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Abstract

Microbes, such as bacteria, can be described, at one level, as small, self-sustaining
chemical factories. Based on the species, strain, and even the environment, bacteria can be useful,
neutral or pathogenic to human life, so it is increasingly important that we be able to characterize
them at the molecular level with chemical specificity and spatial and temporal resolution in order
to understand their behavior. Bacterial metabolism involves a large number of internal and external
electron transfer processes, so it is logical that electrochemical techniques have been employed to
investigate these bacterial metabolites. In this mini-review, we focus on electrochemical and
spectroelectrochemical methods that have been developed and used specifically to chemically
characterize bacteria and their behavior. First, we discuss the latest mechanistic insights and
current understanding of microbial electron transfer, including both direct and mediated electron
transfer. Second, we summarize progress on approaches to spatiotemporal characterization of
secreted factors, including both metabolites and signaling molecules, which can be used to discern
how natural or external factors can alter metabolic states of bacterial cells and change either their
individual or collective behavior. Finally, we address in situ methods of single-cell
characterization, which can uncover how heterogeneity in cell behavior is reflected in the behavior
and properties of collections of bacteria, e.g. bacterial communities. Recent advances in
(spectro)electrochemical characterization of bacteria have yielded important new insights both at
the ensemble and the single-entity levels, which are furthering our understanding of bacterial
behavior. These insights, in turn, promise to benefit applications ranging from biosensors to the

use of bacteria in bacteria-based bioenergy generation and storage.
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Introduction

Microorganisms are tremendously important to human life, both because of our symbiotic
relationships with them and for their utility in many areas of technology, such as food sciences,
biomedicine and genetic engineering.! On the other hand, microbial exposure can lead to
deleterious outcomes ranging from the unpleasant, e.g. body odor, to the life threatening, e.g.
systemic inflammatory response syndrome.> As just one example, a broad range of microbes,
including bacteria, molds, and yeasts, are used in food production, yet some bacteria contribute to
contamination and food spoilage.® # In the context of human health, there are ca. 1,400 known
species of human pathogens, spanning bacteria, viruses, and fungi, and some of the bacterial
pathogens responsible for high mortality and morbidity, e.g. Streptococcus pneumoniae and
Pseudomonas aeruginosa.>’ Therefore, the problem of microbial characterization has two main
components: (1) the ability to detect and identify microbes at the species, and even strain, level in
order to correlate them with pathogenic exposure, and (2) developing tools to better understand
the molecular underpinnings of microbial behavior, including the structures, metabolites, electron
transfer mechanisms, that collectively determine their functional characteristics.!> 8 The detection
and identification of microbial species, especially pathogens, is an area of intense investigation
that has been the subject of a number of recent reviews.>!! Therefore, this mini-review will
concentrate on the second area - specifically on electrochemical and spectroelectrochemical means

of elucidating microbial behavior at the molecular level.

A wide range of analytical methods have been applied for detecting and analyzing
microbes, depending on the purpose and the level of information needed.!? Some techniques have
been developed for rapid and reliable bacterial identification, e.g. polymerase chain reaction-based

methods,!3-1> mass spectrometry,!6-18 flow cytometry,'®- 29 and fluorescence immunoassay.?!3 In
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the last two decades, absorption, scattering, and vibrational techniques, e.g. uv-visible absorption,
Raman, and Fourier-transform infrared (FTIR) spectroscopies, have demonstrated their great
utility in microbial identification and have also been applied to obtain detailed information on the
chemical composition of complex heterogeneous microbial systems.?#26 In addition to being non-
destructive, label-free, and needing only minimal sample pretreatment, both IR and Raman spectra
provide spectral fingerprints, thus delivering comprehensive chemical information about the main
characteristics of biological systems at the molecular level.2% 27 As just two examples, our group
has used confocal Raman hyperspectral imaging to characterize how P. aeruginosa signaling
molecules respond to different environmental conditions in both two- and three-dimensions,?® 2°
and Holman and coworkers used FTIR spectromicroscopy to monitor and characterize Escherichia

coli biofilm activity at a molecular level over long times.3°

Electrochemical methods, which have also been widely used to investigate microbial
systems, are particularly powerful, because they provide information that is complementary to
spectroscopy, especially those involving the redox properties of microbial analytes.
Electrochemical approaches, in general, provide rapid response times, simple operation, good
sensitivity, and are cost-efficient.3!: 32 Generally, bacteria can transport electrons across their cell
membrane such that they electrically interact with their environment.3? Therefore, electrochemical
methods have the advantage of being able to explore the interaction between an electrode surface
and living microbial cells, which is especially useful, for example, in applications such as
electricity production and bioremediation.* 33 In addition, electrochemical approaches can address
both technological useful applications, such as microbial fuel cells, as well as potentially harmful
processes such as bacterial-initiated metal corrosion.?>37 Recently, Simoska et al. demonstrated in

vitro detection of three redox-active phenazine metabolites from the opportunistic human pathogen
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P. aeruginosa using carbon-based ultramicroelectrode (UME) sensing electrodes to monitor and
characterize the production of the phenazines in real-time.3® Qiao ef al. demonstrated that E. coli
evolves under electrochemical tension in a microbial fuel cell in a such a way that it secretes
hydroquinone derivatives through a highly permeable outer membrane, which then act as

mediators for electron transport between cell and electrode.?®

These examples, and those to be discussed below, illustrate the ability of electrochemical
techniques to rapidly provide quantitative information about electroactive species. However,
electrochemistry is limited in providing information about molecular structure. This provides
powerful motivation for coupling electrochemistry with spectroscopy, since the two approaches
generally offer complementary information. For example, changes in spectral line profiles,
reflecting changes in the electronic structure of the molecule, are typically observed when the
redox state is changed electrochemically.*® 4 This feature has driven the application of
spectroelectrochemical approaches in microbial sciences - targeting species as diverse as redox

enzymes, electroactive bacteria, and microbial biofilms.40- 42-44

In this review, we describe how electrochemical and spectroelectrochemical approaches
are useful in understanding the characteristics of bacteria at both ensemble and single-entity levels.
The review is meant to highlight the way in which advanced spectroelectrochemical measurements
can be used to discern important operational characteristics of complex microbial electron transfer
systems. It is specifically not intended to be an exhaustive or comprehensive examination of
microbial external electron transfer (EET) for which other excellent recent reviews are available.>-
48 The review is organized in three sections. In the first, we discuss recent mechanistic insights
obtained on direct and mediated electron transfer processes occurring in bacteria. The discussion

on direct electron transfer is exemplified by electron transport in Geobacter sulfurreducens
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whereas, the discussion of mediated electron transfer focuses on the necessary attributes of redox
mediators. Next, we discuss how (spectro)electrochemical methods can be used to analyze the
spatiotemporal distribution of secreted metabolites in order to understand the manner in which
bacteria sense and react to their environment, by using P. aeruginosa as an example. In the final
section, we describe how (spectro)electrochemical strategies have been exploited to study single
bacterial cells. While earlier reports are highlighted to provide historical context, the primary

emphasis is on papers published in the past five years.

Microbial electron transfer

Metabolism in bacteria can be regulated by internal or external electron transfer events, or
by a combination of the two. A great deal of attention has been given to external electron transfer
(EET) because it’s direct relevance in fields such as microbial fuel cells, corrosion, and sensors.**-
SLEET can occur in microbes by one of two mechanisms: (1) direct electron transfer (Figure 1,
left), in which electron transfer occurs through membrane-associated redox proteins, and (2)
mediated electron transfer (Figure 1, right), in which electron transfer between the cell membrane
and electrode occurs through the agency of a redox mediator.>? Since there are recent reviews
focusing on EET as it relates to microbial fuel cells,* 3% 33 corrosion’!-3* 33 and sensors,?> 3¢ here
we discuss only the recent advances in developing mechanistic understanding of EET using

electrochemical and spectroelectrochemical methods.

Direct electron transfer Mediated electron transfer
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P &""0\\9 e
“\d@ ‘: e .\h‘di:]t(lrn\ \Iu(iialarru’
& >
I Electron acceptor ‘ Elocmn%cceptor
Redox protein Nanowire Redox shuttle
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Figure 1. Schematic diagram describing direct (/eft) and mediated (right) electron transfer in the
microbial system. Adapted with permission from reference 7. Copyright 2020 Progress in
Chemistry.

Direct electron transfer. Direct electron transfer between the bacterial cell and electrode
typically occurs via one of three mechanisms: through (1) redox proteins, such as C-type
cytochromes and flavoproteins, (2) conductive pili, and (3) endogenously produced mediators that
are bound to the cell membrane.*® Mechanistic understanding of the direct electron transfer process
is important in order to improve understanding of bacterial metabolism and better design
bioelectrochemical systems, and also as a starting point for the development of engineered redox

proteins bound to the cell membrane.

Owing to its ability to form thick biofilms and conduct long-distance electron transport,
Geobacter sulfurreducens is commonly used in bioelectrochemical systems, specifically microbial
fuel cells.’® 3% EET occurs in G. sulfurreducens through membrane-resident c-type cytochromes
and/or conductive pili.?%6* Electrochemical methods have been used to decipher the EET
mechanism, track biofilm formation, and identify the charge state of the cells. For example, open
circuit potentiometry was used to measure the charge stored in G. sulfurreducens.* The results
indicated three cytochrome proteins in the periplasm capable of storing charges. Rova and co-
workers developed a dynamic model for EET in G. sulfurreducens using data obtained by a
combination of in situ resonance Raman microscopy and chronoamperometry. Using this
approach, they were able to calculate quantitative rate constants for electron transfer at different
steps from the inner membrane to the electrode surface.® Interestingly, G. sulfurreducens can be
used for both anodic and cathodic bioelectrochemical systems. While the electron transfer

mechanism of the anodic reaction, which occurs via cytochromes in the membrane and/or pili is
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reasonably well-understood, a deeper mechanistic understanding of the cathodic electron transfer

process is needed.

Reisner and co-workers addressed this issue spectroelectrochemically by employing in situ
resonance Raman spectroscopy and uv-visible absorption in both anodic and cathodic
environments.% First, anodically-grown G. sulfurreducens biofilms were interrogated for their
activity towards oxidation of acetate to CO,. Then, the same biofilm containing electrode was
operated in cathodic mode for the reduction of fumarate to succinate. The corresponding cyclic
voltammograms of both anodic (Figure 2A) and cathodic (Figure 2B) modes show expected
sigmoidal responses indicating reversible redox reactions. The uv-visible absorption spectrum
(Figure 2C) exhibits Soret bands at 409 and 419 nm in anodic mode, which are associated with
the heme-type cytochromes. However, these bands disappear in cathodic mode, indicating the
depletion of cytochromes at more negative potentials. Moreover, the electrode becomes red and
increasingly darker over multiple cathodic cycles, and resonance Raman spectroscopy and electron
microscopy suggest the presence of iron oxide nanoparticles on or near the cells. Taken together,
the authors proposed that the EET in anodic mode occurs mainly via cytochromes, while EET in
cathodic mode could be mediated by iron species and/or iron oxide nanoparticles produced by
heme-containing cytochromes, as shown in Figure 2D. Similarly, Yi et al. used electrochemical
methods to study the mechanism of EET in Shewanella loihica, which is also capable of
bidirectional electron transport.®’” They postulated that riboflavin acts as a redox mediator in two
different modes - freely diffusing for outward EET (electron transfer from bacteria to the
electrode), or as a bound species for inward EET (electron transfer from the electrode to bacteria).
Spectroelectrochemical studies have also been used to understand direct interspecies electron

transfer (electron transfer directly between bacterial species) in Geobacter co-cultures involving
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Geobacter metallireducens and G. sulfurreducens.®® In situ Raman scattering and FTIR revealed
that interspecies electron transport is mediated by c-type cytochromes. Additionally,
electrochemical studies and confocal laser scanning microscopy imaging with a pilR-deficient G.
sulfurreducens mutant showed that this mutant strain forms thinner and less conductive biofilms,
giving support to the importance of PilR in regulating PilA and overall type IV pilus (TFP)

appendage production, as TFP are known to have important roles in biofilm formation and EETs.%°
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Figure 2. Cyclic voltammograms of a G. sulfurreducens biofilm on an indium-tin-oxide (ITO)
electrode in (A) anodic (acetate to CO;) and (B) cathodic (fumarate to succinate) modes. (C) UV-
visible spectra of biofilms after anodic and cathodic scans. (D) Schematic illustrating plausible
EET mechanism in cathodic mode. (E) Schematic and energy diagram showing EET from G.
sulfurreducens directly to TiO, under visible illumination. OM = outer membrane. (F) Current
density obtained from G. sulfurreducens under dark and illuminated conditions. Panels A-D are
adapted with permission from ref . Copyright 2020 American Chemical Society. Panel E and F
are adapted with permission from ref 7°. Copyright 2020 Elsevier B.V.

Electrochemical and Spectroelectrochemical Characterization of Bacteria and Bacterial Systems 9



oNOYTULT D WN =

Analyst

Recent reports suggest that visible light can play an important role in dictating the electron
transfer through cell membrane proteins. For example, Zhang et al. show that visible illumination
of G. sulfurreducens can excite c-type cytochromes (OM c-cyts) in the cell membrane to an energy
level high enough to easily transfer electrons to TiO, as shown in Figure 2E.”° This visible-light
driven approach produced an 8% improvement in EET as compared to the non-illuminated
condition (Figure 2F). Apart from enhancing the EET using light, Tefft and TerAvest showed that
illuminating Shewanella oneidensis with green light can generate a proton pump or proton motive
force within the cell, which can reverse the direction of electron transfer such that electrons can be
transferred from the cathode to a proximal bacterial cell for reduction.”! These reports highlight
how visible light can be used to improve and manipulate EET, enabling the design of
bioelectrochemical systems with enhanced performance. Apart from G. sulfurreducens,
electrochemical and spectroelectrochemical methods have been used to understand and
characterize a wide variety of bacteria under a wide variety of other conditions,’>’® including
recognizing EETs in mammalian gut microbiota,”? and long-distance electron transfer in a Gram-

positive bacterium, Lysinibacillus isolate GY32.7?

Mediated electron transfer. Most bacteria do not contain accessible redox-active species
in their (outer) membrane and even in bacteria that do, transferring electrons directly via
membrane-resident redox proteins is challenging because of factors like poorly electrically
conducting cell membranes, and inaccessibility to redox proteins.”- 8 To overcome these issues,
redox mediators have been employed to shuttle electrons from the electrode to the bacterial redox
site and vice versa.#1-8 Redox mediators play an important role not only in accelerating EET
processes but also in enhancing the efficiency of bioelectrochemical systems. Some of the

commonly encountered redox mediators utilized by different bacteria include flavins, quinones,

Electrochemical and Spectroelectrochemical Characterization of Bacteria and Bacterial Systems 10
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and phenazines.8!- 84 85 Both voltammetric and amperometric methods have been used to examine
the redox mediator competency and its interaction with the bacterial cell.®6-8% Recently, Minteer
and co-workers performed a comprehensive electrochemical study to understand the phenazine-
based redox mediators and their interaction with E. coli.’¥ They employed nine different
phenazine-based redox mediators, out of which neutral red (NR) exhibited the highest current
density, as shown in Figure 3A. Additionally, cytotoxicity studies showed that NR did not affect
cell growth in this system. Expanding to all mediators, the measured current densities can be
correlated to cytotoxicity to an extent that dictates that redox potential is not the only criteria in
choosing redox mediators. Analogously, Liu and co-workers studied the effect of redox mediators
on S. oneidensis MR-1 biofilm formation.? Even though previous reports showed that redox
mediators promote biofilm formation, the mechanisms by which this occurs are poorly understood.
The authors employed five different redox mediators, all of which promoted biofilm formation as
evident by both the increase in current density (Figure 3B) and the robust morphology shown in
the SEM images (Figure 3C). The improvement in EET efficiency was attributed to synergies
between mediators promoting biofilm formation and upregulating gene expression for cell
membrane constituents. In some cases, endogenously produced molecules can mediate electron
transfer.”%-2 For example, Mulla and co-workers showed that at elevated temperatures (55 °C),
thermophilic Geobacillus sp. produce extracellular polysaccharide (EPS) which contains flavins
that mediate EET.”> In addition, Zhuang and co-workers showed that the production and
composition of EPS can be controlled by the application of oxidizing potentials in a mixed

community biofilm.%*

Augmenting traditional redox mediators, Liu ef al. demonstrated that bacterial vesicles can

also mediate EET.% Several Gram-negative bacteria release outer membrane vesicles (OMVs) that

Electrochemical and Spectroelectrochemical Characterization of Bacteria and Bacterial Systems 11
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contain c-type cytochromes which facilitate electron transfer. Electrochemical studies showed a ~
1.7x enhancement in current density when OMVs were used as mediators (Figure 3D).
Additionally, OMVs can enable electron transport in non-exoelectrogens including E. coli. It is
important to note that a variety of bacteria secrete redox-active metabolites, which can also be used
as mediators. Clearly, characterizing these metabolites would do much to enable the understanding

of metabolic state, as discussed in the next section.
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Figure 3. (A) Current densities obtained from E. coli immobilized on carbon paper electrode with
nine different redox mediators at six different concentrations. NR: neutral red, PYO: pyocyanin,
BAPD: benzo(A)phenazine-7,12-dioxide, MPMS: 1-methoxy-5-methylphenazinium methyl
sulfate (MPMS), PMS: phenazine methosulfate, PES: phenazine ethosulfate, PHZ: phenazine,
OHPHZ: 1-hydroxyphenazine, and PCX: phenazine-1-carboxamide. (B) Current densities as a
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function of time for S. oneidensis with five different redox mediators. AQS: 9,10-anthraquinone-
2-sulfonic acid, AQDS: 9,10-anthraquinone-2,6-disulfonic acid, FMN: flavin mononucleotide,
2HNQ: 2-hydroxy-1,4-napthoquinone, and RF: riboflavin. (C) Scanning electron micrographs
showing S. oneidensis biofilm formation as a function of redox mediator and time. (D) Current
density obtained from S. oneidensis with and without outer membrane vesicles (OMVs). Panel A
is adapted with permission from ref 88. Copyright 2021 The Electrochemical Society. Panels B and
C are adapted with permission from ref 8. Copyright 2020 American Chemical Society. Panel D
is adapted with permission from ref *°. Copyright 2019 American Chemical Society.

Spatiotemporal analysis of metabolites

Bacteria are social organisms, so in response to cell-population density and external
stimuli, they commonly regulate gene expression and secrete signaling molecules as a means to
communicate and coordinate with neighboring organisms, a phenomenon known as quorum
sensing or quorum signaling.’® °7 Many Gram-negative bacteria secrete N-acyl homoserine
lactones (AHL) as the signaling molecule to effect this collective mode of communication. For
example, the bioluminescence of Aliivibrio fischeri is related to the concentration and action of
AHLs.%% % In one species of opportunistic human pathogenic bacteria, P. aeruginosa, four
interconnected QS systems, including las, rhl, pgs and igs, with unique signaling molecules
associated with each system that are used to coordinate collective activities such as biofilm
formation and swarming motility.!%-192 Secreted phenazines, for example, are known to act as
virulence factors facilitating the survival of P. aeruginosa infections in the host organism.!%3 104
Apart from sensing and quantifying phenazine molecules to track P. aeruginosa pathogenesis,
spatiotemporal quantification of phenazines can also aid in understanding collective behavior and
biofilm formation. P. aeruginosa produces a multiplicity of phenazine derivatives, e.g. phenazine-
1-carboxylic acid (PCA), 5-methyl-phenazine-1carboxylic acid (5-MCA), pyocyanin (PYO), and
phenazine-1-carboxamide (PCN). Of these, PYO is highly virulent and responsible for both

chronic and acute infections.!?>-197 Moreover, all of these phenazines are redox-active, undergoing

Electrochemical and Spectroelectrochemical Characterization of Bacteria and Bacterial Systems 13
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reversible proton-coupled electron transfer oxidation/reduction reactions, thus positioning

electrochemical methods to detect and quantify them.!08-110

Bard and co-workers used scanning electrochemical microscopy to map the concentration
of PYO produced in a P. aeruginosa biofilm in three-dimensions.!'! In their approach, a
microelectrode biased at the oxidation potential of PYO was positioned above the biofilm (Figure
4A), and reduced PYO produced by the biofilm diffused to the microelectrode where it could be
oxidized, with the measured oxidation current being proportional to the PYO concentration. Then,
the microelectrode was raster-scanned across the biofilm to obtain the electrochemical map shown
in Figure 4B, in which the redox current is proportional to PYO concentration. Moreover, raster
scanning was done at a different microelectrode-biofilm separations to build a 3D profile of
secreted PYO. Later, SECM technique was coupled with micro-3D printing (capable of fabricating
protein-based walls around an individual or small population of bacteria) to understand the
aggregate size and community-dependent behavior of P. aeruginosa,''? revealing that at least 500
cells per aggregate are required to initiate quorum sensing. By utilizing the wild-type and mutant
strain aggregates at defined spatial locations, the authors observed at least 2000 cells were required
to induce quorum sensing in neighboring aggregate positioned 8 um away. In a complementary
approach Bellin ef al., developed an integrated circuit-based platform for spatial monitoring of
phenazine produced by a P. aeruginosa biofilm.'!? In this structure, an array of electrodes was
placed under the bacterial colony separated by a thin agar layer. Because the electrodes were
interrogated in spatially-dependent manner, PYO concentrations were obtained in different
locations to obtain a spatial map of PYO concentration within the colony. With a spatial resolution
of 750 um, they detected higher concentrations of PYO at the colony edges than at the center.

Interestingly, this result was opposite to the Bard and co-workers' observation, where the redox

Electrochemical and Spectroelectrochemical Characterization of Bacteria and Bacterial Systems 14
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current determined by the SECM was higher at the center of the biofilm than the edges. This
difference could be explained by differences in mass transport mechanisms in the two experimental
geometries freely diffusing PYO in the SECM map, as opposed to diffusion through an agar matrix
in the integrated circuit-based platform. The integrated circuit-based platform was later extended
to image the spatial distribution of multiple phenazine metabolites produced by the P. aeruginosa
PA14 biofilms, finding that while PCA was distributed throughout the colony, 5-MCA and PYO

were localized near the colony edges.!'*

Stevenson and co-workers have also carried out extensive studies of P. aeruginosa, based
on electrochemical detection of phenazines using transparent carbon ultramicroelectrode arrays.3®
109, 115, 116 For example, they demonstrated temporal tracking of phenazines, showing that PYO
concentration increases over time in the first 21 h corresponding to the exponential growth of
bacteria, after which it stabilizes.’® However, 5-MCA, the precursor to PYO, increases until
intermediate times and decreases later, most likely reflecting the conversion of 5-MCA to PYO.
In addition, both PYO and 5-MCA production vary slightly as a function of growth medium,
providing a way to understand the environmental effects on bacterial growth and quorum sensing.
Using the same approach, they have explored a range of environmental effects on P. aeruginosa
To explore the effect of other bacterial pathogens, P. aeruginosa was cultured with other pathogens
such as Staphyococcus aureus and E. coli in different growth media, and phenazine production
was monitored to understand the effect of co-culture.!?’ In the presence of S. aureus, phenazine
production was diminished in one growth medium, but not altered in the other. However, the
presence of E. coli in co-culture substantially altered phenazine production independent of growth
medium. To study the effect of the anti-bacterial agents, these authors targeted the antimicrobial

properties of Ag" with a specific focus on dynamic effects. Ag* was introduced to bacterial solution
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grown for 6 h in two different media, and phenazine production decreased substantially within 30

min in both media,!! indicating either inhibition of metabolic process or cell death.
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Figure 4. (A) Schematic diagram showing SECM in combination with 3D printed microtrap
system for mapping PYO spatial distributions. (B) Electrochemical current maps of PYO secreted
by P. aeruginosa using the SECM approach of panel A. Scale bar = 10 um. (C) Left: schematic of
dual ring nanopore electrode array (NEA) in contact with P. aeruginosa. Right: schematic showing
redox cycling of phenazine in NEA. (D) Redox cycling induced cyclic voltammetry of P.
aeruginosa as a function of optical density (OD). Panels A and B are adapted with permission
from ref 2. Copyright 2014 National Academy of Sciences. Panel C and D are adapted with
permission from ref 7. Copyright 2021 The Royal Society of Chemistry.

Since metabolite concentrations are low (< 1 uM) during the initial bacterial growth stages, ultra-
sensitive methodologies are needed. To address this challenge, ring-disk nanopore electrode
arrays (NEAs), in which the disk electrode at the bottom and the ring electrode at the top of the
nanopore is separated by an insulator, were developed in the authors’ laboratory.!'® Biasing the
two electrodes at differing potentials (one oxidizing and one reducing) enables redox cycling with
accompanying current amplification thus making ultra-sensitive detection possible. When P.
aeruginosa-containing solution is added to the top of the NEA devices, the bacteria are excluded
from the pores since their diameter is much smaller than the cell size, admitting only metabolites

into the nanopore where they undergo redox cycling, thus minimizing biofouling the electrode
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surface, as illustrated in Figure 4C.'!” Redox cycling enhanced voltammetry of PYO produced by
the P. aeruginosa is shown in Figure 4D. NEA voltammetry detected phenazines as low as 10 nM
(PYO) in buffer, and PYO concentrations of 1.5 uM were recovered from the bacterial supernatant.
Apart from ultra-sensitive detection, it is also possible to obtain semi-quantitative estimates of
families secreted phenazines. Recently, our group extended this work by employing an NEA
device with a block copolymer (BCP) membrane to selectively determine PCA concentration using
both electrochemical and surface-enhanced Raman scattering (SERS). Since the BCP membrane
is both pH- and charge-selective, by adjusting the pH of the bacterial medium above the pKa of
PCA - but below the pKa of PYO and PCN - it is possible to selectively transport anionic PCA
into the nanopores for both electrochemical and spectroscopic quantification.!% In addition, Zor
and co-workers developed a centrifugal microfluidic lab-on-a-disk platform based on a supported
liquid membrane (SLM) for extracting, enriching, and detecting hydroxycinnamic acid (pHCA), a
metabolite produced by E. coli.''®- 120 The platform was constructed with donor and acceptor units
separated by an SLM acting as a charge selective layer. By tuning the pH of the solution in the
donor unit, neutral pHCA is able to diffuse through SLM and reach the acceptor unit, while the

interferants are blocked. This platform detected pHCA concentration as low as 250 uM.

With the exception of SECM, most electrochemical methods discussed here can provide
temporal analysis, but obtaining spatially-dependent information is more challenging.38 109 115-117,
119,120 Spectroelectrochemistry offers one possible solution to this conundrum. Our group has
coupled electrochemistry and surface-enhanced Raman spectroscopy (EC-SERS) to map
phenazines produced by both wild type and mutant P. aeruginosa biofilms.'?! Both pH- and
potential-dependent changes were observed in PYO, as shown in Figure 5. Raman band shifts and

intensity changes were attributed to changes in the electronic structure, especially the central ring

Electrochemical and Spectroelectrochemical Characterization of Bacteria and Bacterial Systems 17



oNOYTULT D WN =

Analyst

of PYO induced by proton-coupled electron transfer. In addition, EC-SERS mapping revealed
localized PYO deposits approximately the size of P. aeruginosa cells, suggesting that PYO
secretion remains localized near the cell of origin, at least initially. Thus, EC-SERS is as an elegant
tool for unearthing effect of external conditions on P. aeruginosa while also providing spatial

information about the distribution of secreted metabolites.
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Figure 5. Surface-enhanced Raman spectra of PYO as a function of (A) pH, and (B)
electrochemical potential. Adapted with permission from ref '?!. Copyright 2019 American
Chemical Society.

Single-cell characterization

In the last two sections, (spectro)electrochemical characterization of bacteria was considered at the

ensemble level. Even though the measurements described are enormously powerful in, for
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example, deciphering EET mechanisms and characterizing the effect of environmental conditions
on bacterial behavior, with these measurements alone it is not possible to isolate the contribution
of individual cells to the behavior of the ensemble. On the other hand, characterizing bacteria at
the single-cell level makes it possible to understand the relationship between cell-to-cell
heterogeneity and bacterial behavior.!?> One commonly used method for investigating individual
cells electrochemically is the single-entity collision or nano-impact methodology,!?? in which an
ultramicroelectrode (UME) with a diameter typically less than 50 um is used to detect the single
entities impacting electrode-solution interface. Based on the redox-active nature of the entity these
events can be classified into either physical blocking or catalytic amplification events. In physical
blocking events, a small area of the electrode surface is occluded by the impact of a non-redox
active entity, thereby causing the faradaic current to decrease. Catalytic amplification events, on
the other hand, occurs when a redox-active catalytic entity contacts the UME under conditions
where no electrochemical reaction would otherwise occur, thus producing an increase in current.
Sepunaru et al. and Frkonja-Kuczin et al. detected E. coli by decorating them with Ag
nanoparticles (NPs) and poising the UME at a potential to oxidize Ag, so the collision of single
AgNP-decorated E. coli cells would be signaled by a transient increase in faradaic current resulting
from the oxidation of the AgNPs.!?% 125 While AgNP labeling is effective, the anti-microbial
property of Ag can potentially kill the cells.'?¢ To overcome this issue, Lee et al. used the blocking
approach to detect E. coli, using the collision of E. coli at a UME to impede the oxidation of
ferrocyanide, as shown in Figure 6A, top panel.'?’ A similar response was observed by Lebégue
et al. for single S. oneidensis cells on a carbon UME.!?® Ronspees and Thorgaard incorporated a
fluorescence microscope in the blocking experiment to simultaneously track the attachment and

movement of bacterial cells on the UME surface.!?® In their experiment, E. coli showed a step
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current decrease as observed by other groups, however they observed that B. subtilis produced a
transient current blockage. Fluorescence imaging confirmed that the step response is associated
with the attachment of bacterial cells (Figures 6B and 6C), while the transient response
corresponds to short-lived cell attachment. Thus, spectroelectrochemical studies events can further

elucidate the dynamics of single bacterial cell collision events at UMEs.
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Figure 6. (A) Different ways of detecting bacteria-electrode collisions along with their current-
time responses. Top panel: bacterial cell blocking the UME electroactive area; Middle panel:
bacterial cell catalyzing reduction; Bottom panel: regeneration of redox species by bacterial cell.
(B) Time-lapse fluorescence images showing E. coli attaching to the UME surface. (C) Current-
time trace corresponding to panel B. Panel A is adapted with permission from ref 3. Copyright
2018 American Chemical Society. Panels B and C are adapted with permission from ref '
Copyright 2018 Elsevier Ltd.

A disadvantage of the blocking approach is that it is useful only for detecting the bacteria; it cannot
be used to understand their redox activity. However, by taking advantage of the redox-active
nature of E. coli, Gao et al., evaluated the redox activity of a single bacterial cell.!3® As shown in
Figure 6A, middle panel, E. coli reduces ferricyanide to ferrocyanide, which in turn can be re-

oxidized back to ferricyanide at the UME. Thus, the measured current is directly proportional to
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the reduction efficiency of individual E. coli cells. Alternatively, reduced (oxidized) species
generated at the UME can be oxidized (reduced) by the bacterial cell attached to the UME (Figure
6A, bottom panel). The regeneration of species by the bacterial cell increases the overall current
providing an efficient way to understand microbial redox activity. Furthermore, this approach has
been extended to assess the effect of antimicrobial agents such as cobalt ions and colistin. Compton
and co-workers used N,N,N’,N'-tetramethyl-para-phenylene-diamine (TMPD) as a redox mediator
to characterize the behavior of single E. coli cells, exploiting the fact that cytochrome ¢ oxidase
expressed in E. coli oxidizes TMPD to TMPD* which gets regenerated (reduced) at the UME

making it possible to assess both redox activity and cell viability.!3!

Spectroelectrochemical approaches have also been employed to reveal variation in EET at
the single entity level. El-Naggar and co-workers used Thioflavin T, a fluorescent cationic dye,
and Nernstian membrane potential indicator to study the dynamics of S. oneidensis MR-1
membrane potential during potential-induced EET.!3? Application of a positive external potential
(+0.3 V) was observed to result in a negative EET membrane potential, leading to accumulation
of positive Thioflavin T in the membrane, thus increasing fluorescence, as shown in Figure 7A,
first panel. The reverse process occurred when a negative external potential (-0.5 V) was applied
(Figure 7A, second panel). The potential-dependent fluorescence was followed over three
consecutive potential step cycles. Moreover, the potential- and time-dependent fluorescence
intensity traces for three different cells shown in Figure 7B indicate considerable cell-to-cell
variation, revealing heterogeneity in EET. Recent work from our laboratory in collaboration with
Willets used a coupled fluorescence and electrochemical approach to probe direct EET in
Myxococcus xanthus, a soil-dwelling bacterium important in the degradation of woody plant

materials.'?3 Instead of adding external flavins, the potential dependent fluorescence dynamics was
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tracked using intrinsic membrane-associated flavoproteins, which contain flavin molecules such
flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD), whose fluorescence
changes based on redox state, i.e. fluorescent and non-fluorescent in the oxidized and reduced
forms, respectively.!3* The observation of a non-canonical potential response from bacteria led to
a detailed investigation of the potential, concentration, and irradiance dependence of the model
electrofluorogenic compound FMN molecule, showing that the carrier dynamics of the ITO
substrate play an important role in determining the potential-dependent fluorescence response, thus
emphasizing the importance of the electrode in spectroelectrochemical experiments, especially at

the single-cell level.
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Figure 7. (A) Fluorescence images of S. oneidensis with thioflavin T obtained as a function of
electrochemical potential. (B) Electrochemical potential- and fluorescence intensity-time traces
for three individual cells marked in panel A. Adapted with permission from ref. 132, 2020 National
Academy of Sciences.

Conclusion and Outlook

This review addressed recent advances in the wuse of electrochemical and
spectroelectrochemical approaches to characterize bacterial systems in three broad areas. In

microbial electron transfer, electrochemical and spectroelectrochemical techniques have been used
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to obtain mechanistic understanding of direct EET. The effect of redox mediator properties on
EET and biofilm formation, which facilitate efficiency of bioelectrochemical systems, was also
discussed. Apart from using spectroelectrochemical techniques to obtain more accurate
mechanistic insight on EET, future research direction can productively focus on understanding the
role of external factors, such as irradiation, on EET and gene expression. Further, in situ
electrochemical inactivation and cell lysis could be used to analyze altered gene expression and

correlate these with EET responses.!33 136

Second, approaches to reveal the spatiotemporal distributions of secreted factors, e.g.
metabolites, were highlighted. SECM and integrated electrochemical chip-based detection provide
three- and two-dimensional spatial distribution of metabolites, respectively. Carbon-based
ultramicroelectrode and nanopore-electrode arrays have been used to achieve ultra-sensitive
detection of metabolites enabling the development of electrochemical sensors for pathogenic
bacteria. Moreover, EC-SERS is able to visualize metabolite spatial distributions as a function of
changing environmental conditions. Given that chemical identity and concentration of secreted
metabolites are a sensitive function of the environment, efforts to culture bacteria on miniaturized
scales coupled to dynamic in sifu strategies to alter the environment coupled to the metabolites
measurement using spectroelectrochemistry with high spatial and temporal resolution would

appear to hold much promise.

In the final section, we described electrochemical collision-based techniques for detecting
single bacteria cells and measuring EET at the single-cell level. Further, fluorescence microscopy
coupled with electrochemistry was found to be useful for high-throughput measurement of EETs
in individual cells and to uncover cell-to-cell heterogeneity in EET kinetics. Future studies that

can exploit the capability to isolate or compartmentalize individual bacteria in defined locations
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and study them using spectroelectrochemistry would enable us to understand not only
heterogeneity between the cells but also to realize their intercellular behavior under well-defined
conditions. Moreover, owing to the emergence of powerful new electrochemical imaging
approaches, such as SECM, scanning ion conductance microscopy (SICM) scanning
electrochemical cell microscopy (SECCM), and scanning photoelectrochemical microscopy
(SPECM), it is possible to measure pH, surface charge, intracellular substances, membrane
proteins, mechanical properties, and redox mediator transport by mapping them at the single-cell
level.137-139 Additionally, advances in optical imaging, such as super-resolution,'4? structured
illumination,'4! appear more ripe for combining with electrochemistry to achieve unprecedented

advances in understanding behavior of bacteria and bacterial assemblies.
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