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Abstract 

 

Tuning Biotic/Abiotic Interfaces for Enhanced Bioelectrochemical Conversion: Redox-

Active Conjugated Oligo- and Polyelectrolytes 

by 

Samantha McCuskey 

 

Bioelectronics concerns the integration of electronic elements with biological systems to 

form functional devices including biosensors for detection and analysis, neuroelectronic 

junctions, and biofuel cells for energy conversion and catalysis. A fundamental part of any 

bioelectronic system is the electronic coupling and transport at the various biotic/abiotic 

interfaces between biomaterials and electronic supports. The development and study of 

materials that modulate charge transport across these interfaces is therefore an area of 

interest. Advances in increasing the synergy between electronics and biology will see 

impacts in not only our understanding of system, cell, and molecular biology, but also more 

efficient electronics for conversion of bioenergy. In this development, we have focused on 

the implementation of redox-active conjugated electrolytes at the biotic/abiotic interface for 

amplifying biocurrent collection. 

In specifically-designed microbial bioelectrochemical systems, bacteria interface with 

electrodes to catalyze the interconversion of chemical and electrical energy. Membrane 

modifiers called conjugated oligoelectrolytes (COEs), defined by their conjugated core and 

peripheral ionic pendant groups, have been shown to increase the ability of electrogenic 

microbes to electronically communicate with abiotic components through a number of 
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indirect factors including increasing electrode colonization and coulombic efficiency. 

However, precise control over the mechanism of current enhancement remained to be seen. 

Two ferrocene-containing COEs called DVFBO and F4-DVFBO were designed to test 

voltammetric control over biocatalytic current production. Both COEs have a π-delocalized 

core capped on each end by ferrocene units and show similar optical properties, affinity for 

the membrane, and toxicity, but fluorination of the core (F4-DVFBO) results in a higher 

redox potential (422 ± 5 mV compared to 365 ± 4 mV vs Ag/AgCl for DVFBO). The COEs 

were tested in anaerobic microbial three-electrode electrochemical cells (M3Cs) containing 

the model electrogenic bacterium Shewanella oneidensis MR-1.  At a low electrode 

potential, the addition of the COEs produced negligible current enhancement compared to 

controls. However, at E = 365 mV, DVFBO increased steady-state biocurrent 67 ± 12% 

relative to controls while F4-DVFBO only increased biocurrent by 30 ± 5%. With no change 

in electrode colonization, cyclic voltammetry supports that DVFBO is the primary conduit 

of the increased catalytic current and shows F4-DVFBO has less activity at this poised 

potential. Overall, this work demonstrates the ability to modulate electron transfer from 

microbial species exclusively via the oxidation potential of the COE. 

 While microbial membrane modification with redox-active COEs led to improvement in 

current extraction, a two-dimensional electrode structure limits the surface area for 

electroactive bacteria attachment and restricts efficient substrate and buffer diffusion. 

Conjugated polyelectrolytes represent a complementary interfacial materials strategy to 

enhance biotic/abiotic electronic coupling. First, the mixed ionic-electronic conduction 

properties of the self-doped conjugated polyelectrolyte CPE-K were investigated with 

respect to hydration. Films of CPE-K showed both increasing ionic and electronic 
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conduction with hydration. Results indicate that the increase in electronic conduction was 

due to both increased number of free charge carriers and closer π-π stacking. 

Following this characterization, CPE-K was used as a conductive matrix to 

electronically connect a three-dimensional network of Shewanella oneidensis MR-1 to a 

gold electrode. At critical CPE-K concentrations, these biocomposites spontaneously 

assemble from solution into an intricate arrangement of cells within a conductive polymer 

matrix, thereby increasing biocurrent ~150-fold over control biofilms in M3C tests. While 

increased biocurrent is due to more cells in communication with the electrode, current 

extracted per cell is also enhanced indicating efficient long-range electron transport. Further, 

biocomposites show almost an order-of-magnitude lower charge transfer resistance than 

CPE-K alone, supporting that the electroactive bacteria and the conjugated polyelectrolyte 

work synergistically towards an effective electronic biocomposite. Examination of these 

biocomposites in microbial fuel cell configurations reinforces the need for continued pursuit 

of synthetic designs to improve the biotic/abiotic interface in bioelectronics. 
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Chapter 1 

Introduction 

 

1.1 Background and Motivation: Electric Avenues 

In 1791 Luigi Galvani, professor of anatomy at Bologna, founded the concept of 

“animal” or biological electricity. In his now famous experiment, Galvani observed the 

twitching of a dissected frog’s leg when the nerves and muscle were  spanned by metal 

probes.
1
 However, it was Alessandro Volta, professor of physics at Pavia, who suspected 

that the dissimilar metal objects involved were responsible for the flow of current through 

the tissue. He called this “metallic” electricity. Volta demonstrated his theory with the 

creation of the first chemical electric battery and named the phenomenon “Galvanism” after 

Galvani.
2
 Through these scientific endeavors, the fields of electrophysiology and 

electrochemistry were born. 

The first instance of microbial bioelectricity was published in 1911, when M. C. Potter 

reported on the electromotive force developed during the “disintegration of organic 

compounds by microorganisms.”
3
 His experiments on microbial-induced electrode reduction 

led to the development of biofuel cells, later termed “microbial fuel cells.” In 1964, Duca 

and Fuscoe explained the thermodynamics behind bioelectrochemical energy conversion.
4
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They also suggested four general areas for microbial electrochemical technologies: detectors 

for contaminants, sensors for the generation of control signals, as power sources, and as 

catalysts for the generation of electrochemical reactions.
4
 With the isolation of microbes 

called exoelectrogens that could directly reduce external insoluble electron acceptors in the 

1990s, mediatorless microbial fuel cells were possible and kicked off further research into 

microbial bioelectronics.
5–7

 

All microbial bioelectrochemical systems (BESs) are dependent on the wiring of 

microbial metabolism to solid-state electrodes. Exoelectrogenic microbes exchange electron 

equivalents with an electrode via extracellular electron transfer (EET) at the biotic/abiotic 

interface. The rate of electron exchange between microbe and electrode directly impacts the 

power generation, turnover frequency, and selectivity of BESs. Three distinct pathways for 

EET are known: (a) direct electron transfer (DET) via outer membrane-bound redox active 

proteins, (b) through conductive appendages such as pili, and (c) indirectly through the 

secretion of redox-active electron shuttles called mediated electron transfer (MET).
8–11

 The 

specific type of electron transfer can be distinguished by their characteristic electrochemical 

potentials in cyclic voltammetry. 

 Approaches to improve electronic coupling at the biotic/abiotic interface include genetic 

modification of microbes,
12–16

 addition of conductive coatings or interfacial mediators to the 

cell or electrode,
17–20

 and whole bioelectrode fabrication.
20–22

 One underdeveloped approach 

is the use of water soluble organic semiconductors to modify the biotic/abiotic interface. 

Beginning ten years ago, the development of membrane-intercalating conjugated 

oligoelectrolytes with phenylene-vinylene cores has seen the boost of biocurrent collection 

by increased electrode colonization, membrane permeabilization, and coulombic 
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efficiency.
11,23–28

 More recently, addition of physiologically relevant redox-units to COEs 

has added another level of interaction between the microbes and the electrode.
29

 

Additionally, a conjugated polyelectrolyte (CPE) was shown to modify the surface of an 

electrode for increased colonization and DET.
30

 The studies outlined in this dissertation 

allow us to understand how redox-active COEs and CPEs can be used to tune microbial 

electronic communication for enhanced bioelectrochemical conversion. 

1.2 Outline 

In Chapter 2, ferrocene-containing membrane-intercalating conjugated oligoelectrolytes 

were added to anaerobic microbial three-electrode electrochemical cells (M3Cs) containing 

the model exoelectrogen Shewanella oneidensis MR-1 to evaluate their ability to participate 

in biocatalytic current production. Electrochemical, metabolic, and spectroscopic techniques 

were used to show COEs functioned as an additional conduit for microbial extracellular 

electron transfer and that solely the applied potential can be used to modulate electron 

extraction from microbes. 

In Chapter 3, the effect of hydration on the mixed conduction properties of the self-p-

doped cyclopentadithiophene-alt-benzothiadiazole conjugated polyelectrolyte with pendant 

sulfonate groups (called CPE-K) is investigated. Both the electronic and ionic conductivity 

increased with hydration in CPE-K films. Electronic hole conduction increased partially due 

to growth of the radical cation population, but was mainly attributed to a shift in the π-π 

stacking to closer packing distances. Hydrated films also showed enhancement in the 

lamellar crystal correlation length indicating larger, more perfectly ordered crystallites. 

In Chapter 4, we show that CPE-K functions as a conductive matrix to electronically 

connect a three-dimensional network of S. oneidensis MR-1 to a gold electrode in M3Cs, 



 

 
4 

thereby increasing biocurrent ~150-fold over control biofilms in M3Cs. While increased 

biocurrent is due to more cells in communication with the electrode, current extracted per 

cell is also enhanced indicating efficient long-range electron transport. Further, 

biocomposites show almost an order-of-magnitude lower charge transfer resistance than 

CPE-K alone, supporting that the electroactive bacteria and the conjugated polyelectrolyte 

work synergistically towards creating an effective bioelectronic composite to interface with 

the charge collecting electrode. 

In Chapter 5, the S. oneidensis MR-1/CPE-K bioelectronic composites are tested in 

microbial fuel cells (MFCs) to see if they can operate autonomously. Under steady-state 

operation with a constant external load, only ~22-fold biocurrent enhancement is seen over 

controls (compared to ~150-fold in poised-potential M3Cs). Polarization testing shows the 

biocomposites can generate ~65% higher maximum power density than control biofilms. 

Testing of the anode potential during MFC operation supports that there is not enough 

natural driving force to electrochemically activate the CPE-K network. 
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Chapter 2 

Tuning the Potential of  Electron Extraction 

from Microbes with Ferrocene-Containing 

Conjugated Oligoelectrolytes 

Synthetic systems that facilitate electron transport across cellular membranes are of interest 

in bioelectrochemical technologies such as bioelectrosynthesis, waste water remediation, 

and microbial fuel cells. The design of a second generation redox-active conjugated 

oligoelectrolyte (COE) bearing terminal cationic groups and a π-delocalized core capped by 

two ferrocene units is reported. The two COEs, DVFBO and F4-DVFBO, have similar 

membrane affinity, but fluorination of the core results in a higher oxidation potential (422 ± 

5 mV compared to 365 ± 4 mV vs Ag/AgCl for the neutral precursors of F4-DVFBO and 

DVFBO in chloroform). Concentration-dependent aggregation is suggested by zeta potential 

measurements and confirmed by examination by cryo-TEM. When the working electrode is 

poised below the oxidation potential of the COEs (ECA = 200 mV) in three-electrode 

electrochemical cells containing Shewanella oneidensis MR-1, addition of DVFBO and F4-

DVFBO produces negligible biocurrent enhancement compared to controls. At ECA = 365 

mV, DVFBO increases steady-state biocurrent by 67±12% relative to controls, while the 
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increase with F4-DVFBO is 30±5%. Cyclic voltammetry supports that DVFBO increases 

catalytic biocurrent and that F4-DVFBO has less impact, consistent with their oxidation 

potentials. The overall effect is the ability to modulate electron transfer from microbial 

species via tailoring of the COE redox properties. 

2.1 Introduction 

 Bioelectrochemical systems (BESs, for listing of all abbreviations, please see end of 

Experimental Section) rely on exoelectrogenic microbes that can exchange electrons with an 

electrode and thereby have the ability to generate electricity from organic waste or generate 

products through the process of bioelectrosynthesis.
1–3

 The functional activity of bacteria in 

these devices is determined by the efficiency of interfacial charge transfer between the cells 

and the electrode.
1,2,4

 Three distinct pathways for extracellular electron transfer (EET) are 

commonly described to occur in nature: (a) direct electron transfer via transmembrane 

redox-active proteins, (b) through conductive appendages such as pili, and (c) indirectly 

through the secretion of redox-active electron shuttles.
5–8

 The specific type of electron 

transfer can be distinguished in cyclic voltammetry (CV) by their characteristic 

electrochemical potentials.
9,10

 

Different approaches have been explored to improve electron transfer across 

biotic/abiotic interfaces. These methods include genetic modification of microbes, addition 

of conductive coatings or interfacial mediators to the electrode, and bioelectrode 

fabrication.
11–13

 Research into synthetic biology of bacteria aims to add useful pathways 

characteristic of exoelectrogenic microbes and introduce EET to microbes already 

containing other useful processes.
14–16

 These strategies have had success in improving 
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biocurrent production and enabling microbial electrosynthesis, but require organism-specific 

programming and have only been extended to a few species. 

Another means that directly modifies microorganisms is the implementation of synthetic 

ion channels and/or transmembrane electron transporters with structures that facilitate the 

passage of charged species through the hydrophobic lipid bilayer of cell membranes.
17–19

 

Conjugated oligoelectrolytes (COEs) are one class of these materials and they are described 

by a π-delocalized backbone with appended ionic functionalities that afford solubility in 

polar solvents.
20–23

 COEs have been implemented into biosensor applications and their 

intermolecular contacts enforced by hydrophobic effects have been correlated with different 

morphologies in solution.
24–30

 COEs have also shown to improve biocurrent generation and 

whole cell catalysis by increasing ion conductance across the membrane and allowing the 

release of periplasmic enzymes.
12,31

 

A redox-active COE containing a single ferrocene unit, abbreviated as DSFO+ (Figure 

2.1a), was recently found to increase biologically-derived current in microbial three-

electrode electrochemical cells (M3Cs) by mimicking the function of native redox-active 

transmembrane proteins.
32

 When operating M3Cs at the oxidation potential of DSFO+ (270 

mV vs Ag/AgCl), current amplification arose from an increase in the coulombic efficiency 

and current collected per cell. Examination by CV revealed that the increase in current is not 

due to direct/mediated electron transfer mechanisms through membrane proteins or flavins, 

respectively, but rather through a process that relies on the redox properties of DSFO+. 

In this contribution we report a second generation of redox-active COEs specifically 

designed to include an additional ferrocene unit per inserted molecule and to allow 

understanding of the impact of changes in their oxidation potential. The design of the new 
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molecules, namely DVFBO and F4-DVFBO, in Figure 2.1a extends the dimensionality of 

DSFO+, while reducing the number of charged groups per molecule in order to increase the 

driving force for association with the membrane. Cell association and minimum inhibitory 

concentration windows of DVFBO and F4-DVFBO were investigated with S. oneidensis 

MR-1, a well-characterized exoelectrogen. Results presented here include application of the 

COEs in microbial three-electrode electrochemical cells to evaluate their effect on microbial 

EET. Finally, we demonstrate that the oxidation potential of the COE can indeed be used to 

modulate electron extraction from S. oneidensis MR-1. 

2.2 Synthesis and Characterization 

The synthesis of DVFBO, see Figure 2.1b, starts with building the internal conjugated 

core by using 1 and 2a, affording the bis-aldehyde terminated core 3a in 90% yield. An 

analogous reaction towards F4-DVFBO with the tetrafluorinated bis(diethylphosphonate) 

compound 2b proceeds in a similar manner, except the isolated yield of 3b was 60%. We 

attribute the lower yield of this transformation to the stabilization and resulting lower 

nucleophilicity of the anion of 2b as a result of fluorination. Reduction using sodium 

borohydride and 10 mole % methanol in 1,2-dichloroethane (DCE) afforded bis-diols 4a and 

4b in 99% and 89% yield, respectively. Acid-catalyzed condensation reaction of 4a or 4b 

with 6-bromo-1-hexanol in the presence of catalytic acid affords 5a and 5b in 55% and 45% 

yield, respectively. After a Finkelstein reaction to exchange the pendant alkyl bromides for 

iodides, target compounds DVFBO and F4-DVFBO were generated by reaction with an 

excess of trimethylamine. Complete details of the synthetic procedures and characterization 

of compounds DVFBO, F4-DVFBO, together with all intermediates, can be found in the 

Supporting Information. 
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Figure 2.1: Redox-active COEs. a) Structural evolution of redox-active COEs. b) 

Synthesis of DVFBO and F4-DVFBO. 

To first ascertain the properties of the conjugated core of DVFBO and F4-DVFBO, we 

investigated the optical and electrochemical features of the non-ionic precursors 5a and 5b in 

chloroform. The dielectric constant of chloroform is similar to that of a lipid bilayer 

membrane (εCHCl3 = 4.8, εmembrane ≈ 5).
33

 As expected, the optical properties of 5a and 5b are 
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similar due to the fact the fluorination of the internal benzene ring of 5a results in an 

inductive withdrawing effect but little resonance delocalization.
34

 The absorption maximum 

(λmax) for 5a occurs at 352 nm; fluorination of the core causes the λmax of 5b to red shift by 

only 2 nm (see Figure 2.S2). This peak is assigned to a π to π* transition, which is similar to 

that of COEs of similar molecular length, but without a ferrocene unit, in both peak 

wavelength and molar absorptivity.
34

 There exists a lower energy and lower intensity peak at 

~470 nm in both molecules that is assigned to a metal to ligand charge transfer (MLCT) 

band typical of ferrocenes.
35

 Examination of this lower energy peak reveals a more 

significant red shift of 19 nm upon fluorination of the core in 5b, an indication that suggests 

fluorination of the internal core increases delocalization in the anti-bonding ligand orbital of 

the MLCT transition.
36

 No emission could be detected under any experimental conditions 

using a standard fluorimeter. The optical features described for 5a and 5b in chloroform are 

essentially the same as those observed for DVFBO and F4-DVFBO in aqueous media 

(Figure 2.S2). 

Similarities in the optical properties are contrasted by their different electrochemical 

features. Figure 2.2a shows the normalized traces of 5a and 5b at 100 μM in chloroform at 

25
o
C, as determined by differential pulse voltammetry (DPV). Voltammograms in 

chloroform were measured against the non-aqueous reference electrode Ag/AgNO3 (0.01 M 

acetonitrile) and converted to Ag/AgCl (saturated KCl) for understanding subsequent 

microbial electrochemical experiments, please see the Experimental Section for details.
37,38

 

Fluorination of the internal phenylene ring raises the first oxidation step from 365 ± 4 mV in 

5a, to 422 ± 5 mV in 5b (all potentials will be reported vs Ag/AgCl in saturated KCl).
39

 

Figure 2.2b provides normalized DPV traces of DVFBO and F4-DVFBO under dilute 
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conditions as measured in aqueous media (100 mM phosphate buffer (PB), pH 7.2). At 1 μM 

and 25 
o
C, fluorination of the backbone raises the oxidation potential from 330 mV in 

DVFBO to 438 mV in F4-DVFBO and the general features of these traces closely resemble 

those of 5a/5b in chloroform. However, one observes additional signals at more positive 

potentials as the concentrations of DVFBO and F4-DVFBO are increased, which we 

attribute to aggregation (see Figure 2.S3 for DPV traces). 

 

Figure 2.2: DPV traces of DVFBO and F4-DVFBO in different solvents.  a) 100 

μM 5a (blue trace) and 100 µM 5b (red trace) in CHCl3 at 25 ˚C, b) 1 μM DVFBO 

(light blue trace) and 1 µM F4-DVFBO (light red trace) in PB at 25 ˚C. All traces are 

normalized relative to the highest intensity feature.  

An aggregate or micellar structure should afford a detectable signal from a zeta potential 

(ZP) measurement, as the hydrophobic core of the molecule would be surrounded by the 
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tethered cationic functionalities.
40–42

 When the zeta potential of solutions containing 

DVFBO or F4-DVFBO in PB were measured as a function of concentration, solutions of 

DVFBO show an increase in ZP as a function of concentration and a plateau at ~20 mV 

above 40 μM, while for F4-DVFBO this plateau occurs at ~15 mV above 10 μM (Figure 

2.S5).
43,44

  

Cryogenic transmission electron microscopy (cryo-TEM) was used to visualize any 

aggregates and ascertain their morphological features in solution. The cryo-TEM study of 

100 µM DVFBO in deionized water revealed a high degree of supramolecular order in the 

form of ribbon-like structures, which persist across micron length scales (Figure 2.3a). 

However, cryo-TEM images of DVFBO (Figure 2.3b) and F4-DVFBO (Figure 2.3c) in PB 

show aggregates with considerably less order. Their features resemble clusters of 

approximately 100 nm that are composed of smaller spherical micelle-like structures. These 

differences in structure are attributed to the ionic strength of the medium, which acts by 

affecting interactions between charged molecules in solution through the screening of 

charges.
45,46

 

 

Figure 2.3: Cryo-TEM images of (a) DVFBO in H2O, (b) DVFBO in PB, and (c) 

F4-DVFBO in PB. 
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2.3 Microbial Electrochemical Characterization 

Minimum inhibitory concentrations (MIC) and associations of DVFBO and F4-DVFBO 

with bacteria were investigated prior to microbial electrochemical testing. The dilution 

method was used to determine the susceptibility of S. oneidensis MR-1 to DVFBO and F4-

DVFBO. Cells were tested for their ability to produce visible growth when exposed to a 

logarithmic concentration series of the COEs.
47

 The MIC of both DVFBO and F4-DVFBO 

was determined to be 11.25 µM, see Figure 2.S6. To measure association of the COEs with 

the cells, concentrations in the range of 0-50 µM of both molecules were incubated with 

liquid cultures at 0.4 OD600 for 1 hour at 30 ˚C. After cell removal by centrifugation, the 

absorbance of the supernatant was compared to controls. Figure 2.S7 shows that both 

DVFBO and F4-DVFBO associate nearly quantitatively with S. oneidensis MR-1. 

We now discuss to what extent DVFBO and F4-DVFBO impact electron harvesting from 

S. oneidensis MR-1 by using microbial three-electrode electrochemical cells (M3Cs). M3Cs 

allow one to measure biocurrent over time using chronoamperometry (CA) at a given 

electrode potential (ECA) and investigate mechanisms of enhancement through cyclic 

voltammetry (CV). We utilized carbon felt working electrodes, titanium counter electrodes, 

and Ag/AgCl reference electrodes (saturated KCl). Full experimental details are provided in 

the Experimental Section. 

To examine whether it is possible to tune the electron extraction from S. oneidensis MR-

1 based on the oxidation potential of the COE, DVFBO and F4-DVFBO were tested in 

M3Cs poised at two different potentials: ECA = 200 mV and ECA = 365 mV. Figure 2.5 

shows a schematic representation of the available biocurrent pathways at the these ECA 

values. Oxidizing the ferrocene centers in the COE structures enables them to participate in 
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metabolic electron transfer from inside of the cell out to the working electrode electron 

acceptor. The Nernst equation (Equation 2.1) relates the oxidation potential (𝐸ox
∘ ) of the 

molecules to the electrode potential ECA, temperature T, and species activities (here 

approximated as concentrations): 

 𝐸CA = 𝐸ox
∘ −

𝑅𝑇

𝐹
ln

[Red]

[Ox]
 (2.1) 

where R is the gas constant and F is Faraday’s constant. At ECA = 200 mV, a negligible 

fraction of DVFBO and F4-DVFBO is oxidized and available for ferrocene-mediated 

electron transport across the membrane. At ECA = 365 mV the poised potential of the 

working electrode matches the oxidation potential of DVFBO in chloroform, an 

environment akin to the membrane in terms of dielectric constant, giving the expected ratio 

of reduced to oxidized species as 1:1, or 50% oxidized. The oxidation potential of F4-

DVFBO is higher at 422 ± 5 mV, affording only ~10% oxidation of the species. These 

approximations are based on dilute solutions and we expect that the variety of environments 

available to the molecules upon insertion into the membrane may shift this estimate of 

oxidized molecules. 
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Figure 2.4: Schematic representation of biocurrent pathways available to 

Shewanella oneidensis MR-1. 

To test the impact of ECA and the oxidation potential of DVFBO and F4-DVFBO on 

biocurrent production, biological replicate biofilms were grown on carbon felt working 

electrodes with lactate as the carbon source. Figure 2.5 shows average current density, J, 

over time for ECA = 200 mV and ECA = 365 mV. From time point I to II biofilms are 

conditioned at the different potentials. Note that more current is collected at ECA = 365 mV 

during biofilm growth and that DVFBO and F4-DVFBO have negligible output when added 

to sterile controls with only growth media and lactate. At time point II, when the biofilms 
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reached steady-state current production, 7 µM DVFBO or 7 µM F4-DVFBO from 

concentrated stock solutions were injected into M3Cs. 

 

Figure 2.5: Average current density as a function of time (CA traces) for M3Cs 

poised at (a) ECA = 200 mV vs Ag/AgCl, below the oxidation potential of DVFBO 

and F4-DVFBO and at (b) ECA = 365 mV vs Ag/AgCl, at the oxidation potential of 

DVFBO. Shaded areas represent ±1 std. dev. from the mean (n ≥ 3). Note the 

negligible current output from the sterile controls. (I) Inoculation of the reactors with 

S. oneidensis MR-1, CV, HPLC sample, and initiation of the current collection. (II) 

CV, addition of 7 µM DVFBO (blue trace and green trace) or 7µM F4-DVFBO (red 

trace) to reactors. Black solid trace is positive control with only S. oneidensis MR-1, 

no added COEs. (III) HPLC sample and CV at the end of the current collection, 

followed by chemical cell fixation and SEM of the fixed electrode or biomass 

quantification. 
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Because DVFBO and F4-DVFBO are largely in their neutral states at ECA = 200 mV, the 

lower potential can be used to ascertain the effect of the physical presence of the molecules 

in the cell membranes.
48

 Figure 2.5a shows that addition of DVFBO and F4-DVFBO 

produces steady-state biocurrents (JSS) of 5.1 ± 1 mA m
-2

 and 4.7 ± 0.1 mA m
-2

 (taken at t = 

39 hr), respectively. Compared to the positive control (4.6 ± 0.3 mA m
-2

) addition of the 

COEs at ECA = 200 mV therefore does not significantly impact the biocurrent. However, 

when working electrodes are poised at ECA = 365 mV, the addition of DVFBO increases 

steady-state current density from controls at 10 ± 1 mA m
-2

 to 16.7 ± 0.4 mA m
-2

. Adding 

F4-DVFBO leads to a steady-state current density of 13 ±1 mA m
-2

. Put another way, one 

can achieve improvement levels of 67 ± 12% and 30 ± 5% over the positive controls from 

addition of DVFBO and F4-DVFBO, respectively. Given that both COEs associate to the 

same extent with S. oneidensis MR-1 (Figure 2.S7), the difference in current density 

enhancement is most reasonably attributed to the difference in redox properties. 

CV measurements were carried out at time points I, II, and III, i.e. before CA current 

collection, immediately before COE injection, and right after CA current collection. CV 

measurements can be used in bioelectrochemical experiments in order to determine to what 

degree current generated by the biofilm is catalytic or not. The potential range of -0.6 V ≤ 

ECV ≤ 0.45 V vs Ag/AgCl was chosen to encompass the characteristic redox-potential ranges 

of flavin-based mediated electron transfer (MET, -0.4 V - 0 V), membrane-protein direct 

electron transfer (DET, 0 V - 0.2 V), and the expected electrochemical signals of the 

molecules 0.365 V (DVFBO) and 0.422 V (F4-DVFBO).
7,9,48–50

 By determining the 

contribution to the current from processes at different redox potentials, one can obtain an 
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estimate of the participation by the different mechanisms. A summary of these known and 

proposed biocurrent pathways is shown in Figure 2.4. 

Figure 2.S8 shows average CV and derivative traces right after inoculation with bacteria 

and before the start of current collection (time point I in Figure 2.5). First derivative plots 

(dJ/dE) are also provided to identify relevant processes. For MET, the peak current density, 

Jp, is 0.5 ± 0.1 mA m
-2

.
8,51–53

 DET is seen with Jp = 1.2 ± 0.3 mA m
-2

. Figure 2.6a shows 

that at time point II both MET and DET increase from time point I; this increase in J reflects 

the formation and conditioning of the biofilms. For ECA = 200 mV, Jp = 2.7 ± 0.6 mA m
-2

 

(MET) and Jp = 4.2 ± 0.5 mA m
-2

 (DET). For ECA = 365 mV, we see Jp = 2.6 ± 0.6 mA m
-2

 

(MET) and Jp = 4.7 ± 0.9 mA m
-2

 (DET). There is no change in the Jp values for the controls 

at time point III as seen in Figure 2.6b (ECA = 200 mV, Jp = 2.5 ± 0.8 mA m
-2

 (MET), Jp = 

4.6 ± 0.7 mA m
-2

 (DET); ECA = 365 mV, Jp = 3.1 ± 0.5 mA m
-2

 (MET), Jp = 5.2± 0.7 mA m
-

2
 (DET)). At all time points for control M3Cs, the current measured in CV is catalytic, as 

indicated by the sigmoidal shape of the curves. These data provide a baseline to compare 

possible mechanisms of enhancement in EET after addition of DVFBO and F4-DVFBO. 

Figure 2.6c and 2.6d show CV and derivative data at time point III for M3Cs modified with 

DVFBO and F4-DVFBO, respectively. The light traces correspond to ECA = 200 mV, while 

the dark traces correspond to ECA = 365 mV. The DET wave (ECV = 0 V) will first be 

discussed. For F4-DVFBO, Jp = 4.2 ± 0.6 mA m
-2

 (ECA = 200 mV) and Jp = 5.3 ± 0.2 mA m
-

2
 (ECA = 365 mV). For DVFBO, Jp = 3.0 ± 0.6 mA m

-2
 (ECA = 200 mV) and increases to Jp = 

4.3 ± 0.3 mA m
-2

 (ECA = 365mV). These values are invariable within error compared to the 

corresponding positive controls. The signal for DET thus remains unaffected when cells are 
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treated with DVFBO and F4-DVFBO, which indicates that the COEs do not boost biocurrent 

production by increasing transport through the native membrane proteins. 

 

Figure 2.6: Average (n ≥ 3) CV and dJ/dE outputs from S. oneidensis MR- 1 

EET. Scan rate: 5 mV s
-1

. Corresponding to CA experiments performed at ECA = 200 

mV (light traces) and at ECA = 365 mV (dark traces) (a) at time point II, t = 20 hours, 

S. oneidensis MR-1 and no COEs and (b-d) after CA collection at time point III, t=40 

h. (b) S. oneidensis MR-1 and no COEs. (c) 7 µM DVFBO and S. oneidensis MR-1. 

(d) 7 µM F4-DVFBO and S. oneidensis MR-1. 
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The MET wave is more distinguishable than the DET wave and ranges from -0.4 to -0.3 

V. For F4-DVFBO, the magnitudes of Jp are similar to each other (Jp = 3.2 ± 0.4 mA m
-2

, 

ECA = 200 mV; Jp = 3.6 ± 1.3 mA m
-2

, ECA = 365 mV). A slight increase occurs in MET 

with DVFBO (Jp = 2.3 ± 0.5 mA m
-2

, ECA = 200 mV; Jp = 3.1 ± 0.4 mA m
-2

, ECA = 365 

mV). Worthy to highlight is the shift in the MET peak potential from ECV = -367 mV to -309 

mV for F4-DVFBO modified cells and ECV = -385 mV to -325 mV for DVFBO modified 

cells when ECA is increased. This shift suggests a change in the flavin population from freely 

diffusing riboflavin and flavin mononucleotides to bound flavin species at the electrode 

surface.
8,50–55

 Free-form flavins follow a two-electron redox reaction of quinone to 

hydroquinone, while bound flavins acting as cofactors at the cell/electrode interface allow 

for faster and more thermodynamically favorable one-electron transfer.
56,57

 Because this 

shift in redox potential for MET is not seen for DVFBO and F4-DVFBO modified S. 

oneidensis MR-1 at ECA = 200 mV, it is possible that the oxidation of the COEs can 

stimulate transport through bound flavins, although further mechanistic evidence is required 

for full verification. 

Of most relevance are the oxidation waves at ECV ≥ 200 mV in Figure 2.6c and 6d for 

M3Cs modified with DVFBO and F4-DVFBO. These waves are not seen in the positive 

controls at time point III (Figure 2.6b). Most significantly one observes the appearance of 

redox waves that correlate to the 𝐸ox
∘  of the molecules in chloroform (Figure 2.2a). CV and 

derivative data after ECA = 365 mV are seen in the darker traces. For F4-DVFBO modified 

cells Jp =18.7 ± 1.6 mA m
-2

 (ECV = 407 mV) and for DVFBO modified cells Jp = 19.5 ± 1.2 

mA m
-2

 (ECV = 367 mV). Additionally, the CV waves are sigmoidal in shape indicating 

catalytic transport though the molecules. At ECV = ECA = 365 mV, J values increase by 27 ± 
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3% and 63 ± 8% for F4-DVFBO and DVFBO modified M3Cs, respectively, when compared 

to the control (12.0 ± 0.6 mA m
-2

). These percent increases in CV current density correlate 

to the percent increase in steady-state biocurrent production seen for COE modified cells at 

ECA = 365 mV. This reveals that DVFBO and F4-DVFBO are the primary pathways of 

increased current production and can act as conduits for extracellular electron transfer for S. 

oneidensis MR-1.  

For biofilms evolved at ECA = 200 mV, one also observes similar J due to transport via 

the COEs in the CV and derivative plots (Figure 2.6c and 2.6d, light traces). F4-DVFBO 

modified cells show Jp = 13.3 ± 1.5 mA m
-2

 (ECV = 385 mV), while DVFBO modified cells 

show Jp = 16.0 ± 1.8 mA m
-2

 (ECV = 349 mV). It is worth clarifying that these pathways are 

not activated during chronoamperometry at ECA = 200 mV, thus one observes no increase in 

the JSS over the positive controls (Figure 2.5a). That more than one peak is observed at ECV 

> 200 mV may be attributed to COEs in different environments within the lipid bilayer: 1) a 

COE dilute phase where the local environment comprises lipids, and 2) a COE rich phase 

where the molecules have ordered in close contact with each other.
58–63

  

During M3C operation, S. oneidensis MR-1 theoretically generates four electrons for 

each equivalent of lactate oxidized to acetate by the following reaction (Equation 2.2)
5
 

 Lactate
-
 + 2 H2O → Acetate

-
 + HCO3

+
 + 5 H

+
 + 4 e

-
 (2.2) 

Analysis of the charge collected during chronoamperometry (Qcol) relative to the maximum 

possible charge equivalents in the lactate consumed by the bacteria (Qlac) defines the 

coulombic efficiency (CE) of the M3Cs as shown in Equation 2.3,
64

  

 𝐶𝐸 =
𝑄𝑐𝑜𝑙

𝑄𝑙𝑎𝑐
× 100 (2.3) 
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The values and expressions used to calculate CE are detailed in Table 2.S1. The average CE 

for positive control M3Cs poised at ECA = 200 mV was 34 ± 3 %, while it was found to be 

89 ± 23 % and 45 ± 1 % with added DVFBO and F4-DVFBO, respectively. The Qcol is 

similar for all conditions, but the change in lactate concentration is higher for untreated 

cells, perhaps reflecting that COEs impact the vitality of the cells. Therefore, the lower Qlac 

leads to a higher CE for DVFBO and F4-DVFBO. These CE values are similar to those 

reported when 1 µM of DSFO+ was added to S. oneidensis MR-1 at similar working 

electrode potentials.
32

 The average CE for positive control M3Cs poised at ECA = 365 mV 

was 82 ± 11 % while it was found to be 89 ± 23 % and 66 ± 10 % for M3Cs with added 

DVFBO and F4-DVFBO, respectively. In this case, Qlac is higher for DVFBO and F4-

DVFBO modified cells compared to the control, but one also observes higher Qcol compared 

to ECA = 200 mV for all cases leading to higher CE values. This set of observations suggests 

that under conditions where electron transfer can take place any toxic side effect of the COE 

is compensated by the new avenue for electron transfer. 

Representative SEM images of the carbon felt electrodes after electrochemical testing 

are shown in Figure 2.7. Biomass on each electrode was quantified via the Bradford protein 

assay method to reveal that electrode colonization was the same within error for each tested 

ECA (Figure 2.7g). Similar electrode colonization suggests that DVFBO and F4-DVFBO do 

not influence colonization and support that performance of the M3C is enhanced on a per 

cell basis by adding additional electron transfer conduits to the cell. 
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Figure 2.7: Representative SEM images of carbon fiber working electrodes with 

bacterial colonization and biomass quantification. Scale bars represent 20 µm. (a-

c) electrodes from experiments at ECA = 200 mV vs Ag/AgCl. (d-f) electrodes from 

experiments at ECA = 365 mV vs Ag/AgCl. (a,d) S. oneidensis MR-1 and no COE. 

(b,e) 7 µM DVFBO and S. oneidensis MR-1. (c,f) 7 µM F4-DVFBO and S. 

oneidensis MR-1. (g) Average biomass concentration for carbon felt working 

electrodes at each potential. 
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2.3 Conclusion 

In dilute solution, the electrochemical properties of DVFBO and F4-DVFBO behave in a 

conventional manner for isolated molecules, but at higher concentrations in aqueous media, 

aggregation gives rise to additional redox processes.
65,66

 The driving force for this 

aggregation is akin to micelle formation in traditional surfactants, where the hydrophobic 

core of the molecule is shielded from interactions with the polar aqueous solvent. Changes 

in zeta potential as concentration increases as well as cryo-TEM images provide evidence of 

aggregation. 

Because DVFBO and F4-DVFBO have the same minimum inhibitory concentration and 

cell association behavior, but different redox properties, controlling the working electrode 

potential ECA in microbial electrochemical experiments allows direct command of electron 

transfer enhancement to charge collecting electrodes from S. oneidensis MR-1. The presence 

of 7 µM DVFBO and 7 µM F4-DVFBO in M3Cs at a potential below their oxidation onset 

(ECA = 200 mV) does not significantly impact biocurrent production or electrode 

colonization, but does increase CE. When the electrode potential is set to ECA = 365 mV, a 

higher fraction of DVFBO and F4-DVFBO species are oxidized and one observes 67 ± 12% 

(DVFBO) and 30 ± 5% (F4-DVFBO) increases in steady-state current density over controls. 

Catalytic waves in the cyclic voltammetry measurements suggest that the COEs couple to 

redox species generated in metabolic pathways. 

That the increases in biocurrent at ECA = 365 mV correlate to increases of CV current at 

the oxidation potentials of DVFBO and F4-DVFBO, together with the similar level of 

electrode colonization, is consistent with the two COEs acting to primarily introduce an 

artificial electron extraction conduit that complements naturally occurring DET and MET 
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pathways. Moreover, DVFBO and F4-DVFBO allow for tunable increase of cell 

surface/electrode interfacial electron transfer and increase in transmembrane electron flux 

via their difference in redox properties and the poised electrode potential. This study 

ultimately illustrates the design of synthetic elements that enable control over electron 

transport from bioelectrochemical systems that are under study for applications such as 

bioelectrosynthesis, waste water remediation, and microbial fuel cells. The opportunity 

exists to further tailor the oxidation potentials of these molecules by adding additional 

electron donating or withdrawing groups to the core. 

2.4 Materials, Methods, & Supplementary Figures 

2.4.1 Materials & Methods 

Unless otherwise noted, materials were purchased from suppliers (Sigma Aldrich, 

Acros, Strem, and TCI) and were used without further purification. 
1
H

 
and

 13
C NMR spectra 

were recorded on either a Bruker DMX 500 MHz or Varian VNMRS 600 MHz spectrometer 

and all chemical shifts are reported in ppm values (δ) versus tetramethylsilane. Dry, 

inhibitor-free THF was taken from a solvent purification system, using packed alumina 

columns under Argon. Silica gel was purchased from Dynamic Adsorbents Inc. and had 

particle size of 32-64 μM. Compounds 2, 3a, and 3b were prepared according to literature 

procedures.
67–69

 

Comments on synthetic scheme: Due to the low solubility of intermediates 3a/3b, it 

was found that 1,2-dichloroethane with 10 mol% methanol allowed the reaction with sodium 

borohydride to proceed smoothly in under 2 hours, while reaction in dichloromethane or 

under aprotic conditions returned starting material after reacting for 48 hours. 
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Attempts to use alcohols 4a and 4b as nucleophiles to synthesize ethers 5a and 5b failed 

in the presence of potassium carbonate under refluxing conditions, only returning starting 

materials. The inefficiency of this transformation is attributed to the decrease in acidity of 

alcohols 4a and 4b due to the electron rich nature of the cyclopentadienyl ligand located 

geminal to the alcohol. In order to exploit the electron rich nature of these alcohols, we 

reasoned that they could be electrophiles in an acid-catalyzed condensation reaction. 

Encouraged by reports from literature, the reaction of alcohols 4a and 4b with 6-bromo-1-

hexanol proceeded smoothly in the presence of catalytic acetic acid, to afford both ethers in 

moderate yield.
70
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Figure 2.S1: Detailed synthetic scheme of DVFBO and F4-DVFBO. 

Preparation of 1,4-bis-(2-ethenyl-(1’-formylferrocen-1-yl))benzene (3a): A dry 100 mL 

schlenck flask was charged with 500 mg (1.0 eq, 1.32 mmol) of compound 2a and 736 mg 

(2.3 eq, 3.04 mmol) of compound 1. The flask was capped with a septum and placed under 

an inert Argon atmosphere by 3 vacuum/argon cycles. 50 mL of dry THF was added via 

syringe to give a deep brick red homogeneous solution. Then, 326 mg of Potassium tert-

butoxide (2.2 eq, 2.91 mmol) was added in one portion by taking of the septum and adding 

the solid against an argon flow at room temperature. The solution immediately turns a bright 
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red and was allowed to stir under Argon for 2 hours. An aliquot of the reaction mixture 

shows consumption of the limiting reagent by thin layer chromatography (TLC) using 1:1 

(v/v) dichloromethane (DCM) and Ethyl Acetate (EtOAc) as the mobile phase. The reaction 

is quenched with 10 mL of water and poured into ~100 mL of water to give a red 

heterogeneous mixture. The solid was collected by vacuum filtration through a Buchner 

filter, washed with methanol, and dried to afford 3a of mass 656 mg in 90% yield. 
1
H NMR 

(600 MHz, CD2Cl2) δ = 9.88 (s, 2H), 7.43 (s, 5H), 6.80 (d, J=16.2, 3H), 6.74 (d, J=16.1, 

3H), 4.76 (t, J=1.9, 4H), 4.60 (t, J=1.9, 4H), 4.58 (t, J=1.9, 4H), 4.40 (t, J=1.8, 4H). 
13

C 

NMR (600 MHz, CDCl3) δ= 193.79, 136.36, 127.75, 126.39, 124.75, 85.46, 79.79, 74.41, 

70.63, 70.50, 68.16. HRMS m/z (ESI) calcd for C32H26Fe2O2H [M+H]
+
 553.0757, found 

553.0771 

Preparation of 1,4-bis-(2-ethenyl-(1’-formylferrocen-1-yl))-2,3,5,6-tetrafluorobenzene 

(3b): A dry 100 mL schlenck flask was charged with 500 mg (1.0 eq, 1.11 mmol) of 

compound 2b and 618 mg (2.3 eq, 2.55 mmol) of compound 1. The flask was capped with a 

septum and placed under an inert Argon atmosphere by 3 vacuum/argon cycles. 50 mL of 

dry THF was added via syringe to give a deep brick red homogeneous solution. Then, 274 

mg of Potassium tert-butoxide (2.2 eq, 2.44 mmol) was added in one portion by removing 

the septum and adding the solid against an argon flow at room temperature. The solution 

immediately turned a bright red color and was allowed to stir under Argon for 2 hours. An 

aliquot of the reaction mixture shows consumption of the limiting reagent by thin layer 

chromatography (TLC) using 1:1 (v/v) dichloromethane (DCM) and Ethyl Acetate (EA) as 

the mobile phase. The reaction was quenched with 10 mL of water and poured into ~100 mL 

of water to give a red heterogeneous mixture. The solid was collected by vacuum filtration 
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through a Buchner filter, washed with methanol, and dried to afford 3b of mass 378 mg in 

54% yield. 
1
H NMR (600 MHz, CD2Cl2) δ = 9.87 (s, 1H), 7.19 (d, J=16.5, 2H), 6.70 (d, 

J=16.6, 2H), 4.77 (s, 4H), 4.64 (s, 4H), 4.60 (s, 4H), 4.47 (s, 4H). 
13

C NMR (600 MHz, 

CDCl3) δ =193.30, 145.34-143.53 (dm, J= 249), 134.20 (t, J= 3.5), 114.49, 112.87, 84.31, 

80.05, 74.53, 71.27, 70.77, 68.57. HRMS m/z (ESI) calcd for C32H22F4Fe2O2H [M+H]
+
 

625.0380, found 625.0386 

Preparation of 1,4-bis-(2-ethenyl-(1’-hydroxymethylferrocen-1-yl))benzene (4a): A 3-

neck 150 mL round bottom flask was charged with 719 mg of compound 3a (1.0 eq, 1.30 

mmol), 70 mL of 1,2-dichloroethane, 7 mL of methanol (10 vol %), and placed under a 

blanket of Argon. 108 mg of sodium borohydride (2.2 eq, 2.85 mmol) was dissolved in a 

minimal amount of methanol and quickly added to the stirring, homogeneous, red solution. 

Bubbles of hydrogen were observed to form and continued for 3.5 hrs, at which time an 

aliquot analyzed by TLC showed consumption of the starting material using 20% (v/v) EA, 

30% (v/v) DCM, in hexanes as the mobile phase. The reaction mixture was slowly quenched 

with 5 mL saturated ammonium chloride solution at room temperature. The mixture was 

diluted with water and extracted with DCM two times, washed with water and brine, and 

dried over sodium sulfate. Decanting the solution to remove the drying agent, followed by 

removal of solvent in vacuo, afforded 714 mg of compound 4a in 99% yield. 
1
H NMR (600 

MHz, CD2Cl2) δ = 7.41 (s, 4H), 6.89 (d, J=16.1, 2H), 6.73 (d, J=16.1, 2H), 4.49 (t, J=1.8, 

4H), 4.32 (t, J=1.8, 4H), 4.29 (s, 4H), 4.22 (t, J=1.8, 4H), 4.17 – 4.09 (m, 4H). 
13

C NMR 

(600 MHz, CDCl3) δ= 136.32, 126.32, 126.17, 125.90, 88.97, 83.81, 69.41, 69.39, 68.81, 

67.11, 60.61. HRMS m/z (ESI) calcd for C32H30Fe2O2 [M]
+
 556.0992, found 556.0972 
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Preparation of 1,4-bis-(2-ethenyl-(1’-hydroxymethylferrocen-1-yl))- 2,3,5,6-

tetrafluorobenzene (4b): A 3-neck 150 mL round bottom flask was charged with 513 mg of 

compound 3b (1.0 eq, 0.819 mmol), 50 mL of 1,2-dichloroethane, 5 mL of methanol (10 vol 

%), and placed under a blanket of Argon. 68 mg of sodium borohydride (2.2 eq, 1.80 mmol) 

was dissolved in a minimal amount of methanol and quickly added to the stirring, 

homogeneous, red solution. Bubbles of hydrogen were observed to form and continued for 

3.5 hrs, at which time an aliquot analyzed by TLC showed consumption of the starting 

material using 20% (v/v) EA, 30% (v/v) DCM, in hexanes as the mobile phase. The reaction 

mixture was slowly quenched with 5 mL saturated ammonium chloride solution at room 

temperature. The mixture was diluted with water and extracted with DCM three times, the 

organic layer was washed with water and brine, and dried over sodium sulfate. Decanting 

the solution to remove the drying agent, followed by removal of solvent in vacuo, afforded 

714 mg of compound 4b in 89% yield. 
1
H NMR (600 MHz, CD2Cl2) δ = 7.27 (d, J=16.5, 

2H), 6.68 (d, J=16.5, 2H), 4.54 (t, J=1.9, 4H), 4.40 (t, J=1.8, 4H), 4.30 (d, J=5.8, 4H), 4.24 

(t, J=1.8, 4H), 4.17 (t, J=1.8, 4H). 
13

C NMR (600 MHz, CDCl3) δ= 145.29-143.45 (dm, J= 

251), 135.61 (t, J= 3.3), 114.33, 111.35, 88.94, 82.84, 70.26, 69.74, 69.13, 67.61, 60.54. 

HRMS m/z (ESI) calcd for C32H26F4Fe2O2 [M]
+
 628.0615, found 628.0613 

Preparation of 1,4-bis-(2-ethenyl-(1’-((6-bromohexoxy)methyl)ferrocen-1-yl))benzene 

(5a): 300 mg of compound 4a (1.0 eq, 0.537 mmol) was weighed into a 2 mL microwave 

tube and capped. 2.2 mL of DCM (~0.25M solution) was added via syringe and the flask 

purged with argon. Then, 3.1 μL of glacial acetic acid (10 mole %) was added via 

microsyringe and the solution was allowed to stir vigorously for 2 hours. An aliquot 

analyzed by TLC showed consumption of the starting material using 20% (v/v) EA, 30% 
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(v/v) DCM, in hexanes as the mobile phase. At this time, 0.1 mL trimethylamine was added 

to quench the reaction. The mixture was diluted with DCM and filtered through a silica plug. 

Column chromatography using a small gradient of 5 to 7% (v/v) EA in hexane was 

performed to remove the trimer generated in the first synthetic transformation. Removal of 

solvent afforded 262 mg of 5a in 55% yield. 
1
H NMR (600 MHz, CD2Cl2) δ = 7.41 (s, 4H), 

6.85 (d, J=16.1, 2H), 6.69 (d, J=16.1, 2H), 4.45 (t, J=1.8, 4H), 4.30 – 4.26 (m, 4H), 4.18 (m, 

8H), 4.13 (m, 4H), 3.40 (t, J=6.9, 4H), 3.35 (t, J=6.6, 4H), 1.83 (p, J=7.0, 4H), 1.50 (p, 

J=7.1, 4H), 1.40 (p, J=7.4, 4H), 1.35 – 1.28 (m, 4H). 
13

C NMR (600 MHz, CDCl3) δ 136.41, 

126.14, 126.08, 126.06, 84.47, 84.17, 70.64, 69.79, 69.75, 69.69, 68.82, 67.30, 33.92, 32.71, 

29.47, 27.94, 25.33. HRMS m/z (ESI) calcd for C44H52Br2Fe2O2 [M]
+
 880.1082, found 

880.1086 

Preparation of 1,4-bis-(2-ethenyl-(1’-((6-bromohexoxy)methyl)ferrocen-1-yl)) ))- 

2,3,5,6-tetrafluorobenzene (5b): 300 mg of compound 4b (1.0 eq, 0.537 mmol) was weighed 

into a 2 mL microwave tube and capped. 2.2 mL of DCM (~0.25M solution) was added via 

syringe and the flask purged with argon. Then, 2.7 μL of glacial acetic acid (10 mole %) was 

added via microsyringe and the solution was allowed to stir vigorously for 2 hours. An 

aliquot analyzed by TLC showed consumption of the starting material using 20% (v/v) EA, 

30% (v/v) DCM, in hexanes as the mobile phase. At this time, 0.1 mL trimethylamine was 

added to quench the reaction. The mixture was diluted with DCM and filtered through a 

silica plug. Column chromatography using a small gradient of 5 to 7% (v/v) EA in hexane 

was performed to remove the trimer generated in the first synthetic transformation. Removal 

of solvent afforded 246 mg of 5b in 48% yield. 
1
H NMR (600 MHz, CD2Cl2) δ = 7.25 (d, 

J=16.5, 2H), 6.66 (d, J=16.5, 2H), 4.51 (t, J=1.9, 4H), 4.36 (t, J=1.8, 4H), 4.20 (t, J=1.9, 
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4H), 4.17 (s, 4H), 4.15 (t, J=1.8, 4H), 3.41 (t, J=6.9, 4H), 3.38 (t, J=6.6, 4H), 1.88 – 1.79 (m, 

4H), 1.53 (m, 4H), 1.45 – 1.38 (m, 4H), 1.37 – 1.30 (m, 4H). 
13

C NMR (600 MHz, CDCl3) δ 

= 150.09 – 139.40 (dm, J=250), 135.84, 114.34 (d, J=11.3), 111.09, 84.65, 82.85, 70.72, 

70.46, 69.87, 69.85, 68.62, 67.78, 33.87, 32.72, 29.48, 27.94, 25.34. HRMS m/z (ESI) calcd 

for C44H48F4Fe2O2Br2 [M]
+
 952.0704, found: 952.0710. 

Preparation of 1,4-bis-(2-ethenyl-(1’-((6-iodohexoxy)methyl)ferrocen-1-yl))benzene 

(6a): 50 mg of compound 5a (1.0 eq, 0.057 mmol), 85 mg of sodium iodide (10 eq, 0.565 

mmol), and 5 mL of dry acetone were refluxed in a 10 mL round bottom flask, equipped 

with a stir bar and condenser, for 18 hours. Dilution of the reaction mixture with DCM and 

filtration through a silica plug afforded 55 mg of compound 6a in quantitative yield. 
1
H 

NMR (600 MHz, CD2Cl2) δ = 7.41 (s, 4H), 6.86 (d, J=16.2, 2H), 6.70 (d, J=16.1, 2H), 4.46 

(s, 4H), 4.29 (s, 4H), 4.19 (d, J=7.5, 8H), 4.14 (s, 4H), 3.36 (t, J=6.6, 4H), 3.19 (t, J=7.1, 

4H), 1.79 (q, J=7.1, 4H), 1.51 (p, J=6.7, 4H), 1.38 – 1.30 (m, 8H). 
13

C NMR (600 MHz, 

CDCl3) δ = 136.41, 126.06, 84.29, 83.80, 70.49, 69.78, 69.58, 69.53, 68.82, 67.24, 62.78, 

33.42, 32.48, 30.25, 29.45, 25.13, 24.69. HRMS m/z (ESI) calcd for C44H52Fe2O2I2 [M]
+
 

976.0803, found: 976.0766. 

Preparation of 1,4-bis-(2-ethenyl-(1’-((6-iodohexoxy)methyl)ferrocen-1-yl)) ))- 2,3,5,6-

tetrafluorobenzene (6b): 50 mg of compound 5b (1.0 eq, 0.052 mmol), 85 mg of sodium 

iodide (10 eq, 0.520 mmol), and 5 mL of dry acetone were refluxed in a 10 mL round 

bottom flask, equipped with a stir bar and condenser, for 18 hours. Dilution of the reaction 

mixture with DCM and filtration through a silica plug afforded 55 mg of compound 6b in 

quantitative yield. 
1
H NMR (600 MHz, CD2Cl2) δ = 7.26 (d, J=16.5, 2H), 6.66 (d, J=16.5, 

2H), 4.54 – 4.48 (m, 4H), 4.37 (t, J=1.8, 4H), 4.21 (t, J=1.9, 4H), 4.18 (s, 4H), 4.16 (t, J=1.9, 
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4H), 3.38 (t, J=6.6, 4H), 3.19 (t, J=7.1, 4H), 1.80 (p, J=7.1, 4H), 1.52 (p, J=6.8, 4H), 1.41 – 

1.29 (m, 8H). 
13

C NMR (600 MHz, CDCl3) δ = 145.26-143.42 (dm, J = 250), 135.87-135.82 

(t, J=3.52), 114.40 (m), 111.09, 84.62, 82.80, 70.70, 70.44, 69.87, 69.83, 68.62, 67.76, 

33.44, 30.25, 29.46, 25.11, 7.12. HRMS m/z (ESI) calcd for C44H48F4Fe2O2I2 [M]
+
 

1048.0426, found: 1048.0430. 

Preparation of 1,4-bis-(2-ethenyl-(1’-((6-trimethylammoniumhexoxy)methyl)ferrocen-1-

yl))benzene (DVFBO): 63 mg of compound 6a (1.0 eq, 0.064 mmol) was dissolved in 5 mL 

of dry, inhibitor free THF and placed under a blanket of argon. 0.4 mL of a trimethylamine 

solution in methanol (20 eq, 1.20 mmol, ~3.2M) was added and the solution was left to stir 

at room temperature for 24 hours in the dark. The resulting red heterogeneous solution was 

diluted with methanol to afford a homogeneous solution, another 0.4 mL portion of 

trimethylamine solution was added and the left to stir for another 24 hours. The excess 

trimethylamine and THF was removed via reduced pressure distillation to give a red oil. The 

oil was sonicated in the presence of hexane, centrifuged for 10 min, and the solvent decanted 

off. This process was repeated with a 1:1 (v/v) mixture of inhibitor free diethyl ether and 

pure diethyl ether to give 50 mg of a red solid in 70% yield. 
1
H NMR (600 MHz, CD3OD) δ 

= 7.46 (s, 4H), 6.92 (d, J=16.2, 2H), 6.76 (d, J=16.2, 2H), 4.54 – 4.47 (m, 4H), 4.32 – 4.26 

(m, 4H), 4.24 – 4.17 (m, 8H), 4.16 – 4.11 (m, 4H), 3.36 (t, J=6.6, 4H), 3.27 – 3.21 (m, 4H), 

3.05 (s, 18H), 1.72 – 1.62 (m, 4H), 1.47 (m, 4H), 1.29 (m8H). 
13

C NMR (600 MHz, 

CD3OD) δ = 136.52, 125.90, 125.84, 125.81, 83.87, 83.69, 70.36, 69.51, 69.33, 69.18, 

68.76, 67.07, 66.42, 52.30 (t, J= 3.7), 28.79, 25.57, 25.28, 22.44. HRMS m/z (ESI) calcd for 

C50H70Fe2N2O2I [M-I]
+
 967.3228, found: 967.3276 
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Preparation of 1,4-bis-(2-ethenyl-(1’-((6-trimethylammoniumhexoxy)methyl)ferrocen-1-

yl)) ))- 2,3,5,6-tetrafluorobenzene diiodide (F4-DVFBO): 63 mg of compound 6b (1.0 eq, 

0.064 mmol) was dissolved in 5 mL of dry, inhibitor free THF and placed under a blanket of 

argon. 0.4 mL of a trimethylamine solution in methanol (20 eq, 1.20 mmol, ~3.2M) was 

added and the solution was left to stir at room temperature for 24 hours in the dark. The 

resulting red heterogeneous solution was diluted with methanol to afford a homogeneous 

solution, another 0.4 mL portion of trimethylamine solution was added and the left to stir for 

another 24 hours. The excess trimethylamine and THF was removed via reduced pressure 

distillation to give a red oil. The oil was sonicated in the presence of hexane, centrifuged for 

10 min, and the solvent decanted off. This process was repeated with a 1:1 (v/v) mixture of 

inhibitor free diethyl ether and pure diethyl ether to give 49 mg of a red solid in 70% yield. 

1
H NMR (600 MHz, CD3OD:D2O) δ = 7.24 (d, J=16.5, 2H), 6.66 (d, J=16.4, 2H), 4.56 (t, 

J=2.0, 4H), 4.40 (t, J=2.0, 4H), 4.31 – 4.19 (m, 8H), 4.19 – 4.16 (m, 4H), 3.41 (t, J=6.5, 4H), 

3.33 – 3.29 (m, 4H), 3.10 (s, 18H), 1.74 (m, 4H), 1.54 (m, 4H), 1.43 – 1.31 (m, 8H). 
1
H 

NMR (600 MHz, CD3OD) δ = 144.24 (dm, J= 247), 136.42, 114.37, 110.13, 84.09, 82.52, 

70.56, 70.40, 69.57, 69.48, 68.51, 67.62, 66.40, 52.26 (t, J=3.9), 28.90, 25.60, 25.32, 22.43. 

HRMS m/z (ESI) calcd for 3276 C50H66F4Fe2N2O2I [M-I]
+
 1039.2852, found: 1039.2863 

Ultraviolet-Visible Absorbance Spectroscopy: Solutions were illuminated at 1 nm 

wavelength intervals at a scan rate of 20 nm/s (Beckman Coulter DU 800 

Spectrophotometer) in a quartz cuvette with 1 cm path length. 

Differential Pulse Voltammetry: DPV traces were collected using a glassy carbon 

electrode, Ag/AgNO3 (0.01 M MeCN) or Ag/AgCl (saturated KCl) reference electrode, and 

platinum counter electrode. Measurements taken in chloroform with Ag/AgNO3 were 
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converted to Ag/AgCl using 0.3 V Ag/AgNO3 = 0 V vs SCE.
38

 The working electrode was 

cleaned and polished before each scan with successive rubbing with a paste of 0.3 μm 

Alumina particles in water on a polishing cloth, a 0.05 μm Alumina paste on a polishing 

cloth, washing with water then acetone, and allowed to air dry. The parameters for DPV 

scans were as follows: the scan window (low E to high E) was chosen as needed and the 

following parameters were kept invariant, Incr E (V) = 0.002, Amplitude (V) = 0.05, Pulse 

Width (sec) = 0.2, Sample Width (sec) = 0.02, Pulse Period (sec) = 0.4. For DPV redox 

peaks, the potentials at which peak current occurs, Emax, are shifted from the actual redox 

potentials of the redox species, E1/2, by a value of one half the pulse amplitude, ΔE/2 = 25 

mV. This can be corrected using the expression: E1/2 = Emax + ΔE/2.
37

 Chloroform solutions 

utilized 100 mM tetrabutylammonium hexafluorophosphate (Sigma Aldrich) and aqueous 

solutions used 100 mM pH 7.2 phosphate buffer (PB) as the supporting electrolyte. 

Zeta Potential Measurements: Zeta potentials were measured using a Malvern Zetasizer 

Nano ZS equipped with a He-Ne 4mW 633 nm laser. 

Cell culture, inoculation, and growth medium: Shewanella oneidensis MR-1 was struck 

out on LB agar plates from frozen bacterial stock and incubated at 30 °C to isolate single 

colonies. Liquid cultures were grown by selecting morphologically similar colonies with a 

sterile loop to inoculate anaerobic modified M1 medium
[6]

 containing 20 mM Na-(L)-lactate 

as electron donor and 20 mM Na-fumarate as electron acceptor. After 24 hours of incubation 

with shaking at 30 °C and 120 rpm, cultures consistently reach a maximum OD600 of ~0.20 

(or 2.0 × 10
8
 cfu/mL). These stationary phase cultures are then centrifuged and washed 2 

times. The final concentration of the liquid culture inoculated into M3Cs was 0.15 OD600. 
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Microbial Three-Electrode Electrochemical Cells (M3Cs): The 3-electrode, batch-type, 

membraneless bioelectrochemical reactors used herein (M3Cs) follow the Bond design.
9
 

Glass M3C vials have a 20 mL working volume and are sealed with gaskets. Reference 

electrode: Ag/AgCl (saturated KCl) with 3.2 mm Vycor frit (Gamry). Counter electrode: 

coiled 0.25 mm Ti wire (Aldrich), 10 turns. Working electrode: 1 cm × 1 cm × 0.2 cm 

carbon felt (Alfa Aesar), woven with Ti wire as the electrical lead. Anaerobic conditions 

were maintained through constant headspace degassing with humidified, deoxygenated N2. 

Temperature was kept at 30 °C by housing the M3Cs in a temperature regulated incubator. 

COEs were added to M3Cs at 7 µM end concentration (previously optimized) by first 

making concentrated aqueous solutions (200–2000 µM) and then adding the necessary 

negligible volume of these solutions to achieve the correct COE concentration. 

Chronoamperometry (CA): Using a Gamry potentiostat (Reference 600) and multiplexer 

(model ECM8), M3C carbon felt working electrodes were poised at ECA = 200 mV or 365 

mV vs Ag/AgCl to serve as the sole terminal electron acceptor for bacteria. M3Cs were 

inoculated from stationary liquid cultures (see above) with 20 mM Na-(L)-lactate and 

incubated in the dark
[7]

 with 150 rpm magnetic stirring for 40 hours total to cultivate an 

electroactive biofilm and measure current responses. The current response was measured, 

recorded, and averaged for 20-second blocks (at 160 second intervals) with Gamry software 

(Framework Version 6.11, Build 2227, 2013). Time integration of the resulting current 

response determined the amount of charge transferred by the bacteria, Qcol (Table 2.S1). 

Cyclic voltammetry (CV): Electrochemical characterization with CV was undertaken 

with a Gamry potentiostat (Reference 600) and multiplexer (model ECM8) at the indicated 

time points to characterize the COE-bacteria-electrode interactions. For these experiments, 
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the working electrode potential was swept from Einitial = –0.6 V to Evertex = 0.45 V and back 

to Efinal = –0.6 V at a scan rate of 0.005 V/s. For CV at time point II, CA was stopped and 

these CA traces are not shown. 

High performance liquid chromatography (HPLC): HPLC analysis of M3C effluent was 

performed with a Shimadzu LC20AB instrument equipped with an organic acid compatible 

C18 Kinetix column (Phenomenex). Samples from M3Cs were filtered through 0.22 µm 

PES filters (Thermo Fisher) to remove cells, and diluted 10-fold into mobile phase prior to 

analysis. The mobile phase was 20 mM Potassium Phosphate (pH = 2.0) flowing at 1.25 mL 

min
-1

, and UV detection was set at 210 nm. 

Scanning Electron Microscopy (SEM): Images of chemically fixed carbon felt electrodes 

were obtained with an FEI XL40 SEM at an accelerating voltage of 5 kV, working distance 

of ~5 mm, and a spot size of 3. Post processing of images only involved increasing the 

brightness and/or contrast of the images by up to 40% in order to better visualize cells. 

Chemical fixation of cells: After bioelectrochemical experiments, M3C working 

electrodes were submerged in 100 mM PBS, pH = 7 containing 2% (v/v) formaldehyde to 

fix electrode-associated cells for 24 hours. After fixation, electrodes were sequentially rinsed 

with the following solutions twice each: 100 mM PBS, pH = 7 (10 min), deionized water (10 

min), 70% ethanol in deionized water (10 min), 100% ethanol (30 min). Electrodes were 

then allowed to air dry for 24 hours and stored in glass scintillation vials for future study. 

Biomass Quantification: Electrodes were gently rinsed with 100 mM PBS to remove 

planktonic cells and then placed in test tubes with 2 mL of 0.2 M NaOH and kept at 4 ˚C for 

1 hour.
71

 Samples were vortexed for 10 seconds every 15 minutes. Electrodes were then 

rinsed with 2 mL of Millipore water. To lyse the cells, samples were frozen at -20 ˚C then 
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thawed at 90 ˚C for 10 minutes, repeated 3 times. 96 well plates were used to test the 

samples with the Coomassie Plus Reagent against bovine serum albumin standards made 

with 0.1 M NaOH diluent. 

Abbreviations: COE, conjugated oligoelectrolyte; BES, bioelectrochemical system; 

EET, extracellular electron transfer; CV, cyclic voltammetry; M3C, microbial three-

electrode electrochemical cell; λmax, absorbance maximum; MLCT, metal to ligand charge 

transfer; DPV, differential pulse voltammetry; PB, phosphate buffer; ZP, zeta potential; 

cryo-TEM, cryogenic transmission electron microscopy; MIC, minimum inhibitory 

concentration; CA, chronoamperometry; ECA, electrode poised potential during CA; 𝐸ox
∘ , 

oxidation potential; J, current density; JSS, steady-state biocurrent density at t = 39 hours; 

ECV, electrode potential during CV; MET, mediated electron transfer through flavins; DET, 

direct electron transfer through membrane proteins; dJ/dE, first derivative of current density 

with respect to potential; JP, peak current density from CV trace; Qcol, charge collected 

during CA; Qlac, charge equivalents of lactate; CE, coulombic efficiency. 



 

 
43 

2.4.2 Supplementary Figures & Discussion 

 

Figure 2.S2: UV-Vis Spectra of 5a, 5b, DVFBO and F4-DVFBO. 

At 10 μM (Figure 2.S3b), the second oxidation step centered at 580 mV, containing a 

shoulder at 522 mV, is observed in the DVFBO trace. Further increasing the concentration 

to 50 μM (Figure 2.S3c) results in the appearance of a third feature at 682 mV of even larger 

magnitude. At 100 μM (Figure 2.S3d), the middle feature shifts from 522 mV to 583 mV, 

while maintaining the higher potential, largest magnitude signal at 698 mV. Similar trends 

are observed for F4-DVFBO (Figure 2.S3e-h). The concentration dependence of these 
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oxidation signals suggests supramolecular aggregation. Moreover, that the oxidation signal 

centered between 522-582 mV is observed to shift between 10-100 μM suggests that this 

feature originates from a supramolecular entity whose structure is dynamic with respect to 

concentration. 
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Figure 2.S3: DPV traces of DVFBO (a-b) and F4-DVFBO (e-h) in PB at 25 ˚C. 

(a) 1 μM DVFBO, (b) 10 μM DVFBO, (c) 50 μM DVFBO, (d) 100 μM DVFBO, (e) 

1 μM F4-DVFBO, (f) 10 μM F4-DVFBO, (g) 50 μM F4-DVFBO, and (h) 100 μM F4-

DVFBO 50 µM DVFBO. All traces are normalized relative to the highest intensity 

feature. 

When the DPV traces of DVFBO (50 µM) were taken as a function of temperature, the 

feature centered at 334 mV shifted to lower potentials as expected and, more importantly, 

the two features centered at 526 mV and 682 mV coalesce upon one another to 568 mV at 

70
o
C (Figure 2.S4), again consistent with supramolecular organization.

72,73
 

 

Figure 2.S4: Temperature dependent DPV scans of DVFBO and F4-DVFBO in 

PB at 50 μM. 
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Figure 2.S5: Zeta potential measurements of DVFBO and F4-DVFBO in 100 

mM PB as a function of concentration. 

 

Figure 2.S6: Determination of the minimum inhibitory concentration (MIC) of 

DVFBO and F4-DVFBO for S. oneidensis MR-1. Triplicate average cell culture 

optical density at t = 72 h was measured at 600 nm as a function of logarithmic 

DVFBO and F4-DVFBO concentrations. The MIC is read as the lowest 

concentration that completely inhibits growth
47

 of the target organism, here detected 

as 11.25 µM for both COEs. 
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Figure 2.S7: Association of DVFBO and F4-DVFBO with cells of S. oneidensis 

MR-1. Data points falling on the solid black line indicate 100% association of the 

COEs with cells for a given staining concentration. Concentrations were measured 

by taking the absorbance spectra of growth medium (water) solutions containing 

varying concentrations of COEs, re-suspending the bacteria for 1 h at constant OD = 

0.40 in these solutions to enable association, centrifugation, and re-measuring the 

absorbance spectra of the supernatant to calculate the difference in concentration. 
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Figure 2.S8: Average CV and dJ/dE outputs from S. oneidensis MR-1. 

Experiments were conducted at time point I indicated in CA plots, i.e. for before 

chronoamperometry, just after inoculating M3Cs with bacteria. 

Table 2.S1: Measured and calculated bioelectrochemical parameters from 

M3Cs employing DVFBO and F4DVFBO.
a
 

Measured 

Parameter Expression 

CA @ E = 200 mV vs Ag/AgCl CA @ E = 365 mV vs Ag/AgCl 

Control 

7µM 

DVFBO 

7 µM 

F4DVFBO Control 

7µM 

DVFBO 

7 µM 

F4DVFBO 

Charge 

collected 

(C) 

𝑄col

= 𝐴 ∫ 𝐽(𝑡)𝑑𝑡 
13.4 ± 2.5 12.5 ± 2.6 12.0 ± 0.4 22.4 ± 1.4 33.5 ± 2.0 29.9 ± 4.0 

Lactate 

consumed
b
 

(mM) 

∆[lac]
= [lac]f

− [lac]i 

-5.2 ± 1.1 -1.9 ± 0.4 -3.5 ± 0.1 -3.6 ± 0.5 -5.0 ± 1.4 -6.0 ± 1.0 

Lactate 

charge 

equivalent
c
 

(C) 

𝑄lac

= −∆[lac]𝑉𝐹𝑛 
29.3 ± 8.3 14.1 ± 2.8 26.6 ± 0.7 27.2 ± 4.0 37.6 ± 10.6 45.3 ± 7.8 

Coulombic 

efficiency 

(%) 

𝐶𝐸lac

= 100
× 𝑄col/𝑄lac 

34 ± 3 89 ± 23 45 ± 1 82 ± 11 89 ± 23 66 ± 10 

Biomass 

concentration 

(µg mL
-1

) 

[protein] 19 ± 2 21 ± 2 22 ± 4 28 ± 6 33 ± 4 23 ± 4 

a
 Measured values are averages from the replicate M3Cs as discussed in the text and figures, while 

calculated parameters follow the provided expressions; quoted uncertainties represent ± 1 standard deviation 

(for measured values) or are propagated errors by addition of standard deviations in quadrature (for calculated 

values).
b 

Note that Δ[lac] < 0 because lactate consumption produces electrons in Equation 1; this is why the 

expression for Qlac contains a negative sign. 
c
 V = 19.5 mL (0.5 mL from 20 mL is used for HPLC);

 
F = eNA ≈ 

96485 C mol
–1

, where e = 1.602 × 10
-19

 C and NA = 6.02 × 10
23

 mol
–1

; n = 4 from Equation 1. 
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Chapter 3 

Hydration Increases Both Electronic and 

Ionic Conductivity in Self-Doped 

Conjugated Polyelectrolytes 

Materials that conduct both electrical carriers and ions have applications in energy storage, 

bioelectronics, and soft robotics. Polymer-based mixed conducting materials generally 

consist of molecular or polymeric acids doping a π-conjugated polymer. While these acids 

are important for mixed conduction, their absorption of water changes the morphology and 

conductive properties of the bulk material. How hydration impacts conduction remains 

unexplored for self-doped conjugated polyelectrolytes (CPEs), which have ionic groups 

appended to a π-conjugated backbone. Conduction of holes and ions in films of a 

cyclopentadithiophene-alt-benzothiadiazole polymer with pendant sulfonate groups (CPE-

K) was measured starting from a largely dry state. While hole conduction dominates in dry 

CPE-K films, hydration at > 70% relative humidity generates commensurate ion conduction. 

As films are hydrated to 100% relative humidity, hole and ion conductivities increase to 50 

± 3 mS cm
-1

 and 70 ± 9 mS cm
-1

, respectively In-situ UV/Vis/NIR absorbance spectroscopy 

and electron paramagnetic resonance (EPR) spectroscopy reveal that the charge-carrier 
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population of polarons (radical cations) in CPE-K increased, but negligibly in comparison to 

the increase in the conductivity, suggesting electronic mobility changes. The potential 

mobility changes is supported by Grazing Incidence Wide Angle X-ray Scattering, where 

the bimodal distribution of π-π stacking distances seen in dry films becomes unimodal at the 

closer stacking distance in hydrated films, indicating enhanced crystallinity. Humidity leads 

to greater solvation of ions and the increased crystal correlation lengths indicate more 

pathways for ionic transport. These findings give insight as to how hydration affects both 

conduction mechanisms in CPEs and paves the way for improved molecular design and 

processing protocols that increase mixed conduction simultaneously. 

3.1 Introduction 

 Polymeric materials that transport ions in addition to electrons/holes are a class of 

materials that links polymer electrolytes with ion-only conductivity to organic 

semiconductors with electron/hole-only conductivity. Mixed conduction underpins 

applications that require an ionically conducting medium to be interfaced with an 

electronically conducting material, as is found in organic electrochemical devices such as 

batteries, supercapacitors, electrochromic and light emitting devices.
1–3

 Due to their soft and 

biocompatible nature, mixed electron/ionic conducting polymers have also been employed 

in many bioelectronic applications, including neural probes, soft actuators for artificial 

muscles and drug delivery, and organic electrochemical transistors (OECTs) for biosensing 

and monitoring.
4–6

  

Polymer-based mixed conducting materials generally incorporate molecular or 

polymeric acids with a π-conjugated polymer. The acids dope the polymer by oxidizing or 

protonating the polymer backbone, allowing it to attain its electronically conducting state 
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due to the higher concentration of free charge-carriers.
7–10

 The conjugate base of the acid 

also serves as counterions to balance the charge in the conducting polymer, creating a 

possible route of ion conduction. However, most acid dopants/charge balancing agents are 

hygroscopic. Hydration impacts ionic conductivity and can also change the morphology of 

the conducting polymer through plasticization. For example, the well-known conductive 

polymer blend of poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate), 

PEDOT:PSS, shows anti-correlation between its electronic and ionic conductivity when 

hydrated.
11–13

 The decrease in electron conductivity with humidity is attributed to swelling 

of the insulating PSS domains in the polymer morphology, which increases the separation of 

the PEDOT-rich hole-conducting domains.
14,15

 To what extent these mechanisms extend to 

other mixed transport organic semiconductors remains under explored. 

In this study, we consider the role hydration plays in the mixed conduction properties and 

morphology of anionic conjugated polyelectrolytes (CPEs). In CPEs, the anion is 

incorporated as a pendant group directly on the polymer backbone.
16

 While CPEs have been 

used extensively as interlayers in organic solar cells and light emitting diodes, and their 

charge conduction is well documented, they are only just emerging as materials for mixed 

conducting applications. In previous reports CPEs have been oxidized by external chemical 

dopants such as F4TCNQ to boost their electronic hole conductivity while maintaining their 

ionic conductivity.
13,17

 Here we consider a narrow band gap CPE that self-dopes in water, 

called CPE-K, whose chemical structure is shown in Figure 3.1. Because the dopant is a 

proton and water is a ubiquitous solvent, CPE-K can be more readily doped even with 

limited scientific resources when compared to those that require the use of an external 

dopant molecule. In this investigation we quantify the role hydration plays in the conduction 
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properties and morphology of self-doped CPE-K to enable more targeted molecular design 

and effective processing protocols for mixed conductors. Impedance spectroscopy and DC 

polarization were used to measure conduction starting from dry films as a function of 

increasing hydration though change in humidity. Since conduction relies on the number of 

free charge carriers and their mobility through the material, charge carrier populations were 

characterized by UV/Vis/NIR absorbance spectroscopy and electron paramagnetic 

resonance (EPR) spectroscopy. Polymer morphology was studied with grazing-incidence 

wide angle X-ray scattering (GIWAXS). 

 

Figure 3.1: Chemical structure of CPE-K in its neutral and doped form. 

3.2 Mixed Conduction 

The effect of hydration on mixed conduction of electrons and ions in CPE-K films was 

probed using electrochemical impedance spectroscopy (EIS) and DC polarization. 

Representative Nyquist plots as a function of relative humidity are shown in Figure 3.2a 

and b. From a largely dry state up to 70% relative humidity, the spectra show only one 

single semicircle. A single semicircle is indicative of a single dominant pathway for charge 

transport and the lack of a capacitive tail at low frequencies is consistent with transport 

being dominated by electric charge.
18

 For fitting of the spectra with an equivalent circuit and 

DC measurements, we refer to the Supporting Information Figure 3.S1. Importantly, the DC 
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measurements agree and confirms the low frequency, electronic resistance Re obtained from 

the EIS modelling, which was used to calculate the electronic conductivity σe via 

 𝜎𝑒 =
𝑙

𝑅e ∙ ℎ ∙ 𝑤
 (3.1) 

where l, h, and w are the length, thickness, and width of the polymer film between gold 

electrodes. The average conductivity of dry CPE-K films was 12 ± 2 mS cm
-1

, which is in 

the range of reported in-plane conductivities for spin-cast CPE-K films (1.5 to 24 mS cm
-

1
).

19–21
 The sample resistance decreases as can be observed by the shrinking of the semicircle 

with increasing humidity, leading to an increase of hole conductivity in the CPE-K films, as 

summarized in Figure 3.2c. 

 

Figure 3.2:. Mixed conductivity with relative humidity (RH) in CPE-K films at 

25 ˚C. Representative Nyquist plots from a) dry films up to 70% RH and b) from 

80% to 100% RH. The arrows indicates the direction of increasing frequency, f. c) 

Averaged electronic and ionic conductivity values in hydrated CPE-K films 
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calculated from equivalent circuit fitting. Error bars represent ± 1 standard deviation 

(n = 4). 

 Ion motion in the CPE-K films is not ascertainable by EIS until the onset of a low 

frequency semicircle in the Nyquist plot. As seen in Figure 3.2b, at 80% relative humidity 

and above, the spectra consist of two semicircles, which suggest multiple charge transport 

pathways in hydrated CPE-K films. This behavior can be explained by a mixed conductivity 

of electronic and ionic charge carriers. The lack of a capacitive tail at low frequencies again 

supports that there are continuous pathways for the transport of electronic charge.
18

 Between 

80% and 100% relative humidity, the low frequency electronic resistance remains rather 

constant and is confirmed by DC measurements due to the ion-blocking gold electrodes. The 

average hole conductivity at 100% RH was 50 ± 3 mS cm
-1

. By assuming the CPE-K films 

contain bi-continuous ion- and hole-conducting channels, an equivalent circuit that 

represents the parallel combination of these processes can be applied to extract the ionic 

resistance (see Figure 3.S2). This parallel circuit has been used previously in the literature 

for mixed conducting systems.
11,13,22

 As hydration increases, the weight shifts from the high 

frequency semicircle to the low frequency semicircle, providing the ionic conductivity 

ranging from 3 ± 1 to 70 ± 9 mS cm
-1

 between 80% and 100% RH. 

 The trend in hole and ion conductivity with hydration can be partially explained by 

the water content in the film and the role it has in the self-doping process of CPE-K. 

Recently, it was found that the doping of CPE-K begins with protonation of the polymer 

backbone followed by single electron transfer from an adjacent polymer to form a polaron 

(radical cation or hole).
23

 When doping occurs, the anionic sulfonate groups stabilize the 

polarons on the backbone, thus eliminating the need for the K
+
 counterions. In our CPE-K 
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films, the effect of hydration is two-fold: allowing further doping of the CPE-K and 

solvating ions – both of which would lead to increased mixed conduction. However, because 

we also expect hydration to plasticize the CPE-K films, changes in mobility of charge 

carriers in the films due to shifts in film morphology must also be considered to account for 

the change in mixed conduction. 

3.3 Charge Carrier Populations 

Absorbance spectroscopy can be used to examine the level of doping, which can be 

related to the number of free charge carriers that can participate in charge transport. CPE-K 

exhibits a large absorption band from 300 nm to 1500 nm, with three peaks positioned at 

412 nm, 700 nm (λmax), and 1100 nm. The features at wavelengths < 1000 nm are 

characteristic of the neutral semiconducting polymer CPDT-alt-BT backbone.
24,25

 The 

primary charge-carriers for CPE-K are positive polarons, with their optical transition 

assigned to the 1100 nm peak (λpolaron).
19,26

 From Figure 3.3, the polaron peak can be 

tracked as the film is hydrated. The level of doping, and therefor charge-carrier population, 

can be estimated by the ratio of the relative intensities of the neutral and polaron peaks 

(λpolaron/λmax). This ratio increases by 10% between the dry and humidified films, signifying 

an increase in the charge-carrier population. The increase in the number of charge-carriers in 

the film contributes to the increase in electronic conductivity. However, because the change 

in doping (10%) is not proportional to the order-of-magnitude change in conductivity 

(~300%), other factors must be considered. 
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Figure 3.3: UV/Vis/NIR absorbance spectroscopy for a CPE-K film starting 

from dry and humidified to different RH levels. 

In order to confirm the results from the absorbance spectroscopy, we turn to electron 

paramagnetic resonance (EPR) studies to investigate the free radical properties of CPE-K to 

gain additional insight into the behavior of the electronic charge carrier. Since CPE-K is a 

thiophene based polymer we anticipate, like for PEDOT:PSS, that the free radical signal to 

originate from the cationic polaron charge carrier.
19,27

 As for our other measurements above, 

we performed an in situ hydration dependent continuous wave (CW) EPR at X-band on 

CPE-K, with example data depicted in Figure 3.4a. As can be seen, there is a clear change 

in the spectra with hydration. The change occurs to both the line width as well as the peak 

height, which is quantified in Figure 3.4b. It can be seen that initially there is no change at 

low hydration, but as the water content is increased, the spectra both narrows (Figure 3.4b) 

and the intensity increases (Figure 3.4c). Since both the height and line width is changing, 

the peak to peak height change can’t be employed as a proxy for the change in the free 

radical concentration. Furthermore, there may be multiple species present as has been seen 
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for other thiophene systems.
28–30

 Consequently, we proceeded to model the spectra, which 

can be seen in Figure 3.S3 in the supplementary information.  

 

Figure 3.4: CW-EPR at X-band data for CPE-K under hydration control. a) 

Spectra at different relative humidity indicated in the legend. b) The peak to peak 

width and peak to peak heightof the EPR spectra as a function of hydration. c) 

Double integration of the spectra to obtain the relative spin concentration change. 

All the curves were well modelled to a single, symmetric pseudo-Voigtian curve of 

predominantly Lorentzian character (~96%, Figure 3.S3) with an isotropic g value of 

2.00235. The g value is commensurate with cationic free radicals as seen in other thiophene 

systems.
30–32

 The fact that only a single curve is sufficient for fitting is different to other 

thiophene systems, where usually two curves, one Gaussian and one Lorentzian with 
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differing g values is required to fit the data.
30–32

 If there were more than one species in the 

CPE-K, it would be reasonable to anticipate that the relative Lorentzian and Gaussian 

weights (a radical to each component) should change as a function of hydration, leading to 

the line narrowing observed. Given that this is not the case (Figure 3.S3b) we conclude that 

it is unlikely that there are two radical species. Therefore, the change in the line widths are 

due to the narrowing of the separate components as plotted in Figure 3.S3c. As a final test to 

check for multiple species, we obtained power saturation data at each hydration point and 

modeled the spectra at different microwave powers to see if a change in the relative 

Gaussian/Lorentzian weights would occur as has been seen for PEDOT:PSS (see Table 

3.S1).
32

 Again, it was observed that there was no change in the pseudo-Voigtian character. 

As such, the data above argues for a single species. 

Having argued for one radical species only, we turn to the lineshape behavior, which has 

been quantified in Figure 3.4b. The first basic observation is that for a radical, the line width 

is fairly broad. This is most likely due to delocalization of the radical along the backbone 

leading to multiple hyperfine interactions with bonded hydrogen, in agreement with recent 

transient absorption studies of CPE-K.
31

 As to the origin of the line narrowing we first note 

that the line is predominantly Lorentzian in character, hence inhomogeneous line narrowing 

is not favored.
32

 Initially, the temptation is to assign the behavior due to the formation of 

bipolarons, a spin zero species as reported elsewhere other thiophene systems.
27,29

 However, 

such species lead to a decrease in EPR intensity, which we manifestly do not see (Figure 

3.4a). As such, we tentatively suggest that what is being observed is exchange line 

narrowing, which can occur in solid state systems of sufficiently high radical concentration 
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that any more radical production leads to narrowing, which implies that the total free radical 

concentration of the system should be increasing with hydration. 

The above directly leads us to the final result, whether the free radical concentration in 

CPE-K actually increases with hydration. Given the above changes in the linewidth as well 

as intensity, we performed a double integration of the spectra to obtain the relative free 

radical concentration change, the results of which is depicted in Figure 3.4c. Clearly, there is 

an increase in the concentration with relative humidity. Initially, at the low hydration levels, 

there is no change, but then there is a linear increase followed by a saturation of the 

concentration at 30% more radicals. This 30% increase is of a similar order of magnitude as 

observed for the UV-Vis data above. 

The EPR work as well as the UV-Vis work shows an electronic charge concentration 

increase that severely underestimates the conductivity changes observed. Hence, it naturally 

follows that to explain the difference the mobility of the electronic carriers must be 

increasing as well with hydration. One major contributor to potential mobility changes is 

changes in morphology, which we investigate below. 

3.4 Morphology 

Molecular ordering in conjugated polymer films is a relevant parameter that 

influences charge carrier mobility and therefore conductivity. To investigate the impact of 

hydration on CPE-K chain stacking and crystallinity, grazing incidence wide-angle X-ray 

scattering (GIWAXS) data was collected during in-situ humidification of films. Figure 3.S4 

shows two-dimensional GIWAXS images corresponding to a CPE-K film at low and high 

hydration (17% and 90% RH, respectively). We see a strong edge-on texture at low-q, while 

features at intermediate- and high-q have a more isotropic orientation. As the film is 
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hydrated, the features become less diffuse indicating better crystallinity. Figure 3.5 and 

Figure 3.S5 shows the out-of-plane and in-plane line cuts, respectively, for CPE-K films in 

the dry and hydrated states. Table 3.S2 summarizes relevant GIWAXS parameters. At the 

out-of-plane higher q values, π-π stacking distances (d) suitable for inter-chain transport can 

be seen for both cases. For the dry film, there are two populations: qz = 1.79 Å
-1

 and 1.59 Å
-1

 

(d = 3.51 Å and 3.94 Å). With increase in humidity the population shifts to higher q-spacing, 

indicating a higher portion of the film has close π-π stacking (qz = 1.74 Å
-1

, d = 3.61 Å). 

Calculation of the crystal correlation length (CCL) from the peak full width at half 

maximum via the Scherrer equation shows similar crystallite sizes at the higher q, CCL ≈ 2.5 

nm.
20,33

 The closer π-π stacking of the humidified CPE-K would lead to increased charge-

carrier mobility through the film and contribute to the increased hole conduction. 

At the lower q range, both dry and humidified films show lamellar stacking peaks at 

qz ≈ 0.31 Å
-1

 (d = 20 Å). Upon hydration, the CCL dramatically increases for the lamellar 

spacing feature, changing from 8.30 nm for dry films to 11.4 nm for humidified films. A 

larger CCL corresponds to larger or more perfect crystallites as humidity increases. 

Furthermore, the humidified sample also showed lamellar reflection peaks at qz = 0.62 Å
-1

 

and 0.93 Å
-1

, which is a similar feature seen in the high mobility neutral polymer.
34
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Figure 3.5: Polymer morphology from GIWAXs. a) Out-of-plane line cuts from 

two-dimensional GIWAXS patterns of CPE-K films drop-cast on silicon substrates. 

b) Cartoon schematic of molecular packing features identifying lamellar (dl), pendant 

(dp), ion aggregate (di), and π-π stacking (dπ-π) spacing. 

Additional peaks in the intermediate-q range are reminiscent of stacking peaks seen for 

polyelectrolytes and polymerized ionic liquids. Studies of polymerized ionic liquids 

exhibiting intermediate stacking peaks from 0.7 to 1.3 Å
-1

 attribute them to ion aggregate 

spacing and correlation between pendant chains, respectively.
35–37

 Dry CPE-K films show a 

peak at qz = 1.14 Å
-1

 (d = 5.53 Å), which can be attributed to correlation between the 

sulfonate pendant groups. This spacing does not change substantially for humidified films 

(qz = 1.09 Å
-1

, d = 5.75 Å). The most prominent feature of the dry CPE-K line-cut is located 

at qz = 0.74 Å
-1

 (d = 8.5 Å). This peak is assigned as the ion aggregate spacing. When CPE-

K is humidified, this peak seemingly disappears. The absence of this peak could be due to 

the loss of sufficient contrast between the aggregates and the surrounding media to scatter x-

rays.
35,38

 This supports that the ions in the film are solvated and available for conduction. 
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Together with the refinement of the lamellar stacking, this provides evidence for increased 

percolation pathways for ion transport and supports the orders-of-magnitude increase ion 

conductivity. 

3.5 Conclusions 

The role of hydration in the mixed conduction of electrical carriers and ions in the self-

doping conjugated polyelectrolyte CPE-K was investigated. Dry drop-cast films show only 

hole conduction, while ion conduction is seen starting above 70% relative humidity. Hole 

conduction increases with film humidification due to increased levels of doping, a higher 

prevalence of close π-π stacking, and better delocalization of the polaron charge-carrier 

throughout the polymer material. Ion conductivity increases with water content, as expected, 

and routes for conduction are improved with hydration as seen by GIWAXS. Overall, this 

study provides insight as to how hydration can improve the conduction properties of self-

doping CPEs and lead to better molecular designs and processing methods to achieve 

desired mixed conduction. 

3.7 Materials, Methods, & Supplementary Figures 

3.7.1 Materials & Methods 

Materials: CPE-K was synthesized as previously reported.
19

 The molecular weight of 

CPE-K was determined by GPC of the tetrabutylammonium congener. GPC (DMF): Mn = 

7714, Mw = 8166, PDI = 1.05. 

Conductivity Measurements: Impedance spectroscopy measurements were performed 

using the in-plane configuration with gold electrodes (500 µm wide, 50 nm thick) with a 

chromium adhesion layer (2 nm thick) evaporated onto glass substrates (2.4 mm channel 
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lengths). Films were drop-cast from 10 mg/mL CPE-K in 1:2 H2O:MeOH and allowed to 

dry under ambient conditions. Films were then annealed at 80 ˚C for 1 hour and then 

annealed under vacuum overnight in a glovebox. Prepared films were first measured in a 

glove box. 

Impedance measurements were performed using the two-point-probe method with a 

Bio-logic SP-300 or VSP-300 Potentiostat. Measurements were taken with the following 

parameters: E = 0 V vs ref, EA = 10 mV vs ref, fi = 7 MHz – 3 MHz, ff = 10 – 1 mHz . 10 

points per decade, averaging over 10 points. Nyquist plots were fit using the Bio-logic Zfit 

program in the EC-Lab software. DC polarization was performed by biasing the films at -50 

mV, -40 mV, -30 mV, 30 mV, 40 mV, and 50 mV with time to rest at OCV between 

measurements. Film equilibrium at each humidity step was confirmed by performing 

impedance before and after the DC measurements and showing no change in the spectra. 

Film thicknesses and widths were measured using a Dektak Profilometer with 5 mg of 

force and 6.5 µm amplitude range. Thickness and width were measured after films rested 24 

hours in ambient humidity. Dimensions were averaged from at least 5 measurements at 

different points in the films. 

Humidity Control: Humidity was controlled by modulating the ratio of dry nitrogen gas 

to nitrogen gas passed through a water bubbler. Humidity and temperature were sensed 

using a probe with measurement errors of 0.3 %RH and 0.01 ˚C. 

UV/VIS/NIR absorbance spectroscopy: Measurements were performed using a Perkin 

Elmer Lambda 750 spectrophotometer at room temperature. Change in doping population 

was calculated based on a logistic calibration curve created from CPE-K electrochromic 

devices. 
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Electron paramagnetic resonance (EPR): Continuous Wave (CW) X-band EPR was 

performed utilizing a bespoke hydration system that enables in situ hydration measurements, 

which prevents uncertainty in the measurement of the intensity due to changing sample 

position. Procedure used is as published elsewhere.
19,20

 However, in brief, spectra was 

obtained using a Bruker Biospin Elexsys E500 CW-EPR spectrometer using an X-band, 

SuperX microwave bridge, a super high Q cavity, a Bruker Biopsin teslameter (ER036TM, 

calibrated) and an EIP 548B. Sample was measured at room temperature in a standard 3mm 

cylindrical quartz tube attached to a vacuum capable hydration system. The sample was 

dried first evacuating the line using a rotary pump (<10
-3

 mbar) for several hours. The 

vacuum line was then isolated from the pump and a power saturated experiment was 

conducted (see below). After the experiment, water vaper was bled into the vacuum line 

(using a degassed water vial) up to a selected water vaper pressure (measured using an 

Edwards GK series 50 mbar gauge). Hydration was allowed for ~2 hours and a power 

saturation experiment was performed again. The above steps were repeated for higher 

hydration levels until a complete isotherm was obtained.  

The power saturation experiment was performed centered at ~348 mT with a sweep 

width of 25 mT taking 4096 data points. Data was obtained from 50 dB to 20 dB at a 

modulation frequency of 100 kHz and modulation amplitude of 0.01 mT. The main data for 

analysis was taken from 35 dB data, which was within the linear response of the power 

saturation behaviour. 

The data was modelled using EZSpin (ver. 5.2.28), the pepper functionality (i.e. solid 

state modelling) using the simplex algorithm while scaling and doing a linear baseline. 
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Grazing Incidence Wide-angle X-ray scattering (GIWAXS) : GIWAXS patterns were 

obtained using the humidity control stage at beamline 7.3.3 of the Advanced Light Source 

(ALS) at Lawrence Berkeley National Laboratory in Berkeley, CA. A sample-detector 

distance of 294.5 mm was used with an X-ray wavelength of 1.2398 Å corresponding to a 

beam energy of 10 keV. Scattering angles were calibrated to a silver behenate (AgB) 

standard. Data were reduced using the Nika package for Igor. The scattering intensity for 

line-cut data was averaged for each sector. Sectors were defined as follows: in-plane qxy 7˚ 

to 17˚ and out-of-plane qz 77˚ to 87˚. Peak centers and peak full width at half maximum 

(FWHM) were found by fitting the data to Gaussian curves using the Multipeak Fitting 

package for Igor. 

  



 

 
74 

3.7.2 Supplementary Figures & Discussion 

 

 

Figure 3.S1: Fitting example for conduction in CPE-K films at low relative 

humidity (RH). a) Nyquist plot for CPE-K film at 0% RH (open circles) and the 

corresponding fit (sold curve) using the inset equivalent circuit. b) DC polarization 

measurements. c) Corresponding Ohm’s law plot of DC voltage vs the extracted 

steady-state current density. 
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Figure 3.S2: Fitting example for conduction in CPE-K films at high relative 

humidity (RH). a) Nyquist plot for CPE-K film at 100% RH (open markers) and the 

corresponding fit (sold curve) using the inset equivalent circuit. b) DC polarization 

measurements. c) Corresponding Ohm’s law plot of DC voltage vs the extracted 

steady-state current density. 
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Figure 3.S3: The modelling of the EPR spectra. a) Modelling to a single, isotropic 

spin ½ system of predominantly Lorentzian character at 35dB. Indicated in blue are 

the residuals. b) The relative weightings of the pseudo-Voigtian curves used in the 

fits. c) The peak to peak widths of the separate components of the pseudo-Voigtian 

as a function of hydration. 
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Table 3.S1: Fitting parameters obtained for the power saturation data. 

Sample Hydration 

(RH%) 

Microwave Power 

(dB) 

Lorentzian Weight 

(%) 

Gaussian Weight 

(%) 

0 47 (low power) 97.2 2.80 

 35 97.2 2.77 

 23 (high power) 97.2 2.81 

92 47 (low power) 97.2 2.81 

 35 97.3 2.74 

 23 (high power) 97.2 2.80 

Discrepancies in adding to 100% due to rounding errors. 

 

Figure 3.S4: 2D GIWAXs data plots. 

 



 

 
78 

 

Figure 3.S5: In-plane line cuts from two-dimensional GIWAXS patterns of 

CPE-K films drop-cast on silicon substrates. 

 

Table 3.S2: Parameters from GI-WAXs 

 

qz (Å
-1

) 

 

Distance, d (Å) 

 Crystal correlation 

length, 

CCL (nm) 

dry humidified  dry humidified  dry humidified 

π-π 1.79 1.74  3.51 3.61  3.05 2.50 

 

1.59 
 

 3.94 
 

 1.95 
 

Pendant 1.14 1.09  5.52 5.75  3.34 2.90 

Ionic 

aggregate 
0.739  

 
8.50  

 
3.62  

 0.543   11.6   1.42  

Lamellar 0.308 0.31  20.4 20.3  8.3 11.37 

 
 

0.62  
 

10.1  
 

5.83 

  0.93   6.76   4.39 

 

qxy (Å
-1

) 

 

Distance, d (Å) 

 Crystal correlation 

length, 

CCL (nm) 

 dry humidified  dry humidified  dry humidified 

π-π 1.75 1.74  3.59 3.61  3.19 2.88 

 1.61   3.90   4.89  

Pendant 1.12 1.09  5.61 5.75  3.26 2.94 
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Chapter 4 

Living Bioelectrochemical Composites 

Composites, in which two or more material elements are combined to provide properties 

unattainable by single components, have a historical record dating to ancient times. Few 

have included a living microbial community as a key design element. A logical basis for 

enabling bioelectronic composites stems from the phenomenon that certain microorganisms 

transfer electrons to external surfaces, such as an electrode. A bioelectronic composite 

which allows one to address cells beyond the confines of an electrode surface can impact 

bioelectrochemical technologies, including microbial fuel cells for power production and 

bioelectrosynthesis platforms where microbes produce desired chemicals. We show that the 

conjugated polyelectrolyte CPE-K functions as a conductive matrix to electronically connect 

a three-dimensional network of Shewanella oneidensis MR-1 to a gold electrode, thereby 

increasing biocurrent ~150-fold over control biofilms. These biocomposites spontaneously 

assemble from solution into an intricate arrangement of cells within a conductive polymer 

matrix. While increased biocurrent is due to more cells in communication with the electrode, 

current extracted per cell is also enhanced indicating efficient long-range electron transport. 

Further, biocomposites show almost an order-of-magnitude lower charge transfer resistance 
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than CPE-K alone, supporting that the electroactive bacteria and the conjugated 

polyelectrolyte work synergistically towards an effective bioelectronic composite. 

4.1 Introduction 

 Certain anaerobic bacteria can interface with electrodes to catalyze the 

interconversion of chemical and electrical energy. Indeed, a series of bioelectrochemical 

systems (BESs) based on microbial electroactivity has been developed. Such technologies 

include microbial fuel cells (MFCs) that produce electricity from the oxidation of organic 

and inorganic compounds, applicable for wastewater remediation, desalination, and the 

removal of toxic chemicals from the environment.
1–4

 Conversely, electrical current can also 

drive microbial metabolism in bioelectrosynthesis platforms to produce desired chemicals, 

while other configurations allow for electrochemical production of hydrogen or methane 

gas.
5,6

 In all of these systems, energy transduction is achieved by microbial colonization of 

an electrode and electron transfer to/from electrode surfaces. 

However, inefficient interfacial contacts pose a primary bottleneck for electron transfer 

throughout the range of BES technologies.
7–9

 Substantial efforts thus are centered on seeking 

enhancements through engineering of device configurations and electrode surfaces, for 

example the introduction of interfacial agents.
7,10,11

 Electrodes with greater dimensionality 

have the advantage of larger specific surface areas for increased microbial loading.
12–14

 

Monolithic three-dimensional (3D) electrodes with porous structures have been used, 

including reticulated vitreous carbon, metal oxide foams, and sponges with conductive 

coatings; however, biofilms must conform to their structure and clogging can occur.
15–17

 

An alternative strategy to 3D integration is via formation of bacteria/soft conductive 

material composites in which the conductive matrix and biofilm formation are 
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spontaneously organized.
18,19

 Desirable properties of the soft host matrix include 

conductivity in aqueous media, tunable optoelectronic properties, biocompatibility, diffusion 

of nutrients/waste, ease of assembly, and shape-adaptability to conform within different 

device configurations. Literature examples fall into two groups: immobilizing bacteria with 

conductive materials before BES operation or developing a bacteria/conductive material 

hybridized biofilm through self-assembly. For instance, polypyrrole and PEDOT:PSS were 

electropolymerized with S. oneidensis MR-1 to create thicker biofilms with greater 

electronic connectivity with the electrode.
20,21

 S. oneidensis MR-1 has also been 

encapsulated in a phospholipid hydrogel functionalized with ferrocene, which allowed 

extracellular electrons to hop via redox-reactions to the electrode.
22

 In other approaches, S. 

oneidensis MR-1 and environmental samples were combined with graphene oxide on 

electrodes to create hybridized biofilms that increased current generation through increased 

biomass and electroactive surface area.
23,24

 

The self-p-doped conjugated polyelectrolyte CPE-K (Figure 4.1a), initially used in 

optoelectronic devices, can meet all of the requirements to function as the conductive 

synthetic element in a 3D abiotic/biotic composite.
25,26

 CPE-K was previously reported to 

accept electrons and increase biocurrent output from a single layer of S. oneidensis MR-1 

atop carbon felt electrodes by a factor of ~3-fold.
27

 This enhancement was due to increasing 

electron transfer at the electrode interface through redox-cycling of the CPE-K and an 

increase in surface cell density.
27

 Moreover, CPE-K was independently found to assemble 

into a hierarchical hydrogel structure held together primarily via ionic-cross-links (Figure 

4.1b).
28

 Based on the combination of these properties, we disclose here a 3D living material 

produced by combining CPE-K and S. oneidensis MR-1. Figure 4.1c illustrates a vison of 
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this composite in which living cells play a bifunctional role of tailoring the composite 

structure and charge generation capacity. Indeed, as disclosed herein, the 3D living 

composite enables efficient interfacial coupling, resulting in current density amplification by 

~150-fold. 

 

Figure 4.1: Bioelectronic composite concept. a) The molecular structure of CPE-K 

is shown with a polaron (radical cation) in its backbone. CPE-K is expected to form 

a hydrogel via ionic interactions. b) Metabolic electrons are transferred 

extracellularly to the matrix made of conductive CPE-K polymer chains. c) A 

cartoon representation of a conductive matrix (metallic color) encapsulating 

electroactive bacteria (green). 

4.2 Biocompatibility 

Before testing the electrochemical properties of the composites, the toxicity of CPE-K 

towards S. oneidensis MR-1 was investigated. Previous studies of CPE-K show low 

antimicrobial activity towards Escherichia coli due to low binding affinity, with the highest 

concentration tested being 0.2 mg mL
-1

 CPE-K.
29

 To test whether the polymer was toxic 

toward S. oneidensis MR-1 at higher concentrations, biocomposites first were obtained by 

simply adding appropriate volumes of liquid culture to pre-weighed solid CPE-K followed 

by vortexing at low speeds to mix. After 18 hours incubation, bacterial survival rates were 
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determined through traditional agar plate colony-forming-unit counting. Testing revealed no 

toxic effect by CPE-K on S. oneidensis MR-1 up to the highest concentration tested (20 mg 

mL
-1

 CPE-K), see Figure 4.S1. Furthermore, there was no inhibition of growth compared to 

control cultures. Indeed, we found that the highest CPE-K concentration tested (20 mg mL
-1

) 

increased cell growth 50 ± 27% over the controls. Biocompatibility was also confirmed 

through live/dead staining of a biocomposite after 24 hours incubation as shown in Figure 

4.2, where all cells are stained with 4,6-diamidino-2-phenylindole (DAPI, blue), while dead 

cells are also stained with propidium iodide (PI, red). Assessment via confocal laser 

scanning microscopy (CLSM) gives a positive evaluation of bacteria health, with 

approximately 9% dead cells. 

 

Figure 4.2: Bioelectronic initial biocompatibility testing.  CLSM images of a 10 

mg mL
-1

 CPE-K and S. oneidensis MR-1 composite stained with DAPI (blue, all 

cells) and PI (red, dead cells) after 24 hours anaerobic incubation. a) 3D view and b) 

profile view. 
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4.3 Current Generation of Composites 

Microbial three-electrode electrochemical cells (M3Cs) were used to test the current 

generating properties of biocomposites by measuring chronoamperometry (CA) at a 

specified applied electrode potential (ECA) against a reference electrode.
30–33

 In S. oneidensis 

MR-1, the characteristic redox-potentials of flavin-based mediated electron transfer (MET, -

0.4 V to -0.3 V vs Ag/AgCl) and membrane-protein direct electron transfer (DET, 0 V vs 

Ag/AgCl) to electrodes are well established.
30,34–37

 Because CPE-K (Mn = 6638 g mol
-1

) is 

expected to form a network by labile non-covalent interactions, a dialysis membrane (3.5 kD 

MWCO) was used to confine the polymer and the cells inside a well above the gold working 

electrode (area = 2 cm
2
, depth = 247 µm ± 5). The main M3C chamber was kept sterile and 

contained a reservoir of 40 mM lactate in M1 growth media. Please see Figure 4.S2 for a 

device schematic and the Supporting Information for full experimental details on device 

assembly. 

Current generation by S. oneidensis MR-1 was tested independently before investigating 

the performance of the biocomposites. Stationary cultures of 0.15 OD600 S. oneidensis MR-1 

(1.0 OD600 = 1.0 × 10
9
 cells mL

-1
) were added to working electrode wells. Similar control 

tests were carried out for different concentrations of CPE-K. Figure 4.3 shows the average 

biocurrent density (J) over time at ECA = 0.3 V vs Ag/AgCl for controls and biocomposites. 

The ECA value was chosen to stimulate extracellular electron transport mechanisms of the 

bacteria, while encompassing the oxidation potential of CPE-K (0.27 V vs Ag/AgCl).
27

 

Control biofilms reached a maximum of J = 7 ± 3 mA m
-2

 after 6 hours and declined to J = 

1.3 ± 0.4 mA m
-2

 after 7 days of operation. This current density is similar in magnitude to 

other Shewanella biofilms atop gold electrodes.
38,39

 For the negative control 20 mg mL
-1
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CPE-K, J = 1.2 ± 1.0 mA m
-2

 after 7 days. Negative controls of 5 and 10 mg mL
-1

 CPE-K 

concentrations showed similarly low currents (0.7 ± 0.7 mA m
-2

 and 0.7 ± 2.0 mA m
-2

, 

respectively). These controls provide the basis to evaluate the performance of 

biocomposites, as described below. 

 

Figure 4.3: Average current density as a function of time (chronoamperometry, 

CA) for controls and biocomposites. Controls are S. oneidensis MR-1 only and 20 

mg mL-1 CPE-K only. Biocomposite concentrations tested with S. oneidensis MR-1 

include 5, 10, and 20 mg mL-1 CPE-K. Electrochemical cells were poised at 0.3 V 

vs Ag/AgCl and used 40 mM lactate as the carbon source. Light colored bands 

indicate the standard deviation in current (n ≥ 3). 
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Biocomposites were prepared with 5, 10, and 20 mg mL
-1

 CPE-K with the same initial S. 

oneidensis MR-1 loading of 0.15 OD600. In the case of the 5 mg mL
-1

 CPE-K biocomposites, 

J began at ~20 mA m
-2

 and peaked after ~1.8 days at 75 ± 20 mA m
-2

. Current generation 

decreased gradually for ~3 more days and subsequently maintained a steady-state, with J = 

41 ± 7 mA m
-2

 at the end of 7 days. This is a ~30-fold increase over the controls. 

Biocomposites with 10 and 20 mg mL
-1

 CPE-K showed a similar rise in current over time 

compared to the 5 mg mL
-1

 counterparts; however the current did not peak and instead 

continued to increase over the 7 days of operation. Both the 10 and 20 mg mL
-1

 CPE-K 

biocomposites reached similar J values of 198 ± 17 mA m
-2

 and 196 ± 20 mA m
-2

 after 7 

days, respectively. These values represent a ~150-fold increase in average current density 

over the controls. 

4.4 Composite Morphology and Current per Cell 

Working electrode surfaces were imaged after biocurrent testing to examine the 

organizational relationships between the cells and CPE-K in the composites, see Figure 4.4. 

From the scanning electron microscopy (SEM) image obtained of the control containing 

only S. oneidensis MR-1 (Figure 4.4a) one observes a sparse monolayer biofilm on the 

electrode surface. The 5 mg mL
-1

 CPE-K biocomposite (Figure 4.4c) exhibits a higher 

density of cells on the electrode surface, together with polymeric material. The appearances 

of the 10 and 20 mg mL
-1

 CPE-K biocomposites are similar to each other; from Figure 4.4d 

and 4.S3, one observes the presence of both cells and CPE-K, which appears as sheet-like 

structures. It is worth noting that the appearance of the polymer is more condensed in the 20 

mg mL
-1

 CPE-K sterile control relative to biocomposites, see Figure 4.4b. Cross-sectional 

views of the 20 mg mL
-1

 biocomposite (Figure 4.4e) show that cells reside not only on the 
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top surface, but are also well interspersed throughout the volume of the composite. 

Live/dead staining performed at the end of current collection shows few dead cells (red) 

during confocal microscopy, see Figure 4.5. It is worth noting that the DAPI dye not only 

accumulated in the cells, but also associated with what looks like CPE-K polymer sheets 

with similar structures to what is seen by SEM characterization. 

 

Figure 4.4: Representative SEM images after 7 days of CA current collection  

for a) S. oneidensis MR-1 only, b) 20 mg mL-1 CPE-K only, c) 5 mg mL-1 CPE-K 

biocomposite, and d) 20 mg mL-1 CPE-K biocomposite with e) a cross-sectional 

view of the 20 mg mL-1 biocomposite. 

The number of living cells was quantified immediately after electrochemical 

characterization was complete at the end of 7 days. The current per cell was then determined 

by dividing the current at the end of CA over the number of cells (see Table 4.1). From this 
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analysis one finds that current output per cell is similar for the 5 mg mL
-1

 CPE-K 

biocomposites (78 ± 8 fA) and the control S. oneidensis MR-1 biofilms (66 ± 12 fA). The 

current generation per cell for the 10 and 20 mg mL
-1

 CPE-K biocomposites are almost 

double with 152 ± 26 fA and 188 ± 11 fA, respectively. Higher loadings of CPE-K thus 

leads to a higher cell density and a more efficient charge extraction per cell, the latter being 

consistent with the CPE-K matrix being intimately involved in long-range electron transfer 

to the electrode surface. 

 

Figure 4.5: Representative CSLM image after 7 days of CA current collection for 20 

mg mL
-1

 CPE-K biocomposite stained with DAPI (blue, all cells and polymer) and PI (red, 

dead cells). 
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Table 4.1: Bioelectrochemical parameters from M3Cs after 7 days of CA 

current collection from controls and biocomposites.
a)

 

Biocomposites 

with S. oneidensis MR-1 

 

Average Current 

Density, 

J [mA m
-2

] 

Number of Cells, 

X [*10
8
] 

Current per cell,
b)

 

Icell [fA cell
-1

] 

5 mg mL
-1

 CPE-K  41 ± 7 1.1 ± 0.2 78 ± 8 

10 mg mL
-1

 CPE-K  198 ± 17 2.6 ± 0.5 152 ± 26 

20 mg mL
-1

 CPE-K  196 ± 20 2.1 ± 0.2 188 ± 11 

Control     

S. oneidensis MR-1 only  1.3 ± 0.4 0.04 ± 0.01 66 ± 12 
a)

Errors represent standard deviations from the mean (n ≥ 3); 
b)

Current per cell calculated 

as Icell = J*A/X, where A is the area of the gold electrode (2 cm
2
). 

4.5 Evaluation of the Conductive Network 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 

performed after 7 days of CA collection to further investigate the mechanisms of current 

generation enhancement. For CV, see Figure 4.6, a potential sweep window of -0.6 V to 

0.45 V was chosen to encompass expected redox processes of the system with respect to the 

Ag/AgCl (saturated KCl) reference electrode: MET and DET in S. oneidensis MR-1, and 

oxidation of CPE-K (0.27 V). No detectable signal is seen for MET for all conditions, which 

we attribute to diffusion of mediators out of the electrode well (~50 µL volume) through the 

dialysis membrane and into the M3C reservoir (15 mL volume). Catalytic DET through 

membrane proteins is observed for the control biofilms with the oxidation at ~0 V. Sterile 

controls of CPE-K at 5, 10, and 20 mg mL
-1

, provided for reference, only show oxidation of 

the polymer at E > 200 mV, see Figure 4.6 dashed lines. A combination of these two 

features is seen in the CV scan of the 5 mg mL
-1

 CPE-K biocomposite. 
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Figure 4.6: Representative cyclic voltammetry (CV) data after 7 days of CA 

current collection. a) CV of S. oneidensis MR-1 only, 5 mg mL
-1

 CPE-K only, and 

5 mg mL
-1

 CPE-K biocomposite. b) CV of S. oneidensis MR-1 only, 10 and 20 mg 

mL
-1

 CPE-K controls and biocomposites. (scan rate 5 mV s
-1

). 

Most significantly, CV measurements of the 10 and 20 mg mL
-1

 CPE-K biocomposites 

exhibit substantially higher current densities, in line with the CA data, and unexpectedly 

shaped curves. While the CV of the 5 mg mL
-1

 CPE-K biocomposites show quasi reversible 

redox peaks, indicating a diffusion-limited process, the 10 and 20 mg mL
-1

 CPE-K 

biocomposites show rectangular-shaped waves reminiscent of the characteristics of 

pseudocapacitors.
40–42

 We attribute the presence of pseudocapacitive behavior upon higher 
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CPE-K loading to a matrix with more continuous interchain contacts that improves electron 

transport. 

 

Figure 4.7: Proposed biocomposite charge generation scheme. 1) S. oneidensis 

MR-1 bacteria (green) generate metabolic electrons from the catalytic conversion of 

lactate to acetate and other products. 2) Electron equivalents are transferred to CPE-

K sheets (orange) from bacteria via membrane proteins. 3) Charges conduct along 

the CPE-K sheet. 4) Charges transfer between sheets. Steps 3 and 4 repeat until 5) 

charges are collected at the gold electrode. 

Of particular interest is the redox peak seen between 100 mV and 300 mV in the CV 

traces of the more concentrated biocomposites (Figure 4.6b). We surmise that the peak is 

from the oxidation of the membrane proteins of S. oneidensis MR-1. This DET peak is 
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shifted from its potential in the control biofilms and 5 mg mL
-1

 CPE-K biocomposites, 

presumably due to the variable resistance of the CPE-K network. Specifically, at ~0 V, 

oxidation of the membrane proteins occurs in the control biofilm, but in the networked-

biocomposite the encapsulated cells can not be accessed because the CPE-K matrix is not as 

conductive at this potential. CPE-K is oxidized as the potential is swept to more positive 

values thereby providing a pathway to membrane-protein oxidation. Figure 4.7 presents a 

schematic of this charge transfer process through the bioelectronic composite. 

An ideal bioelectronic composite would have low charge transfer resistance (RCT) at the 

abiotic/biotic interface to efficiently collect current. We thus performed EIS at 300 mV, see 

Figure 4.8. Apart from the positive control (Figure 4.8a), the Nyquist plots consist of a 

classical semicircle representing the resistance to charge transfer, followed by a linear 

response at low frequencies. The Supporting Information provides further details on the 

recording and analysis of the EIS data. Based on the semicircle diameter, the average RCT for 

the 10 and 20 mg mL
-1

 CPE-K biocomposite conditions is 50 ± 20 Ω and 40 ± 20 Ω, 

respectively (Figure 4.8d), which is considerably smaller than what is calculated for the 

sterile 5, 10, and 20 mg mL
-1

 CPE-K (480 ± 20 Ω, 410 ± 60 Ω, and 150 ± 20 Ω, 

respectively) and 5 mg mL
-1

 CPE-K biocomposite (700 ± 50 Ω), as seen in Figure 4.8b and 

4.8c. The linear response at low frequencies also transitions from a ~45˚ angle to a more 

vertical orientation, signifying a shift from slow mass transport of ions to the electrode 

surface to better capacitive behavior by way of the conducting matrix in the 10 and 20 mg 

mL
-1

 CPE-K biocomposites.
41,43

 That the biocomposites have a lower charge transfer 

resistance and more capacitive behavior than the sterile polymer controls suggests that the 

presence of the S. oneidensis MR-1 improves the electronic properties of the polymer 
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matrix. The further improved electronic properties of the CPE-K may in turn be responsible 

for the increased current per cell seen in chronoamperometry (see Table 4.1). Taken as a 

whole, these results reveal a synergistic action of the two components in the biocomposite 

towards optimizing the biotic/abiotic interface at the charge collecting electrode. 

 

Figure 4.8: Representative electrochemical impedance spectroscopy (EIS) data 

after 7 days of CA current collection. Nyquist curves of a) S. oneidensis MR-1 

only, 5 mg mL
-1

 CPE-K only, and 5 mg mL
-1

 CPE-K biocomposite and b) the 

enlarged Nyquist curves of the 5 mg mL
-1

 CPE-K control and biocomposite. Nyquist 
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curves of c) 10 and 20 mg mL
-1

 CPE-K controls and biocomposites with d) the 

enlarged Nyquist curves of the 10 and 20 mg mL
-1

 CPE-K biocomposites. Annotated 

values represent the average charge transfer resistance and standard deviation (n ≥ 3). 

4.6 Conclusion 

To summarize, a new 3D living composite material can be obtained by the simple 

combination of CPE-K, a self-p-doped conjugated polyelectrolyte, and the electroactive 

bacteria S. oneidensis MR-1. The bioelectronic composite is an effective way to 

significantly increase biocurrent density, which originates from increasing the number of 

microbes in electronic communication with the charge-collecting electrode through the 

conductive CPE-K matrix. The one-step assembly of these composites therefore offers a 

simple and effective route to improve the performance of BESs such as microbial fuel cells 

and bioelectrosynthesis platforms. Opportunities also exist to apply this living material to 

environmental sensing applications and fundamental investigations of electronic 

communication within microbial communities. The bacteria and CPE-K have a synergistic 

relationship in which the 3D framework promotes microbial respiration (both increased 

number of microbes and increased current per cell) and in turn the bacteria influence the 

formation of the conducting matrix. Specifically, the biocomposites have a more continuous 

and conductive network than controls of polymer only, as evidenced by their pseudo-

capacitive behavior and lower charge transfer resistance. This work suggests that living 

organisms can be synergistically integrated with synthetic systems to create fundamentally 

new advanced materials, bridging the gap between microbiology and the vast repertoire of 

materials previously developed for plastic electronics. 
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4.7 Materials, Methods, & Supplementary Figures 

4.7.1 Materials & Methods 

Materials: All chemicals were purchased from Fisher Scientific or Sigma Aldrich and 

used as received unless otherwise indicated. CPE-K was synthesized according to literature 

procedures.
44

 The molecular weight of CPE-K was determined by GPC of the 

tetrabutylammonium congener. GPC (DMF): Mn = 6638, Mw = 21434, PDI = 3.22.  

Cell culture and growth medium: Shewanella oneidensis MR-1 (ATCC 700550) was 

struck out on LB agar plates from frozen bacterial stock and incubated at 30 °C to isolate 

single colonies. Liquid cultures were grown by selecting morphologically similar colonies 

with a sterile loop to inoculate anaerobic modified M1 medium containing 20 mM Na-(L)-

lactate as electron donor and 20 mM Na-fumarate as electron acceptor. After 24 hours 

incubation at 30 °C with shaking at 120 rpm, cultures consistently reach a maximum OD600 

of ~0.22 (or 2.2 × 10
8
 cfu mL

-1
). These stationary phase cultures are then centrifuged, 

washed, and then re-suspended in fresh M1 media to a final concentration of 0.15 OD600. 

M1 media is a defined media with the following composition per liter: 3 g HEPES buffer, 

0.225 g potassium phosphate monobasic, 0.225 g potassium phosphate dibasic, 0.225 g 

ammonium sulphate, 0.46 g ammonium chloride, 0.117 g magnesium sulphate heptahydrate, 

0.5 g cassamino acids, 10 mL DL vitamin mix, 10 mL Wolfe’s mineral mix. 

Biocompatibility through minimum bactericidal concentration testing (MBC)
45

: Various 

concentrations of CPE-K in M1 growth media with 20 mM Na-(L)-lactate and 40 mM Na-

fumarate were inoculated with S. oneidensis MR-1 and incubated anaerobically for 18 hours. 

Because CPE-K absorbs at 600 nm – the standard wavelength at which cell growth is 
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measured in solution – samples were instead diluted and plated on LB agar plates. The 

number of colonies were counted and the results are summarized in Figure 4.S1. 

Working electrode fabrication: Heavily doped (ρ = 0.001-0.005 Ω cm) p
+
 (boron) silicon 

wafers were obtained from Addison Engineering Inc. The metal electrode in the silicon well 

was defined by soft lithography (PDMS mask), anisotropic plasma etching (Plasma-Therm 

DSEIII), and subsequent electron-beam evaporation of Ti (5 nm) and Au (70 nm). The depth 

of the Si well (247 ± 5 μm) was characterized by profilometery and SEM cross-sections. For 

electrode fabrication, ohmic contact to the device chip was made by rubbing Ga-In eutectic 

on its posterior. Then the chip was fixed to Ti foil with carbon tape, providing a point of 

contact for electrical leads. Immediately before use in M3Cs, electrodes were treated with 

UV/ozone to make the surface hydrophilic. 

Working electrode well loading: For each test condition (sterile controls, bacteria-only 

controls, and biocomposites), solutions were made using 10 mM lactate with 20% glycerol 

in M1 media. To test different concentrations of CPE-K, the appropriate amount liquid 

culture or sterile solution was mixed with pre-weighed CPE-K and vortexed. Solutions were 

transferred into the working electrode well via pipette. In order to precisely control the 

assembly process, working electrodes were adhered to the M3C bottom lid, placed in an -80 

˚C freezer for 5 minutes, and then quickly sandwiched with the dialysis membrane, sealing 

O-ring, and M3C chamber. It is important to note that the dialysis membrane confines the 

bacteria and CPE-K in the working electrode well. 

Microbial three-electrode electrochemical cells (M3Cs): Single-chambered M3Cs were 

fabricated out of acrylic to have a 15 mL working volume and were sealed with silicone O-

rings. Reference electrode: Ag/AgCl (saturated KCl) with 3.2 mm Vycor frit (Gamry). 
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Counter electrode: coiled 0.25 mm Ti wire (Aldrich), 10 turns. Membrane: regenerated 

cellulose dialysis membrane, 3.5 kD molecular weight cut-off (Repligen/Spectrum 

Laboratories). The M3C chamber was kept as a sterile reservoir of 40 mM lactate in M1 

media. Anaerobic conditions were maintained through constant headspace degassing with 

humidified, deoxygenated N2. Temperature was kept at 30 °C by housing the M3Cs in a 

temperature regulated incubator. 

Chronoamperometry (CA): Using a Gamry potentiostat (Reference 600, Series G 300, or 

Interface 1000 E models) and multiplexer (model ECM8), gold working electrode wells 

were poised at ECA = 0.3 V vs Ag/AgCl to serve as the sole terminal electron acceptor for 

bacteria. M3Cs wells were inoculated (see above) and incubated in the dark 7 days total to 

measure current responses. The current response was measured, recorded, and averaged for 

20-second blocks (at 160 second intervals) with Gamry software (Framework Version 6.11, 

Build 2227, 2013). 

Cyclic voltammetry (CV): Electrochemical characterization with CV was undertaken at 

the end of 7 days CA operation to characterize the CPE-K-bacteria-electrode interactions. 

For these experiments, the working electrode potential was swept from Einitial = –0.6 V to 

Evertex = 0.45 V and back to Efinal = –0.6 V at a scan rate of 0.005 V/s. 

Electrochemical impedance spectroscopy (EIS): Electrochemical characterization with 

EIS was undertaken at the end of operation to characterize the CPE-K-bacteria-electrode 

interactions. For these experiments, the working electrode potential was poised at EDC = 0.3 

V vs Ag/AgCl and a sinusoidal potential with amplitude EAC = 5 mV vs Ag/AgCl was 

applied starting from a frequency of 100 kHz to 100 mHz. 
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EIS spectra were fit to the simplest appropriate equivalent circuit models using Bio-logic 

EC-Lab software to estimate charge transfer resistance, RCT. The intersection of the Nyquist 

curve at the ZReal axis in the high-frequency range represents the solution resistance, RS. The 

semicircle at high frequency can be modeled with a parallel combination of geometrical 

capacitance (Qgeom) and charge transfer resistance (RCT). To fit spectra with a ~45˚ linear 

response at low frequencies, an additional circuit element called Warburg impedance, W, is 

added in series. This gives the simplest equivalent circuit RS + (Qgeom/RCT) + W. For EIS 

data with a more vertical linear response at low frequencies, an interfacial capacitance (Qint) 

is used in place of the Warburg element, giving the equivalent circuit RS + (Qgeo/RCT) + Qint. 

In all cases a constant phase element “Q” is used in place of a pure capacitor element to 

represent the deviation from an ideal capacitor. 

Biomass quantification: Electrodes were removed from the M3Cs and placed in 50 mL 

centrifuge tubes with M1 media. Electrodes were gently agitated with vortexing and 

pipetting to facilitate dissolution of the biocomposites/biofilms into the media. Suspended 

cells were then diluted 25 to 1000 more times and 50 µL was plated on LB agar plates. 

Colonies were counted after incubating the plates at 30 ˚C for 24 hours. 

Confocal microscopy (CLSM): Live/dead staining of cells was performed with 5 µM 

propidium iodide (10 minutes) and 10 µM DAPI (20 minutes), with 10 minutes rinsing in 

between each stain. Using a Leica SP8 Resonant Scanning Confocal microscope and 63x oil 

or glycerol objective, the dyes were exited sequentially and detected using HyD detectors. 

Images were processed using Imaris Measurement Pro software. 

Scanning electron microscopy (SEM): After bioelectrochemical experiments, media in 

the M3C chambers was exchanged with 4% glutaraldehyde in fresh M1 media to chemically 
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fix electrode-associated cells for 24 hours. After fixation, electrodes were sequentially rinsed 

by exchanging the chamber media with the following solutions twice each: M1 media (1.5 

hours), deionized water (1.5 hours), 35% ethanol in deionized water (1.5 hours), 70% 

ethanol in deionized water (1.5 hours), 100% ethanol (overnight). M3Cs were then dis-

assembled and working electrodes dried via CO2 critical point drying. Working electrodes 

were then sputtered with gold (Anatech Hummer Sputtering System) before imaging with an 

FEI Nova Nano 650 FEG SEM or ThermoFisher Apreo C LoVac FEG SEM. Accelerating 

voltage: 5 keV, working distance: ~10 mm, stage current: 50 pA, secondary electron 

detector. 

4.7.2 Supplementary Figures 

 

Figure 4.S1: Minimum bactericidal concentration (MBC) testing of CPE-K 

towards S. oneidensis MR-1. 
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Figure 4.S2: Planar-electrode electrochemical cell with dialysis membrane 

device schematic. 
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Figure 4.S3: SEM of working electrodes after 7 days of CA current collection. a) 

10 mg mL
-1

 CPE-K biocomposite. b) 10 mg mL
-1

 CPE-K biocomposite cross-

section. 
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Chapter 5 

Testing Conjugated Polyelectrolyte 

Bioelectronic Composites in Microbial Fuel 

Cells 

A key element in microbial bioelectrochemical systems is the electronic coupling at the 

biotic/abiotic interface between the electroactive bacteria and the charge collecting 

electrode. The self-doped conjugated polyelectrolyte CPE-K has been previously used with 

Shewanella oneidensis MR-1 to create three-dimensional conductive composites that 

showed enhanced current density when tested at the poised potential of 0.3 V vs Ag/AgCl. 

Increased current was not only due to the increased organism loading per electrode area, but 

also effective long-range electron transport through the polymer network. It is shown that in 

microbial fuel cells (MFCs) where the anode potential is established through the lactate 

oxidation by the microbes, the CPE-K polymer network is not activated. Even so, the 

bioelectronic composites show ~22-fold increased steady-state current density and ~65% 

higher maximum power production when compared to control biofilms in MFCs. These 

results support the need for further development of conducting polymers with frontier orbital 

energies more commensurate with physiologically relevant electron transfer processes. 
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5.1 Introduction 

 Microbial fuel cells (MFCs) utilize bacteria to harvest chemical energy as 

electricity.
1–4

 In MFCs, microbes at the anode oxidize a carbon source generating electrons 

and protons in the process. These electrons are then collected by the anode, which acts as an 

artificial electron acceptor, and then transported to the cathode through an external circuit. 

Together with the electrons and protons, an ultimate electron acceptor such as oxygen is 

reduced at the cathode. In addition to employment in simultaneous wastewater treatment and 

electricity generation, MFC based biosensors are of great interest due to their high 

sensitivity, stability, and remote site applicability.
5,6

 However, inefficient interfacial contacts 

pose a primary bottleneck for electron transfer throughout the range of MFC technologies.
7–9

 

Substantial efforts thus are centered on seeking enhancements through engineering of device 

configurations and electrode surfaces. 

Recently, a bioelectronic composite material comprised of the self-doped conjugated 

polyelectrolyte CPE-K and the electrogenic Shewanella oneidensis MR-1 was shown to 

increase biocurrent output compared to control biofilms on gold electrodes.
10

 The CPE-K 

functioned to connect the microbes to the electrode through a three-dimensional conductive 

network, increasing the number of bacteria accessible by the electrode. The conductive 

avenues and increased microbial loading in the composite were achieved over time by the 

synergistic action of the microbes and polymer. However, this composite was formed by 

poising the electrode at 0.3 V vs Ag/AgCl in order to oxidize the CPE-K polymer so that it 

could act as an electron transfer pathway. In this study, these bioelectronic composites are 

tested in MFCs, to see if they can operate autonomously. Composites are first conditioned 

with the application of a poised potential and then assessed in single-chamber MFCs using 



 

 
114 

lactate as the carbon source and air-cathodes to provide the complimentary reduction 

reaction. See the supplementary Figure 5.S1 for a diagram of the hybrid three-electrode 

electrochemical cell/microbial fuel cell. 

5.2 Activity of Bioelectronic Composites in Microbial Fuel 
Cells 

CPE-K/S. oneidensis MR-1 bioelectronic composites were prepared as previously 

reported by simply mixing 10 mg mL
-1

 CPE-K with stationary liquid cultures.
10

  

Bioelectronic composites and S. oneidensis MR-1 control biofilms were conditioned in 

anaerobic microbial three-electrode electrochemical cells with the anode poised at 0.3 V vs 

Ag/AgCl. This poised potential was chosen to encompass the electron transfer pathways of 

S. oneidensis MR-1 (flavins, -0.4 V to -0.3 V vs Ag/AgCl; membrane proteins, ~0 V vs 

Ag/AgCl) and the oxidation potential of CPE-K (0.27 V vs Ag/AgCl).
11–16

 After 5 days, the 

average steady-state biocurrent density (J) of control biofilms was 1.2 ± 0.2 mA m
-2

 while 

the CPE-K biocomposites showed ~120-fold higher J at 144 ± 12 mA m
-2

, see Figure 5.1. 

Cyclic voltammetry (CV) characterization of the control biofilms in Figure 5.2a showed a 

catalytic wave centered around ~0 V from the direct electron transfer though the membrane 

proteins of S. oneidensis MR-1. Conductive network formation in the CPE-K bioelectronic 

composite was confirmed by the square-wave pseudo-capacitive feature in the CV (Figure 

5.2b).
17–19

 As reported previously, the peak between 0 V – 0.2 V vs Ag/AgCl can be 

attributed to oxidation of membrane proteins of microbes that are in the conductive polymer 

network.
10

 This peak is shifted from 0 V due to the variable resistance of the CPE-K. 
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Figure 5.1: Average steady-state biocurrent production and anode potential in 

MFCs with 1 kΩ external resistance after conditioning at 0.3 V vs Ag/AgCl. 

Shaded areas represent ± 1 standard deviation from the mean (n ≥ 3). 

With the biofilms and conductive network established, reactors were switched to an 

MFC-configuration. The anode was connected to the air-cathode by an external resistor (1 

kΩ). Control reactors had a steady-state J = 2.2 ± 0.3 mA m
-2

 while CPE-K biocomposites 

showed 60 ± 15 mA m
-2

, see Figure 5.1. There is only a ~26-fold increase in current density 

between the controls and biocomposites, which is almost an 80% decrease from what was 

seen in the poised cells. Tracking of the anode potential shows that it was gradually reduced 

from ca. 0.3 V to ca. 0.15 V vs Ag/AgCl over a two day period as the system equilibrated to 

the driving force of the complementary oxidation and reduction reactions of the cell 

(catalytic lactate oxidation and oxygen reduction).  
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Figure 5.2: Representative CV curves for a) control biofilms and b) CPE-K 

biocomposites. 

The decrease in biocurrent from the CPE-K biocomposite can be explained by the lower 

anode potential that developed during MFC operation. Using the Nernst equation, the 

relative amount of oxidized and reduced CPE-K species can be calculated. The Nernst 

equation (Equation 5.1) relates the oxidation potential (𝐸ox
∘ ) of the polymer to the anode 

potential EAn, temperature T, and species activities (here approximated as concentrations): 
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 𝐸An = 𝐸ox
∘ −

𝑅𝑇

𝐹
ln

[Red]

[Ox]
 (5.1) 

where R is the gas constant and F is Faraday’s constant. At EAn = 150 mV, a negligible 

fraction of CPE-K is oxidized and is able to accept metabolic electrons from S. oneidensis 

MR-1. In other words, the CPE-K network formed during the composite conditioning would 

not be active during MFC operation. 

 The charge transfer resistance in the bioelectronic composites between conditioning and 

MFC-operation can be quantified by electrochemical impedance spectroscopy. Figure 5.3 

shows Nyquist plots of bioelectronic composites taken at different anode potentials. Both 

spectra show a semi-circle feature at high frequencies followed by a linear tail at low 

frequencies. The diameter of the semi-circle represents the resistance to change transfer 

(RCT).
20

 At EAn = 300 mV, RCT is ~40 Ω. When the anode potential is reduced to 150 mV, 

RCT doubles to ~100 Ω. Also, the low frequency tail shifts from a more vertical angle to 45˚ 

indicating mass transport limitations.
18,21

 Therefore, the  change in resistance could be due to 

both the reduced number of free change carriers in the system as well as disruption of the 

CPE-K network. 
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Figure 5.3: Nyquist plot of CPE-K biocomposite at 150 mV vs Ag/AgCl 

(representative of the anode potential in steady-state MFC operation) and 300 mV vs 

Ag/AgCl (potential poised during biofilm conditioning). 

5.3 Power Production 

By varying the external resistance, the polarization curves and power density curves 

were recorded for the MFCs (Figure 5.4).
22

 Near the open circuit voltage, produced by 

highest external resistance, the control biofilms and bioelectronic composites performed 

similarly, having 550 ± 30 mV and 540 ± 60 mV cell voltages respectively in Figure 5.4a. 

The trend in current density began to diverge after the anode potential reached ~0 V, with 

the bioelectronic composites reaching a maximum current density of 110 ± 30 mA m
-2

, 

about ~2.5-fold higher than the controls. As a result, the biocomposites also showed higher 

maximum power densities of 6.8 ± 0.3 mW m
-2

, only ~65% higher than that of the controls. 
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Figure 5.4: Polarization tests of control biofilms and CPE-K biocomposites in 

MFCs. a) Cell voltages. b) Anode potentials (vs Ag/AgCl). c) Power curves. 

5.4 Conclusion 

To summarize, bioelectronic composites comprised of the self-doped conjugated 

polyelectrolyte CPE-K and S. oneidensis MR-1 were tested in single chamber MFCs 

equipped with air-cathodes. While the anode potential developed during operation with a 1 

kΩ external resistance was much lower than the oxidation potential of CPE-K (~150 mV 



 

 
120 

compared to 270 mV vs Ag/AgCl), the bioelectronic composites still exhibited enhanced 

performance over control biofilms. By having a larger cell voltage at higher current 

densities, the biocomposites increased the maximum power density by ~65%. These results 

highlight that although conjugated polyelectrolytes can be used with electroactive bacteria to 

create 3D bioelectronic composites (an alternative to 3D inorganic electrodes) the need  

exists for further materials design efforts to tailor electronic properties towards more 

physiological relevant levels. As it so happens, a hallmark of organic semiconductors is the 

ability to tune properties through molecular design.  Even so, these bioelectronic composites 

might have application in biosensors that employ a constant anode potential  during 

detection. 

5.5 Materials, Methods, & Supplementary Figures 

5.5.1 Materials & Methods 

Materials: All chemicals were purchased from Fisher Scientific or Sigma Aldrich and 

used as received unless otherwise indicated. CPE-K was synthesized according to literature 

procedures.
23

 The molecular weight of CPE-K was determined by GPC of the 

tetrabutylammonium congener. GPC (DMF): Mn = 6638, Mw = 21434, PDI = 3.22.  

Cell culture and growth medium: Shewanella oneidensis MR-1 (ATCC 700550) was 

struck out on LB agar plates from frozen bacterial stock and incubated at 30 °C to isolate 

single colonies. Liquid cultures were grown by selecting morphologically similar colonies 

with a sterile loop to inoculate anaerobic modified M1 medium containing 20 mM Na-(L)-

lactate as electron donor and 20 mM Na-fumarate as electron acceptor. After 24 hours 

incubation at 30 °C with shaking at 120 rpm, cultures consistently reach a maximum OD600 

of ~0.22 (or 2.2 × 10
8
 cfu mL

-1
). These stationary phase cultures are then centrifuged, 
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washed, and then re-suspended in fresh M1 media to a final concentration of 0.15 OD600. 

M1 media is a defined media with the following composition per liter: 3 g HEPES buffer, 

0.225 g potassium phosphate monobasic, 0.225 g potassium phosphate dibasic, 0.225 g 

ammonium sulphate, 0.46 g ammonium chloride, 0.117 g magnesium sulphate heptahydrate, 

0.5 g cassamino acids, 10 mL DL vitamin mix, 10 mL Wolfe’s mineral mix. 

Working electrode fabrication: Heavily doped (ρ = 0.001-0.005 Ω cm) p
+
 (boron) silicon 

wafers were obtained from Addison Engineering Inc. The metal electrode in the silicon well 

was defined by soft lithography (PDMS mask), anisotropic plasma etching (Plasma-Therm 

DSEIII), and subsequent electron-beam evaporation of Ti (5 nm) and Au (70 nm). The depth 

of the Si well (247 ± 5 μm) was characterized by profilometery and SEM cross-sections. For 

electrode fabrication, ohmic contact to the device chip was made by rubbing Ga-In eutectic 

on its posterior. Then the chip was fixed to Ti foil with carbon tape, providing a point of 

contact for electrical leads. Immediately before use in M3Cs, electrodes were treated with 

UV/ozone to make the surface hydrophilic. 

Working electrode well loading: For each test condition (bacteria-only controls and 

biocomposites), solutions were made using 10 mM lactate with 20% glycerol in M1 media. 

To prepare the biocomposite, the appropriate amount liquid culture or sterile solution was 

mixed with pre-weighed CPE-K and vortexed. Solutions were transferred into the working 

electrode well via pipette. In order to precisely control the assembly process, working 

electrodes were adhered to the M3C bottom lid, placed in an -80 ˚C freezer for 5 minutes, 

and then quickly sandwiched with the dialysis membrane, sealing O-ring, and M3C 

chamber. It is important to note that the dialysis membrane confines the bacteria and CPE-K 

in the working electrode well. 
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Microbial three-electrode electrochemical cells/fuel cell hybrid (M3C/FCs): Single-

chambered cells were fabricated out of acrylic to have a 15 mL working volume and were 

sealed with silicone O-rings. Reference electrode: Ag/AgCl (saturated KCl) with 3.2 mm 

Vycor frit (Gamry). Counter electrode: coiled 0.25 mm Ti wire (Aldrich), 10 turns. 

Membrane: regenerated cellulose dialysis membrane, 3.5 kD molecular weight cut-off 

(Repligen/Spectrum Laboratories). Air-cathode: 12 cm
2
, prepared with carbon cloth (30% 

wet proofing) coated on one side with a carbon base later and four PTFE diffusion layers, 

and coated on the other side with 10% Pt on carbon in 5% by weight Nafion solution 

following procedures by Cheng et al.
24

 The chamber was kept as a sterile reservoir of 40 

mM lactate in M1 media. Anaerobic conditions were maintained through constant headspace 

degassing with humidified, deoxygenated N2. Temperature was kept at 30 °C by housing the 

M3Cs in a temperature regulated incubator. 

Chronoamperometry (CA): Using a Gamry potentiostat (Reference 600, Series G 300, or 

Interface 1000 E models) and multiplexer (model ECM8), gold working electrode wells 

were poised at ECA = 0.3 V vs Ag/AgCl to serve as the sole terminal electron acceptor for 

bacteria. M3Cs wells were inoculated (see above) and incubated in the dark 5 days total to 

measure current responses. The current response was measured, recorded, and averaged for 

20-second blocks (at 160 second intervals) with Gamry software (Framework Version 6.11, 

Build 2227, 2013). 

Cyclic voltammetry (CV): Electrochemical characterization with CV was undertaken at 

the end of 7 days CA operation to characterize the CPE-K-bacteria-electrode interactions. 

For these experiments, the working electrode potential was swept from Einitial = –0.6 V to 

Evertex = 0.45 V and back to Efinal = –0.6 V at a scan rate of 0.005 V/s. 
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Electrochemical impedance spectroscopy (EIS): Electrochemical characterization with 

EIS was undertaken at the end of operation to characterize the CPE-K-bacteria-electrode 

interactions. For these experiments, the working electrode potential was poised at EDC = 0.3 

V vs Ag/AgCl and a sinusoidal potential with amplitude EAC = 5 mV vs Ag/AgCl was 

applied starting from a frequency of 100 kHz to 100 mHz. 

EIS spectra were fit to the simplest appropriate equivalent circuit models using Bio-logic 

EC-Lab software to estimate charge transfer resistance, RCT. The intersection of the Nyquist 

curve at the ZReal axis in the high-frequency range represents the solution resistance, RS. The 

semicircle at high frequency can be modeled with a parallel combination of geometrical 

capacitance (Qgeom) and charge transfer resistance (RCT). To fit spectra with a ~45˚ linear 

response at low frequencies, an additional circuit element called Warburg impedance, W, is 

added in series. This gives the simplest equivalent circuit RS + (Qgeom/RCT) + W. For EIS 

data with a more vertical linear response at low frequencies, an interfacial capacitance (Qint) 

is used in place of the Warburg element, giving the equivalent circuit RS + (Qgeo/RCT) + Qint. 

In all cases a constant phase element “Q” is used in place of a pure capacitor element to 

represent the deviation from an ideal capacitor. 

Polarization and Power Curves (MFC): Before polarization tests, the M3C chamber 

volume was completed with 40 mM lactate in Shewanella Basal Media and N2 degassing 

was stopped. Reactors were disconnected from the potentiostat and left at open circuit for 1 

hour. The external resistor was then switched from 4 MΩ to 100 Ω in a decreasing order, 

three points per decade (20 minutes per resistance, single cycle method). The voltages across 

the resistor were recorded using a eDAQ-e-corder and Chart software. To measure the anode 
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potential leads from the eDAQ were connected directly between the anode and reference 

electrode. Current density, J, was calculated by  

 𝐽 =  
𝑉

𝑅 ∗ 𝐴
 (5.2) 

Where V is the voltage measured across the external resistor with a value R, normalized by 

the working electrode area A. Following this, power, P, can be calculated by  

 𝑃 =  
𝑉2

𝑅 ∗ 𝐴
 (5.3) 

 

5.5.2 Supplementary Figures 

 

Figure 5.S1: Minimum bactericidal concentration (MBC) testing of CPE-K 

towards S. oneidensis MR-1. 
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