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Conjugated oligoelectrolytes increase current response and organic
contaminant removal in wastewater microbial fuel cells†
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The conjugated oligoelectrolyte 4,40-bis(40-(N,N-bis(600-(N,N,N-

trimethylammonium)hexyl)amino)-styryl)stilbene tetraiodide

(DSSN+) has been employed to improve the performance of

wastewater microbial fuel cells (MFCs) with respect to current

generation and organic contaminant removal. The best performance

was afforded by biocathode type MFCs run in the presence of

DSSN+. Laser scanning confocal microscopy confirmed cellular

uptake of DSSN+ in the biofilms.

Conjugated oligoelectrolytes (COEs) contain a framework with a

p-delocalized electronic structure and pendant groups with ionic

functionalities. These molecules have been used in biosensors,1–5

organic optoelectronic devices,6,7 and in studies concerning the

influence of polar media on linear and nonlinear photophysics of

organic materials.8–13 For example, COEs can be used to reduce the

charge injection barriers from electrodes into the semiconducting

layer of polymer light emitting diodes.6 Furthermore, electrostatic

aggregates of cationic COEs and dye-labeled DNA possess optical

and structural properties that allow discrimination of various

proteins and bacteria.5

More recently, certain COEs have been demonstrated to sponta-

neously insert into liposomes and within the membranes of yeast.14

The driving force for this spontaneous self-assembly stems from the

hydrophobic aromatic core, which prefers the interior of the

membrane so as to minimize contact with the aqueous environment.

Moreover, there is evidence that membrane-spanning COEs improve

the ability of electrons to transverse the lipid bilayer. A specific

example concerns 4,40-bis(40-(N,N-bis(60 0-(N,N,N-trimethylammo-

nium)hexyl)amino)-styryl)stilbene tetraiodide (DSSN+). See Fig. 1

for themolecular structure ofDSSN+ and a cartoon illustration of its

incorporation into a cell membrane. Introduction of yeast modified

withDSSN+ into microbial fuel cells (MFCs) leads to an increase of

generated current, compared to unmodified yeast, which suggests

improved interaction with the charge-collecting electrode.14 In related

work, membrane modification by way of Pd nanoparticles has led to

improved charge transfer across insulating cell membranes to

electrodes.15

Herein, we investigate to what extent DSSN+ can induce electro-

genic character, namely the ability to accept charge from or deliver

charge to an electrode, in a diverse and not predetermined microbial

population. From a broader scientific perspective, this problem

concerns how to best interface internal metabolic pathways with an

aDepartment of Chemistry & Biochemistry, Department of Materials,
Center for Polymers and Organic Solids, University of California, Santa
Barbara, CA 93106, USA. E-mail: bazan@chem.ucsb.edu; Tel: +1 805
893-5538
bSensors and Electron Devices Directorate, U.S. Army Research
Laboratory, Adelphi, MD 20783, USA. E-mail: james.j.sumner4.civ@
mail.mil
cU.S. Army Edgewater Chemical Biological Center, 5183 Blackhawk
Road, Building E3160, Aberdeen Proving Ground, MD 21010-5424,
USA. E-mail: steve.harvey@us.army.mil

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2ee22839d

Broader context

Bioelectrochemical processes are the basis of technologies that take advantage of microorganisms for generating electricity or

carrying out chemical transformations. Throughout all types of device architectures one finds that the nature of the electrode–

microbe interface is critical for charge extraction and/or injection. Not all microbes have developed electrogenic capabilities and

there is great interest in finding suitable, and hopefully general, methods that can induce this behavior. Here, it is shown that

conjugated oligoelectrolytes can be added to biocathode-type wastewater microbial fuel cells and thereby increase the conversion of

carbon contaminants into electricity. Conjugated oligoelectrolytes are described by an electronically delocalized backbone and

pendant ionic functionalities and their amphiphilic properties lead to spontaneous membrane intercalation. Of primary significance

is that the microbial community in the wastewater was not predetermined. Thus, it appears that conjugated oligoelectrolytes can

induce electrogenic behavior in a microbial system of undetermined composition. Such findings may lead to increases in conversion

efficiency of wastewater into electricity, but from a broader perspective, they indicate the possibility of improving access to elec-

troactive metabolic intermediates.

This journal is ª The Royal Society of Chemistry 2012 Energy Environ. Sci., 2012, 5, 9449–9452 | 9449
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external circuit via specifically designed molecular materials. We find

that, indeed, addition of DSSN+ leads to better charge extraction

from a microbial community present in wastewater onto carbon

electrodes, and that these communities are more effective at

consuming organic contaminants.

Wastewater MFCs were used as a testing platform.16–19 Fig. 1B

illustrates the MFC architecture used in this study.20,21 In these

devices, the microbial consortia that exist in a given waste stream

oxidize organic contaminants in an anaerobic compartment con-

taining an anode, generating electrons and protons. Electrons are

donated to the anode and travel through an external circuit, while

protons diffuse through a proton exchange membrane into an

aerobic compartment containing the cathode, effectively balancing

charge. Upon reaching the cathode, electrons then participate in

reduction of oxygen, completing the overall MFC reaction.22,23

MFCs employing microbial populations at the cathode as well as the

anode have shown improved performance over abiotic cathode

devices.24,25 Changes in the generated current in MFC devices thus

provide insight into the nature of the biofilm–electrode interfaces.

Two different MFC types were fabricated: (a) abiotic cathode type

containing sterilized wastewater in the cathode chamber and (b)

biocathode type, in which both the anode and the cathode chambers

contain the as-received wastewater. The wastewater employed in our

studies comprised of the spentmedium from themixed culture anoxic

dark fermentation of paper.26 For each MFC type, half of the runs

were carried out in the absence and half in the presence of 5 mM

DSSN+. No additional nutrients, organisms or organic compounds

were added to the waste stream.

Results from operating MFCs plotted as a function of current

versus operation time are shown in Fig. 2A (results from a duplicate

set have also been plotted to demonstrate reproducibility and can be

found in Fig. S1, ESI†). Current values were calculated based on the

potential measured across a 10 kU resistor. MFCs run in the absence

of DSSN+ (blue and orange curves) produce little current over the

course of 30 days. Abiotic cathode MFCs run in the presence of

DSSN+ (red curve) begin to produce notable current after 20 days

and reach maxima in the�1.5 to 3 mA range. BiocathodeMFCs run

with DSSN+ (green curve) exhibit the best performance, producing

current after 8 days and reaching maxima in the range of �3.5 to

4.5 mA. Most importantly the collected set of data demonstrates a

substantial increase in the current generated upon introduction of

DSSN+. Furthermore, the impact is most pronounced when the as-

received wastewater, and by inference a population of microorgan-

isms, is present in both the anode and cathode chambers. That

addition of DSSN+ results in the most pronounced performance

increase for biocathode type MFCs suggests that the COE influences

microbe–electrode interactions at both anode and cathode.

Removal of organic contaminants was quantified by examination

of the total organic carbon (TOC) and the chemical oxygen demand

(COD) of the MFC effluent after operation. TOC is measured based

Fig. 2 (A) Performance of wastewater MFCs. Those run in the absence

of DSSN+ (blue and orange) yield little current, while those employing

DSSN+ (green and red) yield �2 to 8 times greater current. Each trace

represents the average of duplicate MFC sets. * indicates a spike in

current that occurred upon dislodging gas bubbles formed during oper-

ation. (B) Comparison of the total organic carbon remaining in MFC

effluent after �30 days of operation. MFCs were run in the absence (blue

and orange) and presence (green and red) of 5 mM DSSN+. For bio-

cathode type MFCs the effluent from both chambers was analyzed while

the effluent from only the anode chambers was analyzed for abiotic

cathode type MFCs. Note: TOCinitial ¼ 970 mg L�1.

Fig. 1 (A) The molecular structure of DSSN+ and illustration of its

incorporation into a cell membrane. The original counterions onDSSN+

are iodide. (B) Illustration of the U-tube MFC design used in this study.

Shown is a biocathode type MFC.

9450 | Energy Environ. Sci., 2012, 5, 9449–9452 This journal is ª The Royal Society of Chemistry 2012
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on the CO2 released by oxidation of contaminants, whereas COD

quantifies the amount (in mg L�1) of O2 required to oxidize the

contaminants, and can be directly compared to current production.27

Fig. 2B shows the results from the TOC measurements (reported as

an average of three datasets). For biocathode MFCs, one observes

that the anode and cathode chambers contain similar levels of

contaminants. However, MFCs to which DSSN+ was added show

lower remaining TOC values, �100 mg L�1 vs. �250 mg L�1.

Abiotic cathode type MFCs exhibit a similar trend in terms of

remaining TOC between runs in the presence and absence

of DSSN+. Microbial populations functioning in the presence of

DSSN+ are therefore more effective at metabolizing the organic

contaminants in the wastewater. Moreover, the fact that the

contaminant concentration remaining in the biocathode MFCs is

lower relative to their abiotic cathode counterparts suggests

complementary metabolic processes between microbial populations

in the anode and cathode chambers.

The COD remaining after MFC operation for each set of condi-

tions (Fig. S2, ESI†) followed the same trend observed in TOC

analysis: 488 mg L�1 vs. 858 mg L�1 for biocathode type MFCs run

with andwithoutDSSN+, respectively, and 1037mgL�1 vs. 1322mg

L�1 for abiotic cathode type MFCs run with and without DSSN+,

respectively. Assuming 4 moles of available electrons per mole

COD,28 these differences correspond to the additional charge

available for collection of 89 coulombs (370 mg L�1 COD) for bio-

cathode type and 69 coulombs (285mgL�1COD) for abiotic cathode

type.However, the additional charge actually harvested byMFCs run

withDSSN+was�2.3 coulombs and�0.5 coulombs for biocathode

and abiotic cathode MFCs, respectively, obtained by integrating the

current vs. time plots in Fig. 2A and S1 (ESI†). Thus, while the

increase in current generation afforded by DSSN+ is significant, it

only accounts for a small portion of the increasedCODconsumption.

Fig. 3A shows a scanning electron micrograph (SEM) of a carbon

felt anode after the operation of a biocathode type MFC run in the

presence of DSSN+. Accumulation of biomass originating from the

microbial population initially present in the wastewater is observed

on the electrode surface. It should be noted that the biomass features

range in shape, morphology and density throughout the electrode

fibers (Fig. S4, ESI†), consistent with biofilm growth from a

consortium of microorganisms. It is clear, however, that the coverage

is not complete as would be expected from the fact that no effort was

made to specifically grow a biofilm on the electrode surface. Fig. 3B

displays a fluorescence image of the carbon felt fibers obtained via

laser scanning confocal microscopy overlaid atop the corresponding

bright field image. The emission was obtained by excitation of

DSSN+ via a 488 nm laser excitation source. Since no other fluo-

rophore was added in these experiments, we surmise that the emission

originates from DSSN+. The similarity between the images in Fig. 3

suggests that DSSN+ has accumulated within the microorganism

colonies. Furthermore, an emission spectrum corresponding to

emissive regions of a confocal microscopy image (405 nm excitation)

of an electrode surface (Fig. S3, ESI†) showed a maximum intensity

at�485 nm, consistent with the emission profile ofDSSN+ in a non-

polar environment.14 This observation suggests that DSSN+ is likely

incorporated into the lipid membranes of the microbes comprising

the biofilms.

Conclusions

In conclusionwe have demonstrated that the simple addition of dilute

solutions containing the synthetic conjugated oligoelectrolyte

DSSN+ enhances the ability of an undetermined microbial

community to interact with electrodes. The microbial community

also more efficiently metabolizes organic contaminants. These

improvements were most pronounced whenDSSN+ was introduced

into biocathode type MFCs. The biomass on the electrode surfaces

containedDSSN+, most likely as a result of membrane intercalation,

although whether the COE must exist in cell membranes to facilitate

microorganism–electrode interactions is still unclear and under

investigation. It is worth noting, however, thatDSSN+ is unlikely to

act as a traditional, diffusive redox mediator, as it does not undergo

reduction or oxidation within the potential window of an operating

MFC.14 An important consequence is that this study demonstrates

the ability to induce electrogenic characteristics in a microbial system

of undetermined composition. That DSSN+ introduction into both

anodic and bio-cathodic chambers leads to the largest current

generation and TOC consumption suggests a synergistic effect on

both injection and extraction of charges.
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