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Using structure-function relationships
to understand the mechanism of phenazine-mediated
extracellular electron transfer in Escherichia coli

Zayn Rhodes,1,3 Olja Simoska,1,3,* Ashwini Dantanarayana,1 Keith J. Stevenson,2 and Shelley D. Minteer1,4,*

SUMMARY

Phenazines are redox-active nitrogen-containing heterocyclic compounds that
can be produced by either bacteria or synthetic approaches. As an electron shut-
tles (mediators), phenazines are involved in several biological processes facili-
tating extracellular electron transfer (EET). Therefore, it is of great importance
to understand the structural and electronic properties of phenazines that pro-
mote EET in microbial electrochemical systems. Our previous study experimen-
tally investigated a phenazine-based library as an exogenous mediator system
to facilitate EET in Escherichia coli. Herein, we combine our experimental data
with density functional theory (DFT) calculations and multivariate linear regres-
sion modeling to understand the structure-function relationships in phenazine-
based mediated EET. These calculations demonstrate that the computed redox
properties of phenazines in lipophilic environments (e.g., cell membrane) corre-
late to experimental mediated current densities. Additional DFT-derived molecu-
lar properties were considered to develop a predictive model, which could be
used in metabolic engineering approaches to introduce phenazines as endo-
genous mediators into bacteria.

INTRODUCTION

Microbial electrochemical systems, using microorganisms as biological catalysts to convert chemical to

electrical energy (Wang and Ren 2013), have gained significant interest in the past few decades as sustain-

able bioelectrochemical devices to address the continually increasing global energy demands (Bajracharya

et al., 2016; Poizot and Dolhem 2011). They offer promise as technologies with several applications, such as

environmental bioremediation and more energy-efficient wastewater treatments (Resch et al., 2008; Yang

et al., 2012). In these bioelectrochemical systems, living microorganisms can transfer electrons through

various extracellular electron transfer (EET) mechanisms to electronically conductive electrodes (e.g., typi-

cally anodes) (Pankratova and Gorton 2017; Pankratova et al., 2018). The microbe-electrode interaction is

driven by complex oxidation-reduction (redox) reactions that occur during microbial respiration meta-

bolism of abundant organic substances (Pankratova and Gorton 2017; Pankratova et al., 2018). The ability

to promote a facile and efficient EET between microbes and electrodes is one of the major challenges in

bioelectrocatalysis (Chen et al., 2020). As such, EET is a limiting factor in the development of advanced mi-

crobial electrochemical systems with enhanced power generation and improved overall performance

(Chen et al., 2020; Kumar et al., 2017; Seviour and Hinks 2018).

In the context of EET in microorganisms, two main mechanisms have been proposed. One EET mechanism

is direct electron transfer (DET), where electrode surfaces typically make physical contact with functional

motifs, namely membrane-bound redox proteins (such as cytochrome c) on cellular surfaces, cellular pili,

and/or nanowires that facilitate EET (Chen et al., 2020; Heydorn et al., 2020; Kumar et al., 2017; Schröder

2007; Seviour and Hinks 2018; Torres et al., 2010). The second EETmechanism is indirect mediated electron

transfer (MET), where diffusive, soluble redox mediator systems act as electron shuttles between microor-

ganisms and electrode surfaces (Chen et al., 2020; Kumar et al., 2017; Seviour and Hinks 2018). Most micro-

bial species do not have redox-active proteins on the cellular surfaces to achieve DET with the exception of

a few bacteria. Therefore, most microorganisms have MET-based mechanisms, which utilize electroactive

mediator-based systems to enhance and/or achieve EET (Park and Zeikus 2000; Seviour and Hinks 2018).

Specifically, bacteria that do not readily carry out EET, such as the model microorganism Escherichia
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coli, can chemically interact with conductive electrodes through the use of different soluble, diffusive elec-

tron mediators (Bennetto et al., 1983; Park and Zeikus 2000; Seviour and Hinks 2018), which can effectively

enhance EET (Rau et al., 2002; Royer et al., 2002). In mediatedmicrobial electrochemical systems, a suitable

redox mediator should have an appropriate redox potential to link to the microbial respiration metabolism

at play. Additionally, the electron mediator should be soluble and biologically compatible. Finally, the

mediator should form a fast and reversible couple on the electrode surface, such that it is stable in both

its oxidized and reduced forms. In addition to the commonly studied mediator systems employing qui-

nones (Grattieri et al., 2018) and flavins (Marsili et al., 2008), several microbial electrochemical technologies

have also demonstrated the use of phenazines as a redox mediator system to increase electron transfer

rates (Rabaey et al., 2005; Seviour and Hinks 2018; Simoska et al. 2019b, 2021)

Phenazines constitute a group of redox-active secondary metabolites secreted by Pseudomonas species

(Elliott et al., 2017; Simoska et al. 2019a, 2019b). These molecules have nitrogen-containing heterocyclic

ring structures that differ based on the position and the nature of the functional group (Laursen andNielsen

2004; Mavrodi et al. 2006, 2010; Pierson and Pierson 2010). Research studies have proposed and/or shown

that phenazines can engage in redox cycling processes in which they can reducemolecular oxygen, causing

the generation and accumulation of reactive oxygen species such as hydrogen peroxide and superoxide

(Ahuja et al., 2008; Mavrodi et al., 2006; Pierson and Pierson 2010). The small size and similar physiological

properties enable phenazine derivatives to facilitate electron transfer and cross-cellular membranes trans-

ferring content from cells to the extracellular environment (Glasser et al., 2014). Several studies have exam-

ined the impact of both naturally occurring as well as artificially synthesized phenazine derivatives on bac-

terial interaction and metabolism (Askitosari et al., 2019; Pierson and Pierson 2010; Simoska et al., 2021;

Venkataraman et al., 2011). Additionally, phenazine-based redox mediators have been exogenously added

to improve the overall performance of microbial electrochemical systems (Clifford et al., 2021; Simoska

et al., 2021). For example, research has demonstrated that exogenously added phenazines improve elec-

tron transfer rates in microbial fuel cells (Rabaey et al., 2005). Namely, the use of phenazine-producing

Pseudomonas aeruginosa in combination with exogenous phenazine mediators resulted in high electrical

conductivity of biofilms on the electrode surface, which consequently enhanced the electricity generation

from bacterial metabolism (Rabaey et al., 2005). While P. aeruginosa can self-produce endogenous elec-

tron shuttles via a complex regulatory phenazine biosynthetic pathway, highly pathogenic characteristics

of P. aeruginosa strains limit the practical applications of phenazine-mediated microbial electrochemical

systems using this microbe as the biocatalytic host (Askitosari et al., 2019; Venkataraman et al., 2011).

Consequently, phenazines have been used as a mediator system in microbial bioelectrochemical systems

with other non-pathogen microorganisms, such as obligate aerobic Pseudomonas putida (Askitosari et al.,

2019; Schmitz et al., 2015), certain E. coli strains (Feng et al., 2018), and cyanobacterium Synechocystis sp.

(Clifford et al., 2021).

The aim of this study is to build a library of suitable phenazine mediators and probe the structure-function

properties for EET in E. coli. Recently, our research group reported a phenazine mediator system to pro-

mote EET from E. coli on carbon-based electrodes during glucose metabolism (Simoska et al., 2021). As

a versatile model microorganism, gram-negative E. coli has been used as a biocatalyst in several microbial

electrochemical systems (Chen et al., 2020; Glaven 2019; Jensen et al., 2010; Teravest et al., 2014; Wu et al.,

2019). In addition to its fast growth rates and capability to oxidize a wide range of substrates (Fan and Song

2016), E. coli strains are non-pathogenic, making this microbe a versatile host for microbial-based

bioelectrochemical applications. The respiration metabolism of E. coli can be used for bioelectrochemical

purposes by adding exogenous electron mediators to the system. Our previous study experimentally

evaluated distinct phenazine moieties as exogenous electron mediators to control EET in E. coli. The quan-

titative, electrochemical data showed distinctive mediated current densities based on the phenazine medi-

ator structure and concentration. Additionally, these experimental results demonstrated that the rational

design of mediated microbial EET systems is far more complicated than selecting a mediator with a suit-

able redox potential, which is the standard strategy for choosing a redox mediator.

Herein, we compare our previously reported experimental data on evaluating phenazine mediator perfor-

mance with a detailed computational analysis based on density functional theory (DFT) calculations and

multivariate linear regression (MLR) modeling to understand the structure-function relationships (e.g.,

structural and electronic properties) that control phenazine-mediated EET in E. coli. The redox reaction

of phenazine mediators is considered to be a proton-coupled electron transfer mechanism (Elliott et al.,
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2017; Huynh and Meyer 2007; Tan and Webster 2012), which is common in numerous biological and chem-

ical processes. However, fundamental information about how phenazines are involved in microbial-based

electron transfer processes remains very limited. Based on the differences in functional groups on the ni-

trogen-based heterocyclic core, phenazine derivatives have different physical and chemical properties. In

this context, the position and nature of the distinct functional group can impact the redox potential, sta-

bility, and polarity (Mavrodi et al., 2006; Wang and Newman 2008) of phenazine mediators, thereby

affecting the EET ability and mediated current outputs in microbial biocatalytic systems. Therefore, this

study determines electronic and structural parameters to investigate fundamental processes of different

phenazine forms that relate to the collection of electrons from E. coli paired with transport to and from

the electrode surface. We identified the computationally derived properties of phenazine electrochemical

mediators that correlate with measured mediated current densities, providing fundamental insights into

the development of future mediated EET systems with improved kinetics.

RESULTS AND DISCUSSION

Mediated current densities in E. coli glucose metabolism

The ability to successfully establish an efficient EET between microorganisms and conductive electrode

surfaces is one of the fundamental challenges in bioelectrocatalysis, specifically when rationally designing

mediated microbial electrochemical systems. Our recent study described an experimental electrochemical

characterization of different, soluble phenazines as exogenous redox mediators that facilitate EET from the

model microorganism E. coli during glucose oxidation metabolism. The quantitative experimental electro-

chemical data resulted in distinct mediated current densities dependent on the phenazine mediator struc-

ture and concentration. A summary of the correlation betweenmediator concentrations for each phenazine

and the mediated current density calculated from amperometric i-t tests is shown in Figure 1A. As reported

in this recent study by our group (Simoska et al., 2021), minor changes in the phenazine-based mediator

structures and concentrations resulted in notable differences in the mediated current outputs measured

in E. coli consuming glucose, with 200 mM neutral red (NR) demonstrating the highest mediated current

density (7.9 G 0.9 mA cm�2). We have now further evaluated data to determine if there is a possible corre-

lation between the experimentally obtained formal redox potential of the different mediators in buffered

aqueous media and the experimentally obtained mediated current densities (Figure 1B). It can be clearly

noted that no apparent correlation (R2 = 0.21) is found for the estimated formal redox potential for the

Figure 1. Experimentally determined mediated current densities as a function of phenazine mediator concentrations and experimentally

determined mediated current densities as a function of the experimentally determined redox potential for each phenazine mediator

(A) Experimentally determined mediated current densities as a function of varying mediator concentrations for phenazine mediators, neutral red (NR)

pyocyanin (PYO), benzo(A)phenazine-7,12-dioxide (BAPD), 1-methoxy-5-methylphenazinium methyl sulfate (MPMS), phenazine methosulfate (PMS),

phenazine ethosulfate (PES), phenazine (PHZ), 1-hydroxyphenazine (OHPHZ), and phenazine-1-carboxamide (PCX), reported in our previous study (Simoska

et al., 2021).

(B) Experimentally determined mediated current densities at 200 mMmediator concentration as a function of the experimentally measured redox potentials

for each phenazine mediator. Error bars denote the standard deviations from n = 5.
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phenazine mediators measured by cyclic voltammetry in aqueous buffered media, which are displayed in

Figure S1 in the supplemental information. Based on the result in Figure 1B, we sought to understand

mediator performance in our system by correlating the experimental output of interest, specifically the

mediated current density, to the electronic and structural parameters of each of the phenazine mediators

evaluated. These data show that the aqueous solution-based redox potentials are not the single aspect

controlling phenazine-mediated bioelectrocatalytic systems based on E. coli glucose metabolism. There-

fore, we also considered a variety of factors describing the structural and electronic characteristics associ-

ated with the diffusion of phenazine mediators into and out of the membrane, such as hydrophobicity, hy-

drophilicity, and single-electron transfer steps understood to take place in the cell membrane. While

previous research has demonstrated that, in certain cases, the mediator reduction potential does correlate

to the increased mediated catalytic current responses (Hasan et al., 2015), our experimental results (Fig-

ure 1B) show that this explanation does not describe the experimental catalytic currents measured.

DFT calculation of formal reduction potentials of phenazine mediators

Our computational efforts based on DFT initially focused on correlating the computed with the experimen-

tally derived mediator properties to ensure that geometry-optimized DFT structures accurately represent

mediator species in solution. Thus, the electrochemical redox potentials from DFT-optimized structures

were calculated referencing an established procedure (Chen et al., 2013; Ho et al., 2015; North et al.,

2010; Rauschnot et al., 2009). In order to calculate the formal reduction potential, EO0
, for each of the phen-

azine mediators in the described training set, a thermodynamic cycle was used, as described in Figures 2A

and 2B, to compute the DGO
reaction for each electron and proton addition step. For these cycles, DGO

S ðe�Þ is
equal to the solvation energy of the electron (negligible, e.g.,�0 kcal mol�1) (Bartmess 1994) andDGO

S ðH+ Þ
is known and equal to the negative energy of a proton with a value of �264 kcal mol�1 (Camaioni and

Schwerdtfeger 2005; Kelley et al., 2006; Tissandier et al., 1998). Each of these cycles was used in respective

steps listed below, wherein each phenazine species undergoes two reversible electron transfers coupled

with one or two proton additions, as illustrated in steps 1 through 4 or steps 1 through 3, respectively,

following the square scheme mechanism depicted in Figure 2C. Therefore, to thoroughly describe these

processes, these steps are generically listed as follows:

Step 1 Phz +e� /Phz,�

Step 2 Phz,� +H+ / PhzH,

Step 3 PhzH, + e� / PhzH�

Step 4 PhzH� + H+ / PhzH2

Step 5 Phz,� +e� /Phz2�

Figure 2. Thermodynamic cycles of electron and proton addition reactions for a phenazine

(A and B) Thermodynamic cycles of (A) electron and (B) proton addition reactions. Phz stands for a computed phenazine

structure, with subscript g representing the gas phase and subscript aq representing the aqueous free energy structure

generated.

(C) A representative square schememechanism for the two-electron, two-proton (2e�, 2H+) reduction of phenazine (PHZ).
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Step 6 Phz2� +H+ /PhzH�

Specifically of interest in aqueous-based systems (e.g., water), the reduction pathways are likely from

oxidized phenazine to the one-electron, one-proton semi-phenazine (step 1 and 2 combined,

DGOð1e� =1H+ Þ). Subsequently, this semi-phenazine may be reduced to the anionic, hydrogen-substituted

phenazine (steps 1 through 3, DGOð2e� =1H+ Þ). This species may then be protonated, given the availability

of a second hydrogen association site, to the fully reduced and protonated phenazine species (steps 1

through 4, DGOð2e� =2H+ Þ). With N-substituted phenazine mediators (except for PYO, which contains

an oxo group to accept the second proton), the two-electron, two-proton (2e�, 2H+) reduction is inacces-

sible. The Gibbs free energy of the reduction processes mentioned at standard state was then computed

from the ground state structures of each of the phenazine mediators in the following manner:

DGOð1e� = 1H+ Þ = DGO
Step 1 + DGO

Step 2 (Equation 1)

DGOð2e� = 1H+ Þ = DGO
Step 1 + DGO

Step 2 + DGO
Step 3 (Equation 2)

DGOð2e� =2H+ Þ = DGO
Step 1 + DGO

Step 2 + DGO
Step 3 + DGO

Step 4 (Equation 3)

These Gibbs free energies were used to calculate the reduction potential for each reduction and proton-

ation process through the Nernst equation:

EO = � DGOðXÞ
nF

� EO
H (Equation 4)

where EO equals the standard reduction potential, DGOðXÞ represents the Gibbs free energy of the reduc-

tion process of interest, n is the number of electrons transferred (here, 1 or 2 electrons), F is Faraday’s con-

stant with a value of 23.06 kcal mol�1 V�1, and EO
H is the normal hydrogen electrode potential with a value of

4.28 V as reported in previous literature (Kelley et al., 2006). These potentials were further converted to po-

tentials versus saturated calomel electrode (SCE) by adding �241 mV. All DFT optimized structural coor-

dinates and mediator-specific square schemes with energetically favored protonation sites can be found

in Schemes S1–S9 provided in the supplemental information. Given the error present in calculations of

pKa values from DFT solvation models (Lian et al., 2018; Matsui et al., 2017; Orozco and Luque 2000)

and perplexity surrounding specifics of reduction pathways for each phenazine mediator, a linear correla-

tion was utilized to associate the likely processes in our system studied with our experimentally obtained

results.

Given that the reduction of phenazine mediators occurs in 95% aqueous buffer solutions, these reduction

reactions occur as a two-electron, two-proton (2e�, 2H+) process at a specific pH (Elliott et al., 2017; Si-

moska et al., 2019b). Based on the CV data obtained at varying scan rates (see details in Figure S1 in

the supplemental information) for each phenazine mediator in 20 mM MOPS buffer (pH 7) + 10 mM

MgCl2 + 100 mM glucose, the electrochemical behaviors of phenazines are not a purely reversible,

outer-sphere electron transfer. These processes undergo quasi-reversible redox mechanisms (Elliott

et al., 2017) that are dependent on the scan rate dependent with DEp > 59 mV/n. Generally, a phenazine

redox couple may appear irreversible when the voltammetric experiments are performed at slow scan

rates. However, at faster scan rates, the chemical reversibility of the system improves, as observed in

the voltammetric data in Figure S1 in the supplemental information. It should be noted that, in certain

cases, the phenazine redox event might also involve and follow on chemical reactions (such as EC mech-

anism) or adoptive steps, making it challenging to extract and/or estimate formal potentials. The peak

anodic (ipa) and peak cathodic (ipc) current responses were plotted as a function of the square root of

the different scan rates (see details in Figure S2 in the supplemental information). Since ipa does not equal

ipc as described by the Randles-Sevcik equation (Bard and Faulkner 2000), the ratio of the peak anodic to

peak cathodic current does not equal to 1 (see details for ipa/ipc for each phenazine listed in Table S1 in

supplemental information), which further illustrates the quasi-reversible nature of phenazine redox

processes.

The formal redox potentials for each phenazine were calculated and compared for experimental data. Fig-

ures 3A, 3B, and 3C show these results for the (a) one-electron, one-proton (1e�, 1H+) reduction, (b) two-

electron, one-proton (2e�, 1H+) reduction, and (c) two-electron, two-proton (2e�, 2H+) reduction (namely,

(2e�, 1H+) for the N-substituted phenazines), respectively, where the x axis represents the measured formal

redox potential, and the y axis is the computed formal redox potential for phenazine mediators obtained
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from DFT calculations (the computed phenazine mediator molecular atom coordinates are provided in

Data S1). Interestingly, suitable linear correlations were observed between all three sets of computed

formal reduction potentials for (1) the one-electron, one-proton (1e�, 1H+) reduction with R2 = 0.99, (2)

the two-electron, one-proton (2e�, 1H+) reduction with R2 = 0.97, and (3) the two-electron, two-proton

(2e�, 2H+ or 1H+) reduction with R2 = 0.98 to the experimentally determined formal potentials obtained

from cyclic voltammetry experiments (see details in Figures S1 and S2 in the supplemental information),

suggesting that these mediator redox processes may occur in aqueous media. These linear regression

trends show that within the error, the calculated structures do match the geometry-based molecules pre-

sent in aqueous solutions. Therefore, these reductive processes are all likely to occur either simultaneously

or in succession in aqueous media, and the computed structures are all present in solution during electron

transfer. Additionally, previous work by our research group (Grattieri et al., 2018), focusing on quinone-

based mediators for generating biophotocurrent in photosynthetic purple microorganism Rhodobacter

capsulatus, concluded that the redox behavior of mediators should be considered in aprotic environments

(e.g., the lipophilic cell membrane) as it might play a critical role in electron transfer in mediated whole-cell

systems. Therefore, the formal reduction potentials for the proton decoupled, single-electron (1e�) transfer
processes for each phenazine were also computed and experimentally determined using cyclic voltamme-

try experiments in aprotic media (see details in Figure S3 in the supplemental information). Figure 3D shows

the correlation between the computed formal redox for the proton decoupled, single-electron transfer

(1e�) mechanism and the experimental voltammetric data for phenazine mediators in aprotic media.

The excellent linear regression trend (R2 = 0.99) observed suggests that within the error the computed

phenazine structures match the phenazine molecules in aprotic solutions.

Figure 3. Computed formal reduction potentials vs. the measured formal redox potentials for the phenazine

mediators set used in this study

(A–D) Computed formal reduction potentials as a function of the measured formal redox potentials for the phenazine

mediators set for (A) one-electron, proton-coupled (1e�, 1H+), (B) two-electron, proton-coupled (2e�, 1H+), (C) two-

electron, two-proton (2e�, 2H+), and (D) single-electron, proton decoupled (1e�) transfer processes. The experimentally

measured formal redox potentials (vs. SCE) for phenazines in (A–C) were determined from cyclic voltammetry data of

buffered aqueous-based media while the formal redox potentials (vs. Ag/Ag+) for phenazines in (D) were obtained from

cyclic voltammetry tests in aprotic media. The values for the measured formal redox potentials represent the average

value from three replicates. Error bars are too small to be seen.
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Multivariate linear regression modeling

To investigate the relationship between the structural properties and mediator performance of phena-

zines, additional factors were considered to describe the measured mediated current densities shown in

Figure 1A. Namely, a parameter set of molecular properties (e.g., the formal reduction potential, polarity,

lipophilicity, size, volume) derived fromDFT andmolecular mechanics (MM) was developed, andMLR anal-

ysis of each was performed usingMATLAB software (MATLAB R2017b, 2017). Considering the possibility of

the single-electron, proton decoupled (1e�) process and the calculated formal reduction potentials as a

universal descriptor yielded a direct linear correlation with catalytic current outputs (R2 = 0.81), as shown

in Figure 4A, for a subset of the phenazine mediators investigated, specifically NR, PYO, BAPD, MPMS,

PMS, and PES. Single-electron (1e�) processes are understood to occur in aprotic media (Figure 3D), which

in our microbial-based bioelectrochemical system correspond to the cellular membrane. In this context,

the observed correlation between mediated EET of E. coli and single-electron (1e�) transfer processes
for the subset of six exogenous phenazine mediators suggests that the limiting electron transfer step takes

place in the lipophilic membrane of the bacterial cells, based on the linear correlation between the depro-

tonated, single-electron formal reduction potential correlation to observed mediated current outputs. It

should be noted that when examining the whole data set of nine mediators, the formal reduction potential

for the proton decoupled, single-electron (1e�) steps is not a universal descriptor. Since this process de-

scribes only 70% of the mediators studied here, these results pointed to the need to consider additional

factors for the full set of phenazine mediators tested.

Further efforts were made with the full set of parameters, namely descriptors associated with the mediator

polarity, lipophilicity, size, and volume, obtained to develop a more appropriate model for the entire set of

phenazine mediators studied. Analysis considering the computed standard deviation of the exact polariz-

ability along x, y, and z axes (polarizability) of each mediator yielded a good univariate correlation to the

experimentally determined mediated current densities (Figure 4B). When the polarizability is combined

as a correcting factor to the single-electron (1e�) formal reduction potential in a multivariate model, the

threemediators (PCX, PHZ, andOHPHZ) that were excluded from the initial proton decoupled, single-elec-

tron (1e�) model are includedwith a reasonable correlation (R2 = 0.75) and leave-one-out internal validation

(Q2 = 0.61), as demonstrated in Figure 5A. However, the model is far more complex than the single

descriptor polarizability model (Figure 4B) and does not improve the statistics or predictive power of

the model. The pre-factor weighting also shows that the single-electron (1e�) formal reduction potential

is playing a minor role in the description of the mediated current density. Thus, other descriptors were

Figure 4. Experimentally determined mediated current densities at phenazine mediator concentration of 200 mM

as a function of the calculated formal reduction potentials for the proton decoupled, single-electron (1e�) transfer
process and as a function of the mediator polarizability

(A) Experimentally determined mediated current densities at phenazine mediator concentration of 200 mM vs. computed

potentials for the proton decoupled, single-electron (1e�) transfer process for a set of six phenazine mediators. The three

mediators (shown in red) that do not fit the proton decoupled, single-electron (1e�) transfer process are shown.

(B) Mediated current densities at mediator concentration of 200 mM as a function of phenazine mediator polarizability for

the entire set of nine phenazine mediator studies. The values and standard deviation for the mediated current densities

are shown in Figure 1.
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introduced in our parameter set to pair with the polarizability term to generate a more predictive model,

limiting our search to bivariate models to avoid overfitting as the full training set contains nine values. An

excellent bivariate model was isolated that includes the polarizability with themolar volume as parameters,

both of which were obtained through DFT. This model and its corresponding statistics, shown in Figure 5B,

illustrate that the more polarizable a phenazine mediator and the smaller the molar volume, the greater the

current enhancement. Thus, our hypothesis that electron transfer occurs in the lipophilic environment of

the cell membrane proved to be only partially correct as the pre-factor weighting of normalized descriptor

values in the model demonstrates that there are other factors of greater predictive power to describe the

mediated current densities in this E. coli-based system. It is interesting to note that modeling parameters

that are directly associated with lipophilicity and transport into or through the cell membrane did not show

a direct correlation with the mediated current densities. However, descriptors for mediator polarizability

and size showed promise, which is explained in the subsequent discussion.

To rationalize this model, the polarizability factor describes the distortion of the electron cloud in an elec-

tric field, which could be induced by electrodes, ions, and other highly charged system constituents.

Isotropic polarizability, further, is the average or the molecule’s polarizability in the x, y, and z directions.

Therefore, the standard deviation of this value gives a quantitative measure to the relative similarity in

polarizability between the x, y, and z terms. The model suggests that the greater the polarizability devia-

tion, the better the mediator performance is. A possible explanation for this result is that the association of

the phenazine with the cell membrane requires transport through a highly charged environment (e.g.,

extracellular ions involved in membrane potential, phosphate heads on phospholipids) before entering

the aprotic environment within the lipid bilayer. Furthermore, E. coli as gram-negative bacteria are charac-

terized by high densities of lipopolysaccharides in the outer leaflet of the cell membrane, increasing the

negative charge density on the outer surface of the cell. Consequently, a more polarizable molecule would

be conducted to the bilayer through this highly charged hydrophilic environment to finally participate in

charge transfer within the hydrophobic interior of the cell membrane.

Themolar volume is ameasure of themolecule’s molar mass divided by its density in a standard state. Thus,

this parameter essentially describes the ability of the molecule to pack into a given space. This is loosely

related to the solvent cavity volume (in our system) as well as the molecular weight (without counter ions

Figure 5. Multivariate linear regression models for the phenazine-mediated E. coli-based bioelectrochemical system

Multivariate linear regression models generated for the E. coli phenazine-mediated bioelectrochemical system showing mediated current densities as a

function of the experimentally measured current densities for phenazines with descriptors.

(A) A bivariate model with the single-electron (1e�) formal potential (E1) and polarizability (polar) correlated to the mediated current output, i.

(B) Final model correlating the polarizability (polar) and molar volume (volume) descriptors with the mediated current outputs (i). In both (A) and (B), Q2

represents the statistics associated with leave-one-out analysis and Kfold characterizes the cross-validation statistics. Equations are given for each model,

where i is the current density, E1 is the computed formal reduction potential (V vs. SCE) for the single-electron (1e�) process, polar is the standard deviation of

the polarizability, and volume is the molar volume (Bohr3 mol�1).
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present), providing a steric parameter for the model. The model notes that as the molar volume decreases,

the mediator performance is enhanced, which suggests that the molecule can move more easily through a

medium with a smaller solvent shell and pack more closely with itself and similarly structured molecules. As

such, this factor essentially describes not only how large the molecule is sterically but also how it moves

through the solution with its hydration shell. Therefore, molar volume as a parameter also points to the fa-

cility of transport to and from the lipophilic region of the cell membrane as amajor contributing factor in the

phenazine mediator performance (see details in Figure S4 the supplemental information). These character-

istics must be considered when selecting and/or designing a mediator that will result in the optimal current

outputs for a given phenazine-mediated microbial bioelectrochemical system. Without external validation

of the data points, the model’s predictive power should be used with caution. Specifically, future studies

need to validate the performance of the current model in more complex biological scenarios where vari-

ations in environmental parameters including pH, O2 levels, temperature, concentrations of glucose

(and other carbon-based sources), and the potential presence of other competing redox molecules

need to be considered in the performance of phenazine-based mediated microbial bioelectrochemical

systems. These physicochemical parameters should be meticulously analyzed with regard to how they

impact the mediated current densities and also to validate the present model and/or generate a new,

multifaceted model based on the one presented in this study. Further experimental investigations are

necessary to elucidate the limiting transport kinetics of the bulk solutions and phenazine electrochemical

mediator, which is a subject of further research. Finally, future efforts need to identify any specific enzymes

in the metabolism of E. coli that might participate in phenazine reduction processes and their location in

E. coli cells as it has previously been demonstrated in P. aeruginosa cells (Chukwubuikem et al., 2021;

Glasser et al., 2017; Jo et al., 2020; Price-Whelan et al., 2007).

At present, the predictive model with good statistics provides a means to discover new phenazine-based

mediators for further enhancement of the electron harvesting efficiency of the studied system. Specifically,

the model can be utilized to predict mediator performance of both naturally occurring (e.g., PYO, OHPHZ,

PCX) as well as artificially synthesized phenazines (e.g., BAPD, MPMS, PMS, PES, PHZ, NR). Additionally,

this model can be used to predict the mediated current outputs for the naturally occurring phenazines

in the complex regulatory P. aeruginosa biosynthetic pathway that are not commercially available due to

their highly reactive natures, such as 5-methylphenazine-1-carboxylic acid (5-MCA) (Simoska et al. 2019a,

2019b). To demonstrate the applicability of this predictive model, the expected value for the current den-

sity of highly reactive 5-MCA was calculated to be 1.6 mA cm�2. Therefore, this model could successfully be

employed to predict the expected mediated current densities for bioelectrochemical systems utilizing

other phenazine mediators with similar unstable nature to 5-MCA. This model provides critical insights

into synthetic biology strategies and metabolic and genetic manipulation approaches to engineer various

E. coli strains, not only with the phenazine biosynthetic pathway but also with incorporating novel and

specifically engineered enzymes, to self-produce phenazine mediators of interest that will result in optimal

current outputs in microbial electrochemical systems. Thus, this model is important for designing better

performing mediated microbial bioelectrochemical systems with optimal and enhanced current outputs

that have various applications ranging from more energy-efficient wastewater treatments, environmental

bioremediation, and the synthesis of value-added products.

The rational design of mediated microbial bioelectrocatalytic systems with enhanced current density is far

more complex than only choosing a mediator with an adequate redox potential, requiring an in-depth

consideration of the fundamental bioelectrochemical reactions controlling EET. This study shows that spe-

cial considerations are necessary for the advancement of redoxmediator systems for model microorganism

E. coli. The MLR correlation between the experimental phenazine-mediated current densities in E. coli and

computed molecular characteristics indicates that the redox mechanisms of phenazine mediators need to

be carefully evaluated not only in an aqueous buffer as the electrolyte solution but also in an aprotic envi-

ronment representative of the cell membrane of bacteria. Specifically, our computational findings provide

critical insight into describing aspects of the EET mechanism in E. coli, suggesting that a subset of the sol-

uble phenazine mediators evaluated undergo proton decoupled, single-electron (1e�) transfer steps.

Furthermore, we considered additional factors, including polarizability andmolar volume of phenazineme-

diators, to develop a more appropriate model with the entire set of phenazine mediators. The findings

demonstrate that the polarizability standard deviation and molar volume parameters are major contrib-

uting factors to the phenazine performance with regard to the ability of transport to/from the lipophilic re-

gion of the cell membrane. Therefore, all these characteristics need to be considered when designing
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mediator systems to develop phenazine-mediated microbial biocatalytic systems with enhanced perfor-

mances. The model and statistic described in this study can thus be used as a predictive model to achieve

this critical task to design future microbial-based mediated EET systems.

Limitations of the study

There are limitations of this study that should be considered when extending the model to other microbial

electrochemical systems where microbes other than Escherichia coli, such as Pseudomonas aeruginosa,

and Pseudomonas putida are used as the microbial biocatalytic host. Specific enzymes that might partic-

ipate in phenazine reduction processes might differ from one microorganism to another due to distinct

metabolic pathways. While E. coli is the most common model microorganism, P. aeruginosa is pathogenic

species with other additional metabolic and quorum sensing pathways and P. putida is an obligate aerobe

species (requires O2) that has limitations to be used as amicrobe in the anaerobic (O2-free) anodic chamber

in microbial electrochemical systems. These specific differences in metabolism between microorganism

species will impact the reduction processes of phenazine mediators used to facilitate electron transfer.

Therefore, additional experimental microorganisms need to be tested with the predictive model before

we can have confidence in the applicability of our model to other microbe species. Further external valida-

tion points are necessary to evaluate the predictive mediated current density model with additional

environmental factors, including pH, temperature, and O2, which could all impact the electrochemical

properties and electron transfer of the mediators in a given microbial electrochemical system.
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KEY RESOURCE TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, S. D. Minteer (minteer@chem.utah.edu).

Materials availability

This study did not generate unique reagents. Requests for samples that were analyzed in this study can be

directed to the Lead Contact, S. D. Minteer (minteer@chem.utah.edu).

Data and code availability

This paper did not generate and does not report original code. The code and software used for computa-

tions in this study are described in the method details and the key resource table. The experimental details

regarding the measured mediated current densities used for modeling in this work are described in our

previous study (Simoska et al., 2021). Any additional information required to analyze the data reported

in this paper is available from the Lead Contact, S. D. Minteer (minteer@chem.utah.edu), upon request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Escherichia coli BL21 New England BioLabs C2530H

Chemicals, peptides, and recombinant proteins

D-glucose Fisher Scientific Inc D16-500; CAS: 50-99-7

Magnesium chloride Fisher Scientific Inc BP214-500; CAS: 7786-30-3

3-(N-morpholino)propane sulfonic acid Sigma-Aldrich M1254; CAS: 1132-61-2

N,N-dimethylformamide (anhydrous, 99.8%) Sigma-Aldrich 227056; CAS: 68-12-2

Ethanol Sigma-Aldrich 459836; CAS: 64-17-5

Tetrabutylammonium hexafluorophosphate Sigma-Aldrich 86879; CAS: 3109-63-5

Phenazine Sigma-Aldrich P13207; CAS: 92-82-0

Neutral red Sigma-Aldrich N4638; CAS: 553-24-2

Phenazine ethosulfate Sigma-Aldrich P4544; CAS: 10510-77-7

Phenazine methosulfate Sigma-Aldrich P9625; CAS: 299-11-6

Phenazine-1-carboxamide Sigma-Aldrich SY3H3249FA6D; CAS: 550-89-0

Benzo(A)phenazine-7,12-dioxide Sigma-Aldrich R415219; CAS: 18636-88-9

1-Hydroxyphenazine Cayman Chemical 28064; CAS: 528-71-2

Pyocyanin Cayman Chemical 10009594; CAS: 85-66-5

1-Methoxy-5-methylphenazinimum methyl

sulfate

Cayman Chemical 21258; CAS: 65162-13-2

Software and algorithms

Gaussian16 Gaussian, Inc. https://gaussian.com/

Python 3 Python Software Foundation https://www.python.org/

MATLAB 2018 The MathWorks, Inc. https://www.mathworks.com/

MacroModel Schrödinger, Inc. https://www.schrodinger.com/

OriginPro 2019b OriginLab Corporation https://www.originlab.com/2019b
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METHOD DETAILS

Chemicals

All reagents and chemicals were used as received. 1-Methoxy-5-methylphenazinimummethyl sulfate, pyo-

cyanin, and 1-hydroxyphenazine, were purchased from Cayman Chemical Company. Benzo(A)phenazine-

7,12-dioxide, phenazine, neutral red, phenazine ethosulfate, phenazine methosulfate, phenazine-1-car-

boxamide, 3-(N-morpholino)propane sulfonic acid (MOPS), N,N-dimethylformamide (anhydrous, 99.8%),

ethanol, and tetrabutylammonium hexafluorophosphate (TBAPF6) were acquired from Sigma-Aldrich.

D-glucose (glucose) and magnesium chloride (MgCl2) were obtained from Fisher Scientific Inc.

Phenazine mediator preparation

This study evaluated and characterized nine phenazinemediators, including (1) neutral red (NR), (2) pyocya-

nin (PYO), (3) 1-methoxy-5-methylphenazinium methyl sulfate (MPMS), (4) benzo(A)phenazine-7,12-dioxide

(BAPD), (5) phenazine methosulfate (PMS), (6) phenazine ethosulfate (PES), (7) phenazine (PHZ), (8) 1-hy-

droxyphenazine (OHPHZ), and (9) phenazine-1-carboxamide (PCX), using a concentration of 100 mM for

each mediator. The mediators were characterized using cyclic voltammetry in both aqueous buffer and

aprotic media. A 2 mM stock solution for each mediator was prepared in (1) 20 mMMOPS buffer (pH 7) con-

taining 10 mM MgCl2 and 100 mM glucose, and (2) N,N-dimethylformamide (DMF) with 0.1 M TBAPF6 as

the aqueous and aprotic electrolyte solutions, respectively. The 2 mM phenazine mediator stock solutions

were initially stabilized with 20% ethanol, giving a final concentration below 0.1% in the electrolyte solu-

tions. Namely, the 2 mM stock solution for each phenazine was diluted to 500 mM stock solution in either

the aqueous MOPS buffer or aprotic media solution. Using the 500 mM stock solutions, 100 mM solutions of

each phenazine mediator were prepared in each electrolyte solution for evaluation of its electrochemical

behavior in both aqueous and aprotic media.

Electrochemical setup

Electrochemical measurements were performed using a three-electrode cell setup at room temperature

(20 G 1�C). The electrochemical behavior and redox response for the nine different phenazine mediators

were examined using cyclic voltammetry (CV) experiments (using either a Squidstat Prime potentiostat

(Admiral Instruments) or a CH660 potentiostat (CH Instruments)). In this study, the working electrodes uti-

lized were AvCarb carbon paper electrodes (AvCarbMGL 190, Fuel Cell Store) with an area of 1 cm2 and the

counter electrode was a Pt mesh electrode. For phenazine mediator characterization in aqueous media, a

saturated calomel electrode (SCE) was used as the reference electrode while for phenazine mediator char-

acterization in aprotic media, a silver/silver nitrate (Ag/AgNO3 labeled as Ag/Ag+) non-aqueous reference

electrode was used as the reference electrode. Thus, for studies in aqueous and aprotic media, the poten-

tials discussed in this paper refer to the SCE and Ag/Ag+ non-aqueous reference electrodes, respectively.

The electrolyte solutions were 20 mM MOPS buffer (pH 7) + 10 mM MgCl2 + 100 mM glucose, and 0.1 M

TBAPF6 in DMF for electrochemical experiments. For studies in the aqueous buffer, CV tests were per-

formed at varying scan rates of 5, 10, 25, 50, 75, 100, and 250 mV s�1. For tests in the aprotic media, CV

measurements were obtained at a scan rate of 5 mV s�1. Before performing CV tests in aprotic media,

the Ag/Ag+ reference electrode was calibrated using ferrocene standard solution (2 mM ferrocene in

0.1 M TBAPF6 in DMF). Dependent on the type of phenazine mediator, specific and different potential win-

dows were used for CV data in aqueous and aprotic media, which can be found in Figures S1 and S3 in the

supplemental information. All CV tests in aqueous and aprotic media were performed in triplicate and the

average values of the resulting CV current responses were used. Details on E. coli cell growth, bacteria

immobilization on working electrode surfaces, electrochemical setup for amperometric constant-potential

i-t measurements used to calculate the mediated current densities utilized for modeling and discussed in

this work are described in our previous study (Simoska et al., 2021), in which each experiment was per-

formed five times.

Density functional theory

Density functional theory (DFT) computations were first carried out through a geometry optimization in the

gas phase with theM06-2X/6-31 + g(d,p) level of theory (Hehre et al., 1972, Zhao and Truhlar 2008a, b) and a

tight convergence criteria (int = ultrafine) using the Gaussian16 (revision C.01) Software Package (Frisch

et al., 2016). Minimized energy structures were confirmed with a frequency calculation (zero imaginary fre-

quencies). The gas-phase optimized geometries were used for all calculations in this work. Following this

optimization step, a single-point energy calculation was performed using the M06-2X/jun-cc-pvtz level of
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theory (Hariharan and Pople 1973; Weigend and Ahlrichs 2005) for more accurate free energies of the

ground state for each phenazine molecule. A final single-point calculation was performed at the same level

of theory (M06-2x/jun-cc-pvtz) in water utilizing a continuum solvation model based on the quantum

mechanical electron density of the molecule (solvent model ‘‘density’’) SMD model (Marenich et al.,

2009a, b) with each of the phenazine mediators. Gaussian defaults were used in all computations unless

previously specified.

Multivariate linear regression modeling

The understanding of disparate rates of current densities with differing phenazinemediators was evaluated

via the use of multivariate linear regression (MLR) modeling. Molecular parameters were isolated from the

oxidized low-energy conformers in condensed phase for each of the phenazines in the training set. These

were generated using both DFT with Gaussian16 (Frisch et al., 2016) and molecular mechanics (MM)

through the QikProp (Schrödinger Release, 2021-2: QikProp, 2021) package in MacroModel, focusing on

parameters that were hypothesized to describe mediator reduction potential and interaction with the

cellular membrane (e.g., reduction potential, polarity, lipophilicity, size, volume). MLRmodel development

and predictions were performed using MATLAB R2018b software (MATLAB R2017b, 2017) with the gener-

ated molecular descriptors as described previously (Guo et al., 2017; Santiago et al., 2018; Sigman et al.,

2016) using normalized parameters by subtracting the mean of each value and dividing by the standard

deviation.
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