needed to elucidation of the precise
molecular mechanism. Nevertheless, this study reveals a novel, indirect redox role for
PPAD and highlights the importance of OMVs in PG biofilm physiology. By expanding
our understanding of LDET in PG biofilm, this research suggests potential therapeutic
strategies targeting OMVs-mediated electron transfer to manage PG-related infections

and biofilm-associated antibiotic resistance.
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4.1 Introduction

Bacterial biofilms represent one of the most formidable barriers to successful
antimicrobial therapy, contributing significantly to chronic infections, treatment failure,
and relapse (Costerton et al., 1999; Hall-Stoodley et al., 2004; Zhang et al., 2020).
Characterized by multicellular aggregates encased in a self-produced extracellular
polymeric substance (EPS), biofilms enable bacteria to persist in hostile environments,
resist immune clearance, and tolerate a wide range of antibiotics (Flemming et al., 2010;
Singh et al., 2021; Shree et al., 2023). Among the pathogens known for their biofilm-
forming ability, Porphyromonas gingivalis (PG), a Gram-negative, obligate anaerobe,
stands out due to its dual role in localized periodontal disease and systemic pathologies
such as atherosclerosis, Alzheimer’s disease, diabetes, and colorectal cancer
(Kanagasingam et al., 2020; Mei et al., 2020; Sharaf et al., 2022; Rajasekaran et al.,
2024).

Conventional antibiotics, including B-lactams, fluoroquinolones, and macrolides, are
primarily designed to act on metabolically active, planktonic bacterial cells. However,
their effectiveness against sessile populations within biofilms 1is substantially
compromised (Simoes et al., 2011; Lebeaux et al., 2014; Sahli et al., 2022). The
multifactorial nature of biofilm-associated resistance encompasses limited antibiotic
penetration, altered microenvironments (e.g., hypoxia, low pH), efflux pump
upregulation, and the presence of metabolically dormant persister cells (Sadiq et al.,
2017; Benz et al., 2020; Azeem et al., 2025; Mahdizade Ari et al., 2025). Notably, PG
has evolved additional defense strategies through the secretion of outer membrane
vesicles (OMVs), nanoscale lipid bilayer vesicles loaded with virulence factors and
enzymes such as peptidylarginine deiminase (PPAD) (Ma et al., 2021; Zhang et al.,
2021; Wu et al., 2025). OMVs not only serve as delivery vehicles for bioactive
molecules but also contribute to biofilm stability, immune evasion, and interspecies

communication (Caruana et al., 2020; Jeong et al., 2024; Xiu et al., 2024).
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PPAD, a unique bacterial member of the peptidylarginine deiminase family, catalyzes
the post-translational conversion of arginine residues to citrulline in bacterial and host
proteins (Wang et al., 2013; Goulas et al., 2015; Vermilyea, 2019). Its expression has
been strongly linked to periodontal disease severity and is implicated in systemic
autoimmune conditions like rheumatoid arthritis due to the generation of neoepitopes
(Koziel et al., 2014; Gabarrini et al., 2018). Despite these immunopathological
associations, the role of PPAD in modulating biofilm structural integrity and antibiotic
resistance has remained largely unexplored (Aliko et al., 2018; Vermilyea et al., 2019;
Vermilyea et al., 2021).

Parallel to structural and enzymatic defenses, targeting bacterial metabolism,
particularly anaerobic energy production, has emerged as a promising strategy for
disrupting biofilm persistence (Koo et al., 2017; Ahmad et al., 2025). Compounds such
as nitazoxanide and tizoxanide are known to impair microbial ATP synthesis by
disrupting pyruvate: ferredoxin oxidoreductase and oxidative phosphorylation pathways
(Ragsdale et al., 2003; Pankuch et al., 2006). These agents may circumvent traditional
resistance mechanisms by collapsing the proton motive force, thereby sensitizing
biofilms to antibiotic action or directly inducing bacterial death.

In this study, we sought to unravel the interplay between OMVs, PPAD, and
antibiotic tolerance in PG biofilms. Specifically, we investigated (1) the contribution of
OMVs to broad-spectrum antibiotic resistance, (2) the protective role of PPAD in
OMVs-enriched biofilms, and (3) the potential of energy-targeting agents to overcome
these resistance mechanisms. Through a combination of Colony Forming Units (CFUs)
assays, 50% Minimum Inhibitory Concentration (MICso) analysis, and pharmacological
inhibition studies, we delineate the biofilm-specific adaptations that underlie PG

persistence and highlight new avenues for therapeutic intervention.
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4.2 Methods

4.2.1 The microbe culture conditions

PG and its isogenic PPAD-deficient mutant (4PPAD) were employed in this study.
PG and 4PPAD grew anaerobically in 20 mL GAM for 48 hours at 37 °C. To maintain
microbial circumstances anaerobically, GAM was purged with CO2: N2 (20:80 v/v)
mixed gas for 30 min before cell cultivation. Cell suspensions were centrifuged at 7500
rpm and 4°C for 5 min, then cell aggregations were washed two times with
1 xphosphate-buffered saline (1XPBS) under the same centrifugal conditions, resulting
in an ODego of 1.
4.2.2  Outer membrane vesicles (OMVs) preparation and quantification
PG solution was cultured using the method previously described (Naradasu et al., 2021).
Cell suspensions were centrifuged at 7800 rpm and 4°C for 10 min, then the cell
supernatants were filtered through a 0.22 pm filter to remove cell debris. The filtrates
were ultracentrifuged at 210,000 x g and 4°C for 2 h. After the ultracentrifugation, the
supernatants gradually drained away, and the inner surface of the tube was softly
cleansed using 1xPBS. Subsequently, the aggregated pellets adhered to the tube were
collected using 1xPBS through pipetting, resulting in OMV solutions, and stored at 4°C
until further use. OMV's solutions underwent a fourfold dilution, following which the
dimensions and concentration of the nanoparticles were quantified utilizing the
nanoparticle flow cytometry (NanoAnalyzer, NanoFCM Co. Ltd.).
4.2.3 Biofilm formation

To simulate a tooth-like environment for biofilm formation, sterile calcium
phosphate-coated disks were used as substrata. PG cultures were adjusted to ODeoo = 1.0,
and bacterial suspensions were incubated with the disks in 48-well plates under
anaerobic conditions at 37 °C for 24 hours to allow initial biofilm establishment.
4.2.4 Antimicrobial assay based on Colony Forming Units (CFUs) enumeration

After biofilm formation on the disks, the Disks were subsequently transferred to
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I1xXPBS to perform the antibacterial assay. For treatment, biofilm-bearing disks were
incubated with antibiotics (amoxicillin, metronidazole, clindamycin hydrochloride,
nitazoxanide, or tizoxanide) at concentrations ranging from 0 to 256 uM for 6 hours.
Where indicated, Cl-amidine (100 uM) was applied to inhibit PPAD enzymatic activity.
Control groups received an equivalent volume of 1xPBS. Biofilms were maintained
under anaerobic conditions throughout the treatment period (Figure 4.1).

Following treatment, the calcium disks were transferred into sterile 1.5 mL tubes
containing 1 mL of 1xPBS, gently vortexed, and subjected to bath sonication for 10
minutes to disrupt residual aggregates and detach the biofilm. The disks were then
discarded, and the suspensions were centrifuged at 7500 rpm for 5 minutes at room
temperature.

Serial 10-fold dilutions (10° to 107®) were prepared in sterile 96-well plates, and 5 pL.
of each dilution was spot-plated onto anaerobic blood agar plates. The plates consisted
of brain heart infusion (BHI) agar supplemented with 5 pg/mL hemin and 1 pg/mL
menadione and were incubated under a gas mixture of 85% Nz, 10% Ha, and 5% CO-
(Karkowska-Kuleta et al., 2018 and 2020). Plates were incubated anaerobically for over
three days, after which CFUs were enumerated to determine bacterial load. Colony
morphology was used to confirm the identity of PG.

4.2.5 Determination of 50% Minimum Inhibitory Concentration (MICso)

MICso values of the tested antibiotics were determined by CFU enumeration
following the broth microdilution method, by Clinical and Laboratory Standards
Institute (CLSI) guidelines (Kassim et al., 2016).

4.2.6  Statistical analysis

All data are presented as mean + standard deviation (SD). Statistical analyses were
conducted using Origin software. Group comparisons were performed using either
unpaired Student’s t-tests or one-way ANOVA followed by Tukey’s multiple

comparisons test.
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Figure 4.1. Experimental workflow for assessing PG cell survival after antibiotic

treatment via microplate dilution and CFUs enumeration.
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4.3 Results

4.3.1 OMVs-associated Porphyromonas gingivalis (PG) biofilm displays broad-
spectrum resistance to conventional antibiotics

To elucidate the role of OMVs and the OMV-associated enzyme PPAD in antibiotic
tolerance, we systematically examined the susceptibility of PG biofilms to three widely
used antibiotics: amoxicillin, metronidazole, and clindamycin hydrochloride. Each
compound represents a distinct antimicrobial class: B-lactams, nitroimidazoles, and
lincosamides, respectively. And these targets essential bacterial processes including cell
wall synthesis, DNA integrity, and protein translation (Gordon et al., 1990; Kaur et al.,
2011; Dingsdag et al., 2018).

In OMVs-enriched PG biofilms, all three conventional antibiotics demonstrated
markedly reduced bactericidal efficacy. Specifically, when treated with amoxicillin at
concentrations up to 256 uM, PG biofilms incorporating OMVs maintained bacterial
viability at approximately 8x10° CFU/mL, while the APPAD mutant and PG treated
with APPAD-derived OMVs exhibited a sharp decline in viability, underscoring PPAD’s
contribution to OMVs-mediated resistance (Figure 4.2.A).

A comparable pattern was observed with metronidazole. Despite its known efficacy
under anaerobic conditions through the induction of DNA strand breaks, OMVs-
associated PG biofilms retained survival at 9x10° CFU/mL, while the absence of PPAD
substantially enhanced susceptibility (Figure 4.2.B). This suggests that OMVs and
PPAD not only serve as structural barriers but may also modulate intracellular redox
responses that mitigate DNA damage.

Clindamycin hydrochloride, a potent inhibitor of the 50S ribosomal subunit, also
failed to significantly suppress growth in OMVs-containing PG biofilms, with bacterial
counts remaining at 7x10°> CFU/mL even at maximum tested concentrations. Again,
both APPAD mutants and OMVs lacking PPAD markedly sensitized the biofilms
(Figure 4.2.C).
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These findings collectively indicate that OMVs play a multifaceted role in biofilm-
associated drug tolerance, likely through a combination of physical shielding,
biochemical modification of the microenvironment, and functional support by virulence
factors such as PPAD. The differential outcomes between wild-type and APPAD-
associated conditions strongly implicate PPAD as a central effector in this protective
mechanism, corroborating recent literature that links OMVs-derived enzymes to
enhanced survival in hostile conditions (Veith et al., 2014; Kosgodage et al., 2019;

Vermilyea et al., 2021).
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Figure 4.2. Viability of PG biofilms following 6 hours treatment with increasing
concentrations (0-256 uM) of amoxicillin (A), metronidazole (B), or clindamycin
hydrochloride (C). Four conditions were tested (Blue: PG biofilm + OMVs; Green: PG
biofilm + APPAD OMVs; Gray: PG biofilm; Red: APPAD biofilm). CFU values at the
different drug concentrations are annotated. Data are expressed as mean £ SD from

three independent biological replicates.
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4.3.2 Bioenergetic inhibitors retain antimicrobial efficacy against OMVs-
protected biofilm

To investigate whether targeting bacterial energy metabolism offers a viable strategy
for overcoming OMVs-associated antibiotic tolerance, we examined the efficacy of
nitazoxanide and its active metabolite tizoxanide against PG biofilm. These agents are
known to interfere with anaerobic energy metabolism by inhibiting the pyruvate:
ferredoxin oxidoreductase complex within the anaerobic respiratory chain (Dubreuil et
al., 1996; Yamamoto et al., 1999; Hoftman et al., 2007).

Strikingly, both compounds maintained potent antibacterial activity across all tested
PG strains and biofilm conditions, including OMVs-enriched biofilms. When treated
with nitazoxanide at concentrations up to 256 uM, the survival rate of PG biofilms with
OMVs was reduced to levels comparable with PG lacking OMVs or the PPAD-deficient
strains, with final counts approaching 5x10° CFU/mL (Figure 4.3.A). A similar pattern
was observed with tizoxanide, which demonstrated slightly higher potency across the
concentration gradient and consistently suppressed biofilm viability irrespective of
OMV presence or PPAD expression (Figure 4.3.B).

These results indicate that nitazoxanide and tizoxanide act independently of OMVs-
mediated resistance mechanisms and likely target fundamental metabolic processes
essential for bacterial viability within biofilms. Notably, OMVs-associated tolerance
observed with traditional antibiotics did not manifest when these bioenergetic inhibitors
were applied, suggesting a distinct therapeutic advantage.

Our data align with prior studies reporting the broad-spectrum efficacy of
nitazoxanide against anaerobic pathogens, including Clostridium difficile, Helicobacter
pylori, and oral biofilm-forming species (Yamamoto et al., 1999; Rossignol, 2014). Its
ability to bypass membrane-associated resistance elements and disrupt energy
conservation pathways underscores its potential utility in recalcitrant biofilm infections.
Furthermore, this energy-targeting mechanism may synergize with other therapeutic

approaches aimed at sensitizing dormant or metabolically quiescent biofilm populations
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(Farha et al., 2013; Murima et al., 2014; Hards et al., 2018; Ciemniecki et al., 2024).
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Figure 4.3. Viability of PG biofilms following 6 hours treatment with increasing

concentrations (0-256 uM) of nitazoxanide (A) and tizoxanide (B). Four conditions

were tested (Blue: PG biofilm + OMVs; Green: PG biofilm + APPAD OMVs; Gray: PG

biofilm; Red: APPAD biofilm). CFU values at the different drug concentrations are

annotated. Data are expressed as mean + SD from three independent biological

replicates.
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43.3 OMVs increase the MICso of conventional antibiotics but not that of
energy metabolism inhibitors

To quantitatively assess the protective impact of OMVs on antibiotic efficacy, we
measured MICso for selected antibiotics against PG with and without OMVs
supplementation (Table 4.1). The MICso assay provides a robust metric for evaluating
drug potency under standardized in vitro conditions.

For conventional antibiotics, including amoxicillin, metronidazole, and clindamycin,
the presence of OMVs resulted in a significant increase in MICso values, indicating
diminished susceptibility. Amoxicillin exhibited an eightfold increase (from 32 to 256
uM), metronidazole showed a shift from 64 to >256 uM, and clindamycin likewise
surpassed the measurable range (>256 pM). These data reflect a consistent trend of
OMV-mediated attenuation of antibiotic potency.

In sharp contrast, the MICso values for nitazoxanide and its metabolite tizoxanide
remained unchanged at 32 uM, regardless of OMVs presence. This suggests that these
agents bypass OMVs-related defense mechanisms, possibly by targeting conserved
intracellular processes essential for energy metabolism, such as the pyruvate: ferredoxin
oxidoreductase system or components of the proton motive force (Buckel et al., 2021).

These observations further substantiate our findings from survival assays (Figures
4.2 and 4.3), reinforcing that conventional antibiotics are compromised by OMVs
shielding, while bioenergetic inhibitors remain effective. The MICso stability in the face
of OMVs highlights the therapeutic potential of targeting core metabolic pathways to

overcome biofilm-associated resistance.
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Table 4.1. MICso values of antibiotics against PG with and without OMVs (n = 3)

Antibiotic PG PG w/ OMVs MICso trend
Amoxicillin 32 uM 256 uM MICso rise
Metronidazole 64 uM >256 uM MICso rise
Clidamycin 256 uM >256 uM MICso rise
Nitazoxanide 32 uM 32 uM Stay sensitive
Tizoxanide 32 uM 32 uM Stay sensitive
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4.3.4 Cl-amidine inhibits Peptidylarginine deiminase (PPAD) activity and
sensitizes OMVs-associated PG Biofilm

To validate the functional contribution of PPAD to OMVs-mediated antibiotic
tolerance, we examined the effect of pharmacological inhibition using Cl-amidine, an
irreversible pan-PAD inhibitor known to modify active site cysteines in PPAD
homologs covalently (Mondal et al., 2019).

Colony formation assays revealed a marked decrease in bacterial viability in PG
biofilms treated with 100 uM Cl-amidine in the presence of OMVs. Representative
images (Figure 4.4.A) show a reduction in visible colonies from 38 CFUs in the
untreated PG + OMVs group to 26 CFUs following Cl-amidine treatment.

Quantitative CFUs enumeration corroborated these results. As shown in Figure 4B,
PG cultures supplemented with OMVs and treated with Cl-amidine exhibited
significantly lower survival, with a nearly 10-fold reduction in CFUs/mL compared to
untreated controls (p < 0.001) (Figure 4.4.B). The statistical significance and consistent
directional change across replicates affirm the role of PPAD in promoting biofilm
resilience.

These findings suggest that PPAD is not only implicated in immune modulation and
protein citrullination (Wang eet al., 2013; Stobernack et al., 2018) but also plays a direct
role in maintaining bacterial survival under stress conditions (Aliko et al., 2018), likely
through stabilization of OMVs-associated structures or modulation of extracellular
matrix proteins. As such, PPAD inhibition represents a viable adjunctive strategy to

sensitize PG biofilms to conventional and metabolism-targeted antibiotics.
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Figure 4.4. Inhibition of PPAD by Cl-amidine reduces PG biofilm viability in OMVs-
enriched environments. (A) Representative colony counting plates showing reduced
CFU formation in PG biofilms treated with Cl-amidine (100 uM) compared to OMV-
only controls. Yellow boxes indicate 107 dilution levels. (B) Quantitative CFU analysis
shows a statistically significant reduction in survival in Cl-amidine-treated. Data in

panel B is presented as means £ s.d. (n = 3). *** p <0.001.
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4.3 Discussion

The persistence of PG biofilm communities represents a major clinical challenge,
particularly due to its inherent resistance to conventional antibiotics and its association
with systemic inflammatory conditions such as cardiovascular disease, rheumatoid
arthritis, and Alzheimer’s pathology (Liao et al., 2009; Dominy et al., 2019; Olsen et al.,
2019). The present study elucidates several interlinked mechanisms by which PG
enhances its antibiotic tolerance within biofilms, chiefly through the structural and
enzymatic functions of OMVs and the virulence enzyme PPAD. Additionally, we
demonstrate that targeting bacterial energy metabolism remains a viable strategy for
circumventing such biofilm-mediated defenses.

Our findings clearly show that OMVs enhance the survival of PG biofilms when
challenged with antibiotics of diverse functional classes, including amoxicillin,
metronidazole, and clindamycin. These antibiotics, which target bacterial cell wall
synthesis, DNA replication, and protein translation, respectively, were significantly less
effective in OMVs-rich environments (Figure 4.2). Such protection likely stems from a
combination of OMVs-mediated drug sequestration, limited penetration, and enzymatic
modification within the extracellular matrix, consistent with previously described
mechanisms in gram-negative pathogens (Manning et al., 2011; Kulkarni et al., 2015;
Toyofuku et al., 2019).

In contrast to conventional agents, nitazoxanide and tizoxanide retained their
antimicrobial efficacy regardless of OMVs' presence or PPAD expression (Figure 4.3).
This highlights the strategic advantage of targeting metabolic pathways rather than
biosynthetic or structural processes. Nitazoxanide is known to collapse proton motive
force (PMF), inhibit pyruvate: ferredoxin oxidoreductase, and suppress ATP production
under anaerobic conditions (Shakya et al., 2018). Such disruptions impair the energetic
viability of biofilm-embedded bacteria, including metabolically quiescent

subpopulations often protected from traditional drugs (Bald et al., 2017; Hards et al.,
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2018). Our MICso data further confirmed that OMVs-associated resistance mechanisms
did not alter the potency of these agents (Table 4.1), supporting their translational
potential in recalcitrant infections.

OMVs have been increasingly recognized as extracellular carriers of redox-active
components, including multiheme cytochromes and small molecule cofactors such as
FMN, which facilitate long-distance electron transfer between bacteria. Our results
demonstrate that the collapse of the proton motive force (PMF), a key driver of cellular
energy metabolism, attenuates the electron transfer function of OMVs without
substantially affecting their release. This functional loss appears to result from impaired
synthesis or export of redox-active proteins and cofactors, both of which rely on intact
PMF for optimal expression and transport across the membrane. In particular, new
studies have shown that electron flux through the respiratory chain and the generation of
flavin molecules are tightly linked to the energy state of the cell. Thus, uncoupling PMF
not only inhibits intracellular respiration but also limits the assembly of electron-
conducting machinery within OMVs. Given that OMVs may serve as intercellular
conduits for electron transfer in anaerobic or biofilm environments, our findings suggest
that PMF-targeting antibiotics such as nitazoxanide may hold potential for selectively
disrupting microbial electron exchange networks, thereby reducing biofilm resilience or
metabolic cooperation in multispecies communities.

Beyond structural contributions, we identified PPAD as a critical effector of OMVs-
mediated resistance. Pharmacological inhibition via Cl-amidine significantly impaired
bacterial survival in OMVs-rich conditions (Figure 4.4). These results suggest that
PPAD supports biofilm fitness through mechanisms that may include citrullination of
matrix proteins, modulation of host immune evasion pathways, or stabilization of
OMVs integrity (Goulas et al., 2015; Aliko et al., 2018; Vermilyea et al., 2021). CI-
amidine’s inhibition of PPAD enzymes has been explored in inflammatory and
autoimmune contexts (Yang et al., 2021), but this study extends its potential to

microbial applications. The observed reduction in CFUs after Cl-amidine treatment

130



highlights a promising strategy for weakening OMVs-based defenses and restoring
antibiotic efficacy.

Collectively, these findings advance our understanding of the multifaceted resistance
mechanisms in PG biofilms and propose two novel therapeutic targets: (1) bioenergetic
disruption and (2) enzymatic neutralization of OMVs-resident virulence factors such as
PPAD. The combination of metabolic inhibitors with PPAD-targeting agents may yield
synergistic outcomes and warrants further investigation in vivo models and
polymicrobial settings. Additionally, this study emphasizes the importance of moving
beyond traditional drug classes toward therapies that address bacterial physiology and
biofilm-specific adaptations. Future work should explore the spatial distribution of
OMVs within biofilms using advanced imaging techniques such as cryo-electron
tomography and assess PPAD’s contribution to extracellular matrix remodeling. Multi-
omics approaches, including transcriptomics and proteomics under energy-deprived
conditions, may also elucidate compensatory pathways activated upon PPAD inhibition.
Moreover, investigations into host-pathogen crosstalk in the presence of Cl-amidine will

be crucial for assessing immunological side effects and therapeutic viability.
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Chapter 5: Conclusion and prospects
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5.1 General summary and key findings

This dissertation systematically investigated the molecular, biophysical, and
electrochemical mechanisms that underpin biofilm-associated electron transfer in both
the electroactive model bacterium Shewanella oneidensis MR-1 (S. MR-1) and the
pathogenic anaerobe Porphyromonas gingivalis (PG). The interdisciplinary approach,
combining high-resolution electrochemical techniques, spectroscopic analysis, and
genetic manipulation, has yielded novel insights into long-distance electron transfer
(LDET) within microbial communities. These findings contribute substantially to our
understanding of microbial respiration, microbial electrogenicity and biofilm resilience
in both natural and clinical settings.

In Chapter 2, we demonstrated that the lateral electron flow within the stratified
biofilms of S. MR-1 is limited by inter-cytochrome electron transfer between outer
membrane cytochromes (OMCs), particularly MtrC and OmcA. Using a temperature-
variable interdigitated electrode (IDE) array, we calculated E, associated with various
mutant strains and conditions, revealing that the disruption of OMCs mobility, either
through genetic deletion or cholesterol-mediated membrane rigidification, substantially
impedes electron flow. Our results not only corroborate previous computational models
suggesting that redox center proximity and protein diffusion are vital for efficient LDET
(Xu et al., 2018) but also provide direct experimental evidence for the kinetic role of
protein-protein interactions in cytochrome networks. Moreover, we found that the
binding of flavin cofactors (e.g., flavin mononucleotide (FMN) and riboflavin), non-
covalent to specific heme centers (notably hemes 2 and 7), selectively enhanced
conduction, with a notable decrease in E,. Circular dichroism spectroscopy further
confirmed that flavin binding did not disturb heme alignment, implying that electron
relay through cofactors is functionally superior in energetics without structurally
compromising OMCs.

In Chapter 3, we translated these principles into a pathogenic context by analyzing
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conductive behavior in PG biofilms. Our data revealed that OMVs function as electrical
mediators by forming conductive pathways that integrate redox-active enzymes,
primarily PPAD. OMVs-enriched biofilms displayed significantly enhanced electron
conduction and lower E, values compared to OMV-depleted or cholesterol-rigidified
counterparts. Through a combination of SDS-PAGE of TMBZ staining and LC-MS, we
confirmed the presence of redox-active PPAD in OMVs. Interestingly, while this
enzyme has been primarily studied for its immunomodulatory and citrullination
functions, our study revealed its FMN-dependent redox activity, implicating it in
electron transfer across the biofilm. The specific enhancement of I.ons by FMN, and its
abrogation in APPAD strains or upon Cl-amidine treatment, underscores the cofactor-
dependent bio-electrochemical function of PPAD.

In Chapter 4, we investigated the implications of redox-enabled biofilms for
antimicrobial resistance. PG biofilms enriched with OMVs demonstrated substantial
resistance to diverse antibiotics, including amoxicillin, metronidazole and clindamycin.
However, bioenergetic inhibitors such as nitazoxanide and its active metabolite
tizoxanide effectively disrupted biofilm viability across all conditions, regardless of
OMVs and PPAD presence. These results reveal that while redox-based resilience may
shield biofilms from traditional antibiotics, targeting fundamental metabolic functions,
such as anaerobic ATP generation, can bypass OMVs-mediated tolerance. These
findings align with current trends in antimicrobial development that emphasize
metabolic and respiratory disruption over classical cell wall targeting (Cafio-Muiiiz et

al., 2018; Virolle et al., 2020).
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5.2 Future prospects

First, high-resolution structural elucidation using advanced tools such as cryo-electron
microscopy or solid-state NMR is essential to visualize OMC-flavin complexes and
PPAD-FMN interactions within OMVs. These approaches will refine our atomic-level
understanding of electron tunneling and cofactor positioning (Nagel & Klinman, 2006;
Moser et al., 2010; Winkler & Gray, 2014). Second, synthetic biology and engineering
applications offer exciting possibilities; artificial biofilm systems or engineered OMVss
with tunable redox activity could be developed for use in microbial fuel cells,
biosensors, or the targeted disruption of pathogenic biofilms (Yu et al., 2023; Fang et al.,
2024). These systems can be rationally designed based on the redox scaffolds validated
in this study. Third, pharmacological targeting of redox proteins represents a viable
strategy(Hards & Cook, 2018); future efforts should focus on identifying inhibitors that
bind to redox-active sites on PPAD or OMCs. Combining high-throughput screening
with structure-guided design may yield adjuvants that impair electron transfer and
sensitize biofilms to antibiotics (Ciemniecki et al., 2024; Tokunou et al., 2025). Fourth,
host-biofilm interaction studies are crucial, particularly the immunomodulatory effects
of PPAD-containing OMVs (Gabarrini et al., 2018; Stobernack et al., 2018).
Understanding how redox states influence host inflammation, T-cell activation, and
chronic systemic diseases could bridge immunology and bioelectrochemistry to inform
holistic therapeutic strategies (Kesarwani et al., 2013; Schieber & Chandel, 2014;
Forrester et al., 2018; Weyand et al., 2018). Finally, integrating multi-omics platforms,
including transcriptomics, proteomics, and metabolomics, with dynamic
electrochemical readouts will facilitate the development of system-level models
capturing energy flow, redox balance, and resistance phenotypes within biofilms (Van et

al., 2010; Zhou et al., 2011).
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5.3 Final remarks

In summary, this dissertation provides a detailed, multi-scale dissection of
extracellular electron transfer processes within microbial biofilms, bridging
fundamental microbiology with applied biomedical and energy research. By
establishing that redox protein dynamics and cofactor interactions are central to LDET,
by uncovering their implications for pathogenicity and drug resistance, we pave the way
for new paradigms in microbial biotechnology and infection control. The findings not
only enrich our mechanistic understanding of microbial respiration and biofilm
resilience but also offer translational insights for developing anti-biofilm therapeutics

and bioelectronic innovations.
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