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Further enhancement of energy generation is desired for practical application of 

anaerobic microbial systems such as microbial fuel cells (MFC) and anaerobic digesters 

(AD). A possible approach is to enhance the ability of microbial communities to transfer 

electron extracellularly in the form of electrical current. Critical to perform direct 

extracellular electron transfer (DEET) is the establishment of electrical connections 

between electron donors and acceptors in microbial communities. These connections can 

be facilitated through conductivity of microbial assemblages (e.g. biofilms and granules). 

Current understanding towards the microbially constructed conductivity is limited and 

two distinct theories of conductive mechanisms have emerged: an incoherent redox 

conduction model and a coherent metallic-like conduction model. While single species 

biofilms of Geobacter sulfurreducens have been thoroughly studies in terms of 

conductivity, conductive behaviors, and conductive mechanisms, these conductive 

features of mixed-species communities remain unexplored.  

The present dissertation aims to evaluate the electrical conductivity of mixed-

species exoelectrogenic and methanogenic biofilms and develop strategies to enhance the 



 

 

energy generation in anaerobic microbial systems. Conductive behaviors of these mixed-

species biofilms were investigated during the initial growth period, over various 

nonconductive distances, and at different metabolic modes such as deprivation of 

substrate. Conductive mechanisms were elucidated by examining the conductance of 

these mixed-species biofilms over a range of redox potentials and at different intensities 

of magnetic field. Correlations between biofilm conductivity, microbial community, 

strength of magnetic field, and power/current generation were also investigated in mixed-

species MFCs.  

Results demonstrated that both mixed-species exoelectrogenic biofilms and 

methanogenic biofilms exhibited conductivities (2651 and 71.8 µS/cm, respectively) 

across non-conductive gaps. Electrochemical gating analysis indicated that electron 

transfer in exoelectrogenic and methanogenic biofilms occurs through incoherent redox 

conduction. For exoelectrogenic biofilms, increase of biofilms conductance correlates 

with the increase of power output of MFCs during the startup period. Deprivation of 

substrate decreased the biofilm conductivity by an order of magnitude. Exoelectrogenic 

biofilms are capable of extending their conductive structures on the millimeter scale. The 

redox conductivity of exoelectrogenic biofilms was also confirmed by the dependence of 

conductance on magnetic field, in which biofilm conductance increased along with the 

increase of magnetic field intensity. This conductive behavior resembles the negative 

magnetoresistance in certain conductive polymers that has ever been observed in biofilms 

before. The strong correlation observed between biofilm conductivity and Geobacter spp. 

in the metabolically diverse anaerobic communities suggests that the efficiency of direct 

extracellular electron transfer may provide pressure for microbial communities to select 



 

 

for species that can produce electrical conduits. Application of static low intensity 

magnetic field to MFC can increase the conductivity of exoelectrogenic biofilms on 

anode of MFC and thereby enhance the power/current generation of MFC. These results 

propose feasible approaches by which energy generation and start-up times may be 

improved in engineered anaerobic microbial systems such as MFC and AD. 
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1 Introduction 

1.1 Extracellular Electron Transfer in Microbial Communities  

Microorganisms constantly acquire energy through reactions that are based on 

electron transfer reactions associated with the oxidation and reduction of chemical 

compounds in order to live and reproduce (Kato, 2015). All organisms conduct redox 

reactions intracellularly through the utilization of soluble or gaseous chemical 

compounds, but select microorganisms also possess the ability to acquire energy by 

transferring electrons extracellularly to or from redox active minerals and even other 

microbial cells. This ability to transfer electrons extracellularly provides a competitive 

advantage in environments where diffusion is limited and the availability of electron 

donors and acceptors is scarce. The transfer of electrons between microbial cells enables 

syntrophic partnerships that are essential for the functioning of microbial communities in 

various engineered and natural systems (McInerney et al., 2009; McInerney et al., 2008; 

Stams et al., 2006; Stams & Plugge, 2009).  

 

1.1.1 Extracellular Electron Transfer (EET) 

Extracellular electron transfer (EET) can be roughly categorized into two 

mechanisms: indirect EET and direct EET. Indirect EET is carried out by the diffusional 

transportation of small molecules. These small molecules include intermediate products 

of metabolic processes (e.g. hydrogen and formate in methanogenesis and zero-valent 
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sulfur in anaerobic methane oxidation) and various types of electron shuttles (e.g. humic 

substance, phenazine, and anthrahydroquinone disulfonate (AQDS)) (Bryant et al., 1967; 

Rabaey et al., 2005; Sieber et al., 2014; Stams et al., 2006; Wagner, 2015). In direct EET, 

electrons are transferred in the form of electrical current between donors and acceptors 

(Lovley, 2011a; Lovley, 2011b). Compared to the indirect diffusion of small molecules, 

direct EET represents a more specific and efficient process. The conventional 

understanding of direct EET was that EET only occurs on the molecular scale, however, 

recent evidence suggests that it can be on the scale of micrometer (Lovley, 2016; 

Malvankar & Lovley, 2014; Phan et al., 2016; Snider et al., 2012; Yates et al., 2015). 

Stable electronic connections need to be established in order to transfer electrical current 

over the substantial distances (> 1 mm). Microorganisms may employ various types of 

specialized cell-produced proteins (Malvankar et al., 2011; Pirbadian & El-Naggar, 2012; 

Xu et al., 2016; Yates et al., 2016a) and/or recruit conductive materials (Chen et al., 

2014a; Chen et al., 2014b; Kato et al., 2012a; Kato et al., 2012b; Liu et al., 2012; 

Nakamura et al., 2010) from the environment to establish these electronic connections 

and construct conductive assemblages (e.g. biofilms, granules, consortia, and 

multicellular filaments).  

 

1.1.2 Engineering and Environmental Significance of Microbial Conductivity  

The further characterization and elucidation of electron conduction mechanisms 

in microbial assemblages represents a significant challenge that has the potential to 

influence many fields. Microbial fuel cells (MFC) and anaerobic digesters (AD) are 
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engineered anaerobic microbial systems that use microorganisms in the form of microbial 

assemblages to convert the chemical energy stored in organic substance to respectively 

electricity and methane. It has the potential to be used for wastewater treatment and 

bioenergy production (Logan, 2009; McCarty et al., 2011). Electrical connections are 

important for the functioning of MFC (Li et al., 2016b; Malvankar et al., 2012a; 

Malvankar & Lovley, 2014; Malvankar et al., 2012c; Malvankar et al., 2011) and AD 

(Kato et al., 2012a; Liu et al., 2012; Morita et al., 2011; Rotaru et al., 2014a; Rotaru et al., 

2014b). A major challenge in developing these systems for practical applications has 

been the limited understanding of electron transfer within the microbial communities and 

improving direct EET is a key to their enhancement. Direct EET is also critical to various 

biogeochemical cycles and may contribute significantly to many other important cellular 

processes such as biofilm formation, cell-to-cell recognition, and infection (Ericsson et al., 

2015; Humphries et al., 2017; Lovley, 2016; Tschirhart et al., 2017).  

 

1.2 Fundamentals of Electrical Conductivity in Microbial Assemblages 

The discovery of new types of electronic connections between cells is ongoing 

(Lovley, 2016). Likewise, the conduction mechanisms at the heart of these connections is 

still being investigated. Two distinct mechanistic theories involving microbial 

conductivity have emerged: an incoherent redox conduction model and a coherent 

metallic-like conduction model. The redox conduction model in microbial assemblages 

describes a multi-step electron superexchange process while the metallic-like model is 

based on the understanding of pili filaments produced by Geobacter spp. (Malvankar et 
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al., 2012b; Malvankar et al., 2015; Malvankar et al., 2011; Tan et al., 2016; Vargas et al., 

2013).  

 

1.2.1 Redox Conductivity  

1.2.1.1 Electron Transfer through a Network of Electroactive Sites 

The current conceptual model of redox conduction in conductive redox polymers 

features a network of closely associated (< 20 Å) molecular electron traps referred as 

electroactive sites or redox sites in which electrons are transferred via a multi-step 

electron superexchange process (Figure 1.1.A.) (Dalton et al., 1990; Inzelt, 2012; Oyama 

et al., 1986; Phan et al., 2016). In abiotic redox polymers, these electroactive sites possess 

redox centers that are mostly organic or organometallic monomers (Inzelt, 2012). In 

conductive microbial assemblages, microorganisms produce and/or recruit a series of 

extracellular redox molecules to serve as electroactive sites, which may include outer 

membrane cytochromes (Pirbadian et al., 2014; Pirbadian & El-Naggar, 2012; Pokkuluri 

et al., 2004; Snider et al., 2012; Strycharz-Glaven et al., 2011; Yates et al., 2016a), Fe-S 

proteins (Yates et al., 2016a), and adsorbed flavins (Okamoto et al., 2014; Xu et al., 

2016).  
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Figure 1.1. A.) Schematic of superexchange through an idealized three dimensional 

lattice of reduced and oxidized electroactive sites within a redox conductive microbial 

assemblages. Insets depict a single electron superexchange event: a. before exchange, b. 

electron exchange accompanying the diffusion of a counterion, c. after exchange, and d. 

redox center of cytochromes (Figures are adapted by Dalton et al., 1990. and Pokkuluri et 

al., 2004). B.) Predicted structure of a G. sulfurreducens pilus filament based on nuclear 

magnetic resonance spectroscopy. Aromatic amino acid residues responding for the π-π 

stacking are highlight in red. (Figure is adapted by Malvankar et al., 2015.). 
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During electron transfer in redox polymers, electrons are conducted in a bucket-

brigade manner between adjacent electroactive sites via an electron self-exchange 

reaction called superexchange or electron hopping. This superexchange is a typical 

bimolecular reaction that requires the involvement of both reduced (occupied) and 

oxidized (hole) electroactive sites. The opportunity for electrons to exchange is 

maximized when the population of oxidized and reduced electroactive sites are equal 

(Dalton et al., 1990; Malvankar et al., 2012b; Strycharz-Glaven et al., 2011). Within the 

redox polymers this can be measured as electrical conductivity. Electron exchange and 

conductivity is limited when electroactive sites are completely reduced or oxidized within 

the conduction network (Li et al., 2016b; Malvankar et al., 2011; Snider et al., 2012). 

Since the oxidation states between reduced and oxidized electroactive sites typically 

differ by one electron, the presence of compensating small, mobile counterions are 

essential in maintaining electroneutrality of the whole redox polymer during 

superexchange (inserts of Figure 1.1.A.) (Dalton et al., 1990). Therefore, the hydration 

state of redox polymers (mixed conductors contain both ionic and electronic conductions) 

affects ion mobility and must be considered when measuring redox conduction (Dalton et 

al., 1990; Phan et al., 2016).  

 

1.2.1.2 Driving Forces of Redox Conduction Events 

Superexchange of an electron from a reduced site to an oxidized site is realized by 

the application of driving forces to overcome the energy barrier between the two 
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oxidation states (Malvankar et al., 2011; Yates et al., 2015). These driving forces may 

include a concentration gradient of reduced/oxidized electroactive sites or a gradient of 

electric field. These can be induced by the natural buildup of reduced/oxidized species 

during substrate utilization or the experimental application of a small voltage bias (Dalton 

et al., 1990; Phan et al., 2016; Strycharz-Glaven et al., 2011; Strycharz-Glaven & Tender, 

2012). Both types of driving forces can exist and affect electron superexchange through 

microbial assemblages simultaneously. 

When substrates are being utilized by microorganisms, electrons need to be 

transferred to extracellular electron acceptors, to maintain thermodynamic favorability of 

the reaction (Sieber et al., 2012). Assimilated electrons from the oxidation of substrates 

are transferred from the intracellular level reactions to extracellular electroactive sites 

through various portal proteins, thus creating a group of reduced electroactive sites 

(occupied) (Dalton et al., 1990; Pirbadian et al., 2014; Pirbadian & El-Naggar, 2012; 

Strycharz-Glaven et al., 2011). Alternatively, electron uptake by the extracellular electron 

acceptor creates a group of oxidized electroactive sites and a concentration gradient is 

established.  

The application of a small voltage bias will result in the electrolysis of 

electroactive sites near the electrode surface until the ratio of reduced to oxidized 

electroactive sites achieves steady state (Dalton et al., 1990; Phan et al., 2016). Electron 

mobility within the conduction network follows Fick’s law of diffusion (Dalton et al., 

1990; Strycharz-Glaven et al., 2011). When counterion mobility of microbial samples are 

insufficient the introduction of a small bias voltage will result in the formation of an 
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electric field gradient and drive the electron transfer along the direction of increasing 

positive charge within the gradient (Dalton et al., 1990; Phan et al., 2016; Strycharz-

Glaven et al., 2011).  

 

1.2.2 Metallic-like Conductivity  

The model of coherent metallic-like conduction suggests that the conductivity of 

certain microbial assemblages is similar to the conductive mechanisms of synthetic 

organic metallic polymers such as polyaniline and poly-acetylene in which charges are 

delocalized and spread throughout the polymers (Malvankar et al., 2011). Metallic-like 

conductivity is not tied to the oxidation states of localized electroactive sites like redox 

conductivity. This type of conductivity has been observed in pure culture biofilms of G. 

sulfurreducens (Malvankar et al., 2011). Research suggests that this conductivity is 

conferred by the type IV pili filaments of G. sulfurreducens and evolved in a relatively 

recent evolutionary event and currently only expressed in a small group of bacteria 

(Holmes et al., 2016; Liu et al., 2013; Lovley, 2016; Malvankar et al., 2012b; Malvankar 

et al., 2015). The electrical connections conferred by pili filaments of Geobacter spp. 

resemble those of semi-conductive organic metals (Chen et al., 2014a; Chen et al., 2014b; 

Liu et al., 2015; Rotaru et al., 2014a; Rotaru et al., 2014b). Analysis using high resolution 

X-ray diffraction suggests that the tight stacking of aromatic amino acids along the 

longitudinal axis of pili filaments permits π-π overstacking leading to a delocalized 

electronic state (Figure 1.1.B.) (Malvankar et al., 2015). Direct visualization of charge 

propagation along individual pili filament by atom force microscopy (AFM) and 
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electrostatic force microscopy (EFM) further demonstrated the conductive nature of these 

pili filaments (Malvankar et al., 2014b). However, the conductivity of single species 

biofilms of G. sulfurreducens displayed positive correlation with temperature, more in 

line with redox conductor, when the hydration state was maintained (Phan et al., 2016; 

Yates et al., 2015).  

 

1.3 Experimental Design for the Investigation of Conductive Mechanisms 

The observation of conductive current through living materials is a relatively new 

discovery. Elucidation of conductive mechanisms underlying the observed conduction 

may have impacts on various disciplines. Measuring the conductivity and elucidating 

conductive mechanisms present many challenges. From the standpoint of experimental 

design these challenges include designing an appropriate electrode assembly, ensuring 

the proper development of biomass on the electrodes, preventing interfering currents, and 

distinguishing the conduction model (Phan et al., 2016; Snider et al., 2012; Yates et al., 

2016b). The purpose of the following section is to discuss these challenges and strategies 

to overcome them.  

 

1.3.1 Selecting Electrode Geometries/Configurations 

In order to measure conduction current through microbial assemblages, microbial 

assemblages need to be developed or deposited onto electrodes. Although advanced 

microscopic techniques such as EFM or AFM can be employed to visualize the change of 

electrical charge density through conductive assemblages or verify the conductive 
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property of proposed assemblages, quantitative measurement of conduction current still 

requires the use of electrodes (Lovley & Malvankar, 2015; Malvankar et al., 2012b; 

Malvankar et al., 2014b). Therefore, it is important to choose the right electrode 

geometry to suit the needs of each individual study. Previous studies on abiotic 

conductive polymers suggest that ideal electrode design consists of two parallel electrode 

surfaces opposite to each other and straddled by a thin microbial assemblage (Figure 1.2.) 

(Anderson & Reilley, 1965; Dalton et al., 1990; McDuffie et al., 1966; Sanderson & 

Anderson, 1985; Snider et al., 2012; Strycharz-Glaven et al., 2011). Different 

configurations of this same electrode design have been developed to fit the needs of each 

individual studies. These configurations include a large split electrode (Li et al., 2016a; 

Li et al., 2016b; Liu et al., 2012; Malvankar et al., 2012a; Malvankar et al., 2012c; 

Malvankar et al., 2011; Morita et al., 2011; Summers et al., 2010), an interdigitated array 

(IDA) electrode (Phan et al., 2016; Snider et al., 2012; Strycharz-Glaven et al., 2011; 

Yates et al., 2016a; Yates et al., 2015; Yates et al., 2016b), and nano-electrodes (Adhikari 

et al., 2016; El-Naggar et al., 2010; Leung et al., 2013; Leung et al., 2011).  

One of the most popular electrode configurations is a large, gold-coated surface 

(6.45 or 7 cm2) that has been split in the middle thereby separating the conductive surface 

into two halves, and creating a thin nonconductive gap, ranging from 50 to 1000 µm (Li 

et al., 2016a; Li et al., 2016b; Liu et al., 2012; Malvankar et al., 2012a; Malvankar et al., 

2012c; Malvankar et al., 2011; Morita et al., 2011; Summers et al., 2010). This two-probe 

configuration can also be further modified into a four-probe configuration that contains 

three nonconductive gaps dividing the main electrode surface into four separate 
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electrodes (Malvankar et al., 2012b; Malvankar et al., 2011). The use of the four probe 

configuration is used to avoid contact resistance created by stacking of reactor parts 

(Malvankar et al., 2011). The large conductive electrode surface areas and thin non-

conductive gaps in these configurations ensures proper biofilm development across the 

nonconductive gaps and promotes the growth of microbial assemblages with relatively 

low growth rates (Li et al., 2016b).  

The IDA electrode configuration contains two long and narrow parallel Au or Pt 

electrodes that are interdigitated as 65 pairs of microelectrode bands (2 mm long, 10 µm 

wide, and 90 nm thick) and separated from each other by 5 µm nonconductive gaps 

(Chidsey et al., 1986; Phan et al., 2016). This electrode configuration produces lower 

signal-to-noise ratios and has been widely used in the characterization of redox 

conduction in single species biofilms of Geobacter sulfurreducens and electroautotrophic 

cathodic biofilms (Phan et al., 2016; Snider et al., 2012; Strycharz-Glaven et al., 2011; 

Yates et al., 2016a; Yates et al., 2015; Yates et al., 2016b). However, the smaller 

electrode surface of IDA may also impose difficulties on establishing reliable association 

of microbial assemblages with electrodes (Malvankar et al., 2016). 

Nano-electrodes are specifically designed to evaluate the conductivity of smaller 

scale microbial appendages and assemblages (Adhikari et al., 2016; El-Naggar et al., 

2010; Leung et al., 2013; Leung et al., 2011). The configuration Adhikari et al 2016. used 

to measure the conductivity of individual Geobacter pilus filament contained 14 

nanoelectrode bands measuring 10 µm long, 2 µm wide, and 30 nm thick (Adhikari et al., 

2016). However, electrochemical measurement on this scale might be easily interfered by 
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residues from purification processes of biological samples. A strategy to avoid the 

interference should be accounted into experimental design when nano-electrodes are used 

to measure the conductivity of specific cell appendages or smaller scale microbial 

assemblages.  
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Figure 1.2. Electrode configuration of A. large split electrode, B. interdigitated array 

(IDA) electrode, large split electrode, and C. nano-electrodes. (Figures are adapted from 

Li et al., 2016a; Dalton et al., 1990; and Adhikari et al., 2016) 
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1.3.2 Avoiding Interfering Currents 

Regardless of the conductive mechanism, conductive microbial assemblages are 

living materials that contain large numbers of electroactive sites. Encountering interfering 

currents caused by charging of pseudocapacitance (change in redox state of electroactive 

sites), catalytic substrate utilization, and/or diffusion of counterions is inevitable (Yates et 

al., 2016b). Therefore, experiments should be carefully designed to account for such 

interfering currents during measurements of conduction current. Failure to do so may 

lead to an overestimation of conductivity and affect interpretations. For example, 

conductivities of exoelectrogenic biofilms may vary significantly between measurements 

when using different electrode configurations. Reported conductivity values of G. 

sulfurreducens biofilms ranged from ~5 µS/cm using an IDA (Phan et al., 2016; Snider et 

al., 2012; Yates et al., 2015; Yates et al., 2016b) to ~5 mS/cm when a large split electrode 

was used (Malvankar et al., 2011). The large difference between individual 

measurements may affect the identification of limiting factors in respect to the 

optimization of current production in applied systems like microbial fuel cells (MFCs). In 

a MFC biofilm electron transfer model, when a conductivity value near the upper end of 

what has been observed (2.44 mS/cm) was used, the current density of the last step of 

electron transfer, which was suggested as the rate limiting step of direct EET in such 

biofilms, as determined to be 270 A/m2, more than 300 times higher than the real MFC 

performance (0.82 A/m2) (Lee et al., 2016). Thus, the authors concluded that the direct 
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EET enabled by the conductivity of biofilms is not the current limiting factor in anodic 

biofilm (Lee et al., 2016). However, if a lower end biofilm conductivity value (5 µS/cm) 

obtained from another study is used, the current density of last step of electron transfer 

would be nearly 500 times smaller and similar to observed MFC performance (calculated 

as 0.55 A/m2). Interfering currents may cause these differences between observed 

conductivity values (Snider et al., 2012; Strycharz-Glaven et al., 2011; Yates et al., 

2016b). Addressing these differences is an essential step towards understanding 

conductivity and direct EET in anodic biofilms of MFCs as well as other conductive 

microbial assemblages.  

There are several precautions that may be taken to account for these interfering 

currents. These include decreasing the total assemblage-coated surface area (Snider et al., 

2012; Strycharz-Glaven et al., 2011; Yates et al., 2016b), removal of substrate (Li et al., 

2016b), subtracting the catalytic current, and utilization of steady state experiments 

(Dalton et al., 1990). Even when charging current associated with the double-layer 

capacitance of the electrode setup is properly controlled the change in redox state of 

electroactive sites will result in a charging current (Yates et al., 2016b). To limit the total 

amount of effective electroactive sites, the total volume of biomass developed on the 

electrodes and gap area should be controlled. Therefore, electrode configurations such as 

IDAs that contain smaller surface areas (0.039 cm2) may reduce the contribution of 

charging current (Yates et al., 2016b). In other instances, the use of slope of the current 

and applied voltage curve to calculate the resistance of examined assemblages may also 

account for a large portion of the charging current and thereby should be used when 
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smaller surface electrodes is not available or inappropriate for designed experiments (Li 

et al., 2016b).  

Catalytic current comes from the assimilation of substrate and may become a 

significant problem when measuring the conduction current in exoelectrogenic biofilms 

(Yates et al., 2016b). The interference of catalytic current can be eliminated by removal 

of substrate or subtracting the catalytic current from the measured current (Li et al., 

2016b; Snider et al., 2012). Removal of the substrate may alter the redox potential of 

examined assemblages and therefore the period of substrate removal should be limited in 

order to avoid any potential damage to the biofilm or large scale metabolic shifts (Li et al., 

2016b). Precise estimation of catalytic current may require the use of a bi-potentiostat 

(Snider et al., 2012).  

During redox conduction, the change in net oxidation state of the microbial 

assemblage is accompanied by current related to the diffusion of counterions. To avoid 

capturing current related to counterion diffusion, steady state experiments in which no net 

oxidation state changes occur within the examined assemblages should be used and 

additional time should be allowed for such current to dissipate (Dalton et al., 1990). 

Transient experiments such as cyclic voltammetry and chronoamperometry are not 

recommended.  

 

1.3.3 Distinguishing the Conduction Models  

As discussed in previous sections, two distinct conductive mechanisms have been 

identified, both composed of varying components to sustain their conductivity (localized 
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electroactive sites versus pili filaments). Depending on the mechanism present 

differential responses in assemblage conductivity will be observed following changes of 

internal conditions such as redox potential, temperature, and hydration state (Malvankar 

et al., 2011; Phan et al., 2016; Snider et al., 2012; Strycharz-Glaven et al., 2011; Yates et 

al., 2015; Yates et al., 2016b). When the conductance is measured as a function of redox 

potential in electrochemical gating analysis (EGA), redox conductors display a peak-

manner at a gate potential in which half the electroactive sites are oxidized and the other 

half are reduced (Dalton et al., 1990; Snider et al., 2012). In contrast, metallic-like 

conductors behave in a sigmodal-manner upon the changes of redox potential as charge 

carriers are trapped by the Coulomb potential of anions at lower gate voltages and 

transited to metallic state at higher gate voltages (Malvankar et al., 2011; Yuen et al., 

2007).  

Insight into the conductive mechanism can also be accomplished by examining 

the temperature dependency of assemblages conductivity (Malvankar et al., 2011; Morita 

et al., 2011). Increasing conductance upon decreases in temperature (negative correlation) 

is suggestive of metallic-like conductivity (Heeger, 2001), while redox conductivity 

displays positive correlation with temperature in biological range (Phan et al., 2016; 

Yates et al., 2015). It should be noted that extreme conditions should be avoided in order 

to preserve the biological features of the examined microbial assemblages (Phan et al., 

2016). For example, the use of vacuum conditions may dehydrate the biological samples 

and interfere with the interpretation of conductive mechanisms (Morita et al., 2011; Phan 

et al., 2016). Water content should also be carefully considered as it is essential to the 
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formation of drive forces during redox conduction (Dalton et al., 1990; Phan et al., 2016; 

Yates et al., 2015).  

 

1.4 Challenges and Objectives 

Further understanding of microbially constructed conductive features is 

essentially important for the future enhancement of energy generation in engineered 

anaerobic microbial systems such as MFC and AD. The abovementioned hypothetical 

mechanisms were deducted based on experiments that conducted by using single species 

biofilms of Geobacter sulfurreducens. In spite of mixed-species communities are more 

widely used in engineered anaerobic microbial systems and more efficient on energy 

generation compared to single species cultures (Liu et al., 2012; Logan, 2009; Morita et 

al., 2011), the conductive features especially the conductive mechanism of many mixed-

species community assemblages possessing the ability to perform direct EET remain 

unknown.  

The objectives of this dissertation are to evaluate the electrical conductivity, 

examine important conductive behaviors, investigate the conductive mechanisms, and 

explore feasible approaches to increase the conductivity in mixed-species microbial 

assemblages with an ultimate goal of enhancing the performance of engineered anaerobic 

microbial systems for energy generation from renewable resources. These objectives are 

addressed in the following chapters of the present dissertation in the format of manuscript: 

1) Chapter 2: To elucidate the conductive mechanism of mixed-species 

exoelectrogenic biofilms, to examine relationship between the power output of 
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MFC and development of biofilm conductance, and to investigate the 

conductive behaviors of mixed-species exoelectrogenic biofilms on 

unconnected surface of split electrode and after removal of substrate. 

2) Chapter 3: To investigate the conduction distance of mixed-species 

exoelectrogenic biofilms and to evaluate the conductance development of 

mixed-species exoelectrogenic biofilms when growing across extended 

distance from 50 µm to 1 mm.  

3) Chapter 4: To evaluate the conductivity and conductive mechanism of mixed-

species methanogenic biofilms, to examine the current producing ability of 

methanogenic biofilms when serving as the anodic biofilms of MFC, and to 

investigate the relationship between biofilm conductivity and the community 

membership across microbial communities with different metabolic activities.  

4) Chapter 5: To examine the potential impact of static low intensity magnetic 

field on power/current production of MFC, to evaluate application of static low 

intensity magnetic field as a feasible approach to increase conductivity of 

mixed-species exoelectrogenic biofilms, and to confirm the redox conduction 

model in mixed-species exoelectrogenic biofilms by assessing the magnetic 

field dependence of conductance.  

In Chapter 6, conclusion from these studies were summarized and future works on 

boarder aspects were discussed. In Appendix, a published review article was also 

included to suggest the potential of applying the conclusions of this dissertation to other 

microbial technologies.  
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Abstract: While most biological materials are insulating in nature, efficient extracellular 

electron transfer is a critical property of biofilms associated with microbial 

electrochemical systems and several microorganisms are capable of establishing 

conductive aggregates and biofilms. Though construction of these conductive microbial 

networks is an intriguing and important phenomenon in both natural and engineered 

systems, few studies have been published related to conductive biofilms/aggregates and 

their conduction mechanisms, especially in mixed-species environments. In the present 

study, current-producing mixed-species biofilms exhibited high conductivity across non-

conductive gaps. Biofilm growth observed on the inactive electrode contributed to overall 

power outputs, suggesting that an electrical connection was established throughout the 

biofilm assembly. Electrochemical gating analysis of the biofilms over a range of 

potentials (-600 – 200 mV, vs. Ag/AgCl) resulted in a peak-manner response with 

maximum conductance of 3437 ± 271 µS at a gate potential of -360 mV. Following 

removal of the electron donor (acetate), a 96.6% decrease in peak conductivity was 

observed. Differential responses observed in the absence of an electron donor and over 

varying potentials suggest a redox driven conductivity mechanism in mixed-species 

biofilms. These results demonstrated significant differences in biofilm development and 

conductivity compared to previous studies using pure cultures. 

Keywords: Microbial Fuel Cell, Microbial Electrochemical Systems, Biofilm, 

Conductivity, Exoelectrogens  
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2.1 Introduction 

The efficient extracellular transference of electrons is critical to the functioning of 

many biological processes in both natural and engineered environmental systems (Kato et 

al., 2012b; Reguera, 2011; Sieber et al., 2012). Much of our current understanding of 

extracellular electron transfer in these environments is largely based on the indirect 

transfer of small molecules such as hydrogen and formate, but recent evidence suggests 

that extracellular electron transfer through electrical current is prevalent (Kato et al., 

2012a; Kato et al., 2012b; Malvankar et al., 2014a; Summers et al., 2010). In diffusion-

limited environments, such as biofilms and sediments, direct extracellular electron 

transfer via electrical currents could offer significant advantages over small molecule 

exchange. It is likely that physical connections in the form of aggregates and biofilms are 

often established in order to support electrical interactions between microorganisms and 

extracellular electron acceptors including other microorganisms and electrodes (Kato et 

al., 2012a; Kato et al., 2012b; Lovley, 2011b; Summers et al., 2010). Biofilms and 

methanogenic aggregates associated with microbial fuel cells (MFCs) and anaerobic 

digesters have been found to exhibit electrical conductivity further reinforcing the 

hypothesis that interactions via electrical currents are a critical component of these 

environments (Malvankar et al., 2012a; Malvankar et al., 2011; Morita et al., 2011).  

Biofilm and aggregates conductivity is often associated with the presence of 

specific microbial species that use direct extracellular electron transfer as a primary 

means of respiration (Malvankar et al., 2012a; Malvankar et al., 2011; Morita et al., 2011; 

Shrestha et al., 2014; Summers et al., 2010). This includes both Geobacter 
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sulfurreducens and Shewanella oneidensis, two species known to produce conductive 

extracellular appendages known as microbial nanowires. The conductive properties of 

many of these microbial nanowires have been characterized in detail using techniques 

such as atomic force microscopy (El-Naggar et al., 2010; Gorby et al., 2006; Malvankar 

et al., 2012b; Pirbadian et al., 2014). However, biofilms of G. sulfurreducens are the only 

pure cultures of which conductivity has been examined to date with conductivity up to 

5000 µS cm-1 having been previously reported (Malvankar et al., 2011). 

The conduction mechanism of nanowires and biofilms is currently not well-

established and is still being explored. Though the conductivity of S. oneidensis 

nanowires appear to be dependent on the presence of redox cofactors like c-type 

cytochromes that are typically associated with extracellular electron transfer, the 

nanowires of G. sulfurreducens appear to have a conductivity that is independent of 

redox cofactors (El-Naggar et al., 2010; Malvankar et al., 2011; Pirbadian et al., 2014). 

Some experimental evidence suggests that the microbial nanowires of G. sulfurreducens 

possess delocalized electronic states representing a metallic-like conductivity that is 

conferred to whole biofilms (Malvankar et al., 2012b). However, other studies have 

refuted this theory and indicated that electron transfer in whole biofilms of G. 

sulfurreducens proceeds through a concentration gradient-driven electron transfer process 

involving localized redox cofactors referred as electron hopping (Bond et al., 2012; 

Snider et al., 2012; Vargas et al., 2013).  

Conductive properties have also been recognized in various mixed consortia 

including methanotrophic aggregates in which electron transfer is hypothesized to 
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proceed through multi-heme cytochromes (Snider et al., 2012; Strycharz-Glaven et al., 

2011). Conductivity is also a recognized property of mixed-species MFC biofilms 

enabling multilayer cell stacking and efficient cell-electrode contact conducive to high 

power outputs and coulombic efficiencies (Malvankar et al., 2012a). A conductivity of 

250 µS cm-1, around 5% of the pure culture biofilms of G. sulfurreducens, was observed 

in a G. sulfurreducens-dominated (52% Geobacter spp.) mixed-species MFC biofilms. 

However, additional characterization of mixed-species communities in terms of their 

extracellular electron transfer mechanisms has yet to be performed. Because several 

microbial species are capable of producing various conductive proteins/redox cofactors 

the combination of different species could affect the overall conductive characteristics of 

mixed-species biofilms (Kiely et al., 2011; McGlynn et al., 2015). Future enhancement of 

microbial electrochemical systems (MESs) could depend on the elucidation and 

optimization of the extracellular electron transfer processes within mixed-species 

biofilms (Kato Marcus et al., 2007; Malvankar et al., 2012c; Torres & Krajmalnik-Brown, 

2009). 

In the present study, a gold-coated split-anode design was used to examine the 

conductive behavior of high-power, mixed-species MFC biofilms over an extended range 

of anode potentials (-600 – 200 mV vs. Ag/AgCl) in both the presence and absence of an 

electron donor (Malvankar et al., 2011). Results demonstrated significant differences in 

conductivity compared to previous studies using pure cultures and provides evidence for 

redox driven conductivity in mixed-species biofilms of MFCs.  
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2.2 Materials and Methods 

2.2.1 Anode preparation  

A split-anode design modified from a previous study was developed for the in situ 

evaluation of biofilm conductivity (Malvankar et al., 2011). A water resistant adhesive 

(Loctite, Düsseldorf, Germany) was applied to standard weighing paper (Schleicher & 

Schuell, Inc., Keene, NH, USA) to provide rigidity. Adhesive laden paper was then cut 

into a circle with area of 7 cm2. An electrically conductive gold film (approx. 5 µm) was 

then applied to the adhesive layer by an Cressington 108 auto sputter coater (Cressington 

Scientific, Watford, UK). The gold film layer was then cut down the center by an ESI 

5330 UV Laser machine (Electro Scientific Industries, Inc., Portland, OR, USA) to create 

a non-conductive gap of 50 µm. Resistance measurements confirmed that the two pieces 

of the anode were electrically separated (Rgap > 1010 Ω).  

 

2.2.2 Microbial fuel cell design and operation 

Single-chamber, air-cathode MFCs with gold-coated split-anodes were used to 

develop biofilms on the anode surface. Carbon cloth/activated carbon cathodes were 

fabricated following previously developed protocols (Janicek et al., 2015). The projected 

surface areas of anode and cathode were 7 cm2 and the total MFC volume was 12 mL. 

The MFCs were electrically connected in one of two ways to examine the biofilm growth 

and conductivity (Figure 2.1.). Double anode MFCs labeled ‘DA-MFC’ contained anodes 

in which both halves of the split anode were connected to the closed electrical circuit, 

while in single anode MFCs labeled ‘SA-MFC’ only one of the two halves of the split 
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anode was connected to the closed electrical circuit. Reactors with neither of the two 

halves of the split anode connected to circuit were used as a control. 

 

 

Figure 2.1. Top down CLSM images and schematic of MFC setup used for culture of 

exoelectrogenic biofilms. (A) Anode from DA-MFC with 50 µm non-conductive gap, (B) 

Anode from SA-MFC with 50 µm non-conductive gap, and (C) Electrode from control 

MFC with 300 µm non-conductive gap. Arrows indicate the location of non-conductive 

gap. Frame size = 8.1 X 10-3 cm2. 
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Lab-maintained active MFC cultures were used as inoculum, which was 

originally from active sludge collected from the Corvallis Wastewater Treatment Plant 

(Corvallis, OR) and has been demonstrated to converge to a consistent community 

composition over extended periods of operation and across varying reactor designs when 

fed acetate (Lesnik & Liu, 2014).  30 mM of acetate was provided as the electron donor 

during the startup of MFCs which was increased to 60 mM after power outputs became 

stable. Modified Geobacter medium (MGM) (pH 7) was used in all experiments. The 

medium consists of the following ingredients (per liter): KCl, 0.13 g; NH4Cl, 0.31 g; 

NaH2PO4·H2O, 5.84 g; Na2HPO4·7H2O, 15.5g; vitamin, 12.5 mL; and mineral 12.5 mL 

solution as previously reported (Fan et al., 2012). MFCs were operated in fed-batch mode 

with external resistance decreased from 10,000 to 500 Ω between batches as the biofilms 

grew in order to maintain maximum cell voltages around 0.3 V. When voltages were 

under 5% of batch maximum, the media was removed and replaced with new media. The 

length of each batch was approximately 48 hours. Though activated carbon air-cathodes 

were used, anodic growth was considered to be anaerobic in nature (Cheng et al., 2006). 

 

2.2.3 Conductivity measurements 

Electrochemical analyses were performed to measure the in situ 

resistance/conductivity of biofilms. For all experiments a conventional three electrode 

configuration was used in which a split anode was used as the working electrode, a 5% 

platinum plate (6.45 cm2) parallel to the split anode was used as the counter electrode, 

and a Ag/AgCl (3M NaCl) electrode was used as a reference. One half of the split anode 
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was used as the electron source and the other half of the split anode was used as electron 

drain (Malvankar et al., 2012c).  

Initial experiments were conducted in order to evaluate biofilms over time at open 

circuit anode potential (OCP). In order to perform OCP conductivity measurements and 

to prevent interference from anodic current, the MFC anodes were temporarily 

disconnected from the cathode and allowed OCP to be reached. Then a voltage ramp 

(Vapp) low enough to avoid the electrolysis of water or a self-heating effect was then 

applied between two halves of a split anode (0 – 0.075 V) in steps of 0.025 V by using a 

source meter (Model 2405, Keithley, USA). The potential of both halves of the split 

anode were then continuously measured through the use of reference electrodes 

(Ag/AgCl, 3M NaCl). The average of the potentials of the two anode halves was 

considered the midpoint potential (Emid) of the biofilm, which was determined to be 

stable at -460 to -470 mV (vs. Ag/AgCl) in the presence of acetate containing media 

during open circuit conditions and when voltage ramps were applied (Figure 2.S1.A.). 

For each voltage step, transient ionic current related to counter-ion diffusion was allowed 

to decline for approximately 20 minutes until a steady state was reached (Dalton et al., 

1990; Malvankar et al., 2011). Current was then recorded every 30 seconds over a period 

of 3 minutes. Biofilm resistance was calculated by plotting Vapp against measured current 

thereby avoiding the measurement of catalytic current associated with acetate oxidation. 

Conductance was then calculated from the inverse of resistance. Measurements were 

taken approximately twice a week during operation. Measurements of conductivity 

conducted at OCP were performed in triplicate reactors (n=3). 
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To further measure biofilm resistance as a function of potential and to further 

examine conductive behavior of mixed-species biofilms in the presence and absence of 

electron donor, electrochemical gating analysis was performed based on the three 

electrode configuration (Malvankar et al., 2012c; Malvankar et al., 2011; 

Vanmaekelbergh et al., 2007). A potentiostat (References 100, Gamry Instruments Inc., 

Warminster, PA) in conjunction with the three electrode setup previously described was 

used to set the gate potential (Vg), which ranged from -600 to 200 mV (vs. Ag/AgCl) 

(Malvankar et al., 2011). Vg was increased in increments of 100 mV from -600 to -500 

mV, 25 mV from -500 to -400 mV, 50 mV from -400 to -200 mV, and 100 mV from -200 

to 200 mV. Concurrent with the setting of Vg, a source meter (Model 2405, Keithley, 

USA) was used to apply voltages (Vapp) between the source and drain anode. The 

conducting currents at various Vapp (0, 25, 50, and 75 mV) were measured and used to 

calculate resistance from the slope of the voltage-current curve as previously described in 

preceding paragraphs. Following changes to Vg or Vapp, 20 minutes were waited before 

measurements were taken to allow the dissipation of transient ionic current. The changes 

of Emid can be seen in Figure 2.S1.B. To measure biofilm conductivity in the absence of 

substrate, acetate-containing growth media was replaced with MGM containing no 

acetate to investigate conductive behavior in the absence of electron donor. Cell voltages 

of the MFCs dropped below 0.001 V within 24 hours following acetate removal and 

conductivity measurements were conducted by using two electrode method described 

above. Liquid samples were also collected and analyzed using high performance liquid 

chromatography (HPLC) to confirm that acetate was completely removed following 
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medium replacement. Additional control experiments were also conducted. These 

controls included experiments with a biofilm-less anode using MGM with acetate, MGM 

without acetate, and sterile-filtered effluent from active MFCs. For all electrochemical 

gating experiments, deoxygenated media were prepared by bubbling of nitrogen gas for 

30 minutes. Experiments of electrochemical gating analysis were conducted using 

multiple reactors (n = 2). 

 

2.2.4 Confocal laser scanning microscopy (CLSM) 

Confocal laser scanning microscopy (CLSM) was used to verify biofilm growth 

across non-conductive gaps and on electrode surfaces in addition to measuring biofilm 

thickness. Following biofilm maturity, small pieces of the anodes (approximately 7 to 14 

% of the total anodic surface area) were carefully cut, stained with LIVE/DEAD 

BacLight Bacterial Viaibility Kit (Molecular Probes, Eugene, OR, USA), and then 

examined with the Zeiss LSM 510 Meta confocal microscope with a 10X objective lens 

(Carl Zeiss AG, Oberkochen, Germany). A minimum of three fields were imaged. Images 

were further processed and analyzed by software ImageJ (ver. 1.49d). A minimum of ten 

random CLSM stacks along the y-axis were used to determine the average thickness of 

biofilm.  

 

2.2.5 Fluorescent in situ hybridization (FISH) 

Fluorescent in situ hybridization (FISH) was used to confirm the presence of 

Geobacter spp. within the biofilm using the Geo1A probe (Hugenholtz et al., 2002). For 
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FISH analysis, a small piece of biofilm containing anodes was cut out as described above. 

Select pieces were fixed for 1-2 hours in 4% paraformaldehyde/ phosphate buffered 

saline (PBS) in a 24-well cell culture plate and subsequently permeablized by treatment 

with lysozyme (70,000 U/ml) in buffer for 10 min at 37°C then rinsed with PBS. FISH 

was performed immediately after fixation following procedures previously described 

(Hugenholtz et al., 2002). Conditions were optimized with pure cultures of non-target 

strains and cultures of the target species by gradually increasing the formamide 

concentration in the hybridization buffer while maintaining equivalent ionic strengths and 

hybridization temperatures. Biofilms were first incubated in hybridization buffer 

consisting of 45% formamide, 20 mM Tris-HCl (pH 7.5), 0.9 M NaCl, and 0.01% SDS 

for 15 min at 46 °C, and then immersed in the same solution containing the Geo1A probe 

(2 µg/ml) for 3 hrs at 46 °C. Immediately following hybrization biofilms were soaked for 

15 min at 48 °C in the washing buffer (Tris-HCl (pH 7.5), 0.03 M NaCl, 0.01% SDS, 5 

mM EDTA). Biofilms were rinsed in saline, lightly dried, and then embedded in a 

Citiflour antifadent (London, UK) before being stored in the dark at room temperature 

between 3 – 48 hours prior to examination. Samples were then examined by the Zeiss 

LSM 510 Meta confocal microscope with 10X and 20X objectives. Images were 

processed using ImageJ software (ver. 1.49d). A minimum of three fields were selected to 

represent the whole examined area.  
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2.2.6 Biofilm Conductivity Calculation 

Conformal mapping was used to calculate biofilm conductivity (!) from biofilm 

thickness (g), determined through CLSM measurements, and biofilm resistance (R), 

determined through two-electrode measurements (Kankare & Kupila, 1992; Malvankar et 

al., 2011). The following equation was used, where D is the diameter of the electrode and 

a is the half of the width of the non-conductive gap:    

σ =
$
%&

ln	(8,$-)
 

2.2.7 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) was used to confirm direct electron transfer processes 

and identify major redox peaks in the mixed-species biofilms. Following growth, a three-

electrode electrochemical cell setup was used. The anode containing a biofilm was used 

as the working electrode and a platinum plate (6.45 cm2) was used as the counter 

electrode. An Ag/AgCl (3 M NaCl) was used as the reference electrode. For DA-MFCs, 

CV was performed in the presence and absence of acetate with substrate depletion 

confirmed through HPLC analysis. Biofilm-less control experiments were also conducted 

by filling control cells with the filtered MFC effluent. All CV experiments were 

performed by using a potentiostat (References 100, Gamry Instruments Inc., Warminster, 

PA) over a potential range from -600 to 200 mV vs. Ag/AgCl at a scan rate of 1 mV s-1. 

For all CVs, deoxygenated media was prepared by bubbling nitrogen gas for 30 minutes.  
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2.3 Results  

2.3.1 Growth and Spatial Distribution of Biofilms 

CLSM imaging revealed that biofilms formed over the 50 µm non-conductive 

gaps between the two active anode surfaces connected to the circuit in DA-MFCs. 

Average biofilm thickness within the gap area of DA-MFCs was 38.4 ± 10.1 µm after 

approximately 70 days of growth (Figure 2.1.A.). Biofilm growth was also observed 

across the non-conductive gap in SA-MFCs with an average biofilm thickness of 52.2 ± 

11.6 µm within the gap area (Figure 2.1.B.). Biofilm growth on the unconnected anode 

surface (~1 cm away from an active electrode surface) was observed in all anodes of SA-

MFCs with less red pigment than active electrode surfaces (Figure 2.S2.). Control 

reactors with unconnected anodes displayed limited growth on gold-coated electrode 

surfaces and biofilms were too sparse for thickness to be measured (Figure 2.1.C.). 

Geobacter spp. were detected on both active and inactive anode surfaces of DA-MFCs 

and SA-MFCs but not detected on any electrode surfaces of control reactors (Figure 2.2.).  
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Figure 2.2. Fluorescent in situ hybridization images displaying Geobacter distribution. (A) 

On actively respired anode surface, (B) On non-actively respired surface of the same 

MFC, (C) On surface of control MFC. Frame size = 1.6 X 10-3 cm2. 

 

2.3.2 Current and Power Generation 

Increases over time in electrical current and power generation were observed for 

both DA-MFCs and SA-MFCs (Figure 2.3.). When normalized to cathode surface area, 

power generation of SA-MFC reactors averaged 63.1% of the power generation of DA-

MFC reactors, significantly greater than the 50% that would be expected if no 

exoelectrogenic growth was on the unconnected electrode surface (single factor t-test, α = 

0.05). This observation suggests that the establishment of an electrical connection beyond 

the active electrode was simultaneously supported by the growth of exoelectrogens on the 

inactive anode surface of SA-MFCs and contributed to power generation. 
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Figure 2.3.  Measured conductance and power of DA-MFCs and SA-MFCs over time. 

(A) DA-MFC with 50 µm non-conductive gap, (B) SA-MFC with 50 µm non-conductive 

gap. Error bars represent standard deviation (n = 3).    

 

 

2.3.3 Conductivity of Mixed-Species Biofilms  

Initial conductance was calculated during growth at biofilm mid-point potentials 

(Emid) of -470 mV (vs. Ag/AgCl) corresponding to open circuit potentials of anode. 
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Conductance was observed in both DA- and SA-MFC reactors and increased as biofilms 

grew across non-conductive gaps (Figure 2.3.).  Initial increases in power were correlated 

to increases in conductance yet continued to increase after conductance plateaued. This is 

likely due to stacking of active biomass enabled by the conductivity of the inner biofilm 

structure. Average biofilm conductivity for DA-MFCs was 679.4 ± 15.6 µs cm-1. This 

conductivity is significantly higher than that calculated for the open-circuit control 

reactor using average biofilm thickness of DA-MFCs (3.2 ± 1.5 µs cm-1). Increases in 

conductance proceeded slower in SA-MFC setups likely due to a single point of origin 

for exoelectrogenic growth across the gap (Figure 2.3.B.). The average conductivity of 

SA-MFC reactors was 285.2 ± 52.3 µs cm-1 at the same Emid, corresponding to a 58.2% 

decrease compared to DA-MFCs. 

After the conductivity plateaued, conductivity was then further analyzed over a 

range of potentials using electrochemical gating analysis. Results revealed that the 

conductivity of mixed-species biofilms changed in a peak-manner based on gate potential 

(Vg) (Figure 2.4.A.). Maximum conductance of the mixed-species biofilms was 3437 ± 

271 µS corresponding to a Vg of -350 mV (vs. Ag/AgCl). Conductance of biofilms poised 

at a Vg more negative than -500 mV or more positive than 0 mV were significantly 

decreased. Measurements in both control experiments using the same electrode geometry 

but without established biofilms did not exhibit a peak in conductivity and only marginal 

conductivity was observed (0.8 to 15.3 µS), indicating that the observed conductivity was 

related to the development of an exoelectrogenic biofilm.   
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Figure 2.4. Conductivity of mixed-species biofilms and control estimated by 

electrochemical gating analysis. Error bars represent standard deviation (n = 2).  

 

To investigate the effect of electron donors on biofilm conductivity, 

measurements were also performed in the absence of acetate. Following the removal of 
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acetate from the growth media, electrical current production ceased (Figure 2.S3.). Peak 

conductance estimated through electrochemical gating analysis shifted from -350 mV to -

400 mV (vs. Ag/AgCl) while maximum conductance decreased from 3437 ± 271 µS to 

153 ± 2 µS (Figure 2.4.B.). After acetate was added back to the growth media current 

production in each reactor recovered immediately indicating biofilms remained intact 

during acetate removal testing (Figure 2.S3.). 

 

2.3.4 Cyclic Voltammetry 

In the absence of electron donor, two major redox peaks were identified at 

potentials of -370 and -310 mV (vs. Ag/AgCl) (Figure 2.5.A.). Multiple additional peaks 

from -300 to -600 mV (vs. Ag/AgCl) were also detected suggesting the existence of 

multiple redox cofactors spanning a range around formal potentials similar to what have 

been observed previously (Bond et al., 2012; Fricke et al., 2008). No redox peaks were 

observed in the control electrochemical cell (biofilm-less anode) with filtered MFC 

effluent. These results indicate that observed current can be attributed to the altering of 

the oxidation state of these redox cofactors localized in present biofilms and 

electrochemical activity can be attributed to membrane-bound redox cofactors like outer 

membrane cytochromes (OMCs) as opposed to extracellular electron shuttles (Bond et al., 

2012; Fricke et al., 2008). In the presence of acetate, the midpoint of catalytic current 

associated with the oxidation of acetate occurred at -360 mV (vs. Ag/AgCl) similar to the 

primary peaks observed in the absence of acetate (Figure 2.5.B.).  In biofilm-less reactors 

no current response was observed. 
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Figure 2.5. Cyclic voltammograms of mixed-species biofilm. The voltammograms were 

recorded (A) in the absence of electron donor and (B) in the presence of electron donor. 

Scan rate was 1 mV S-1. 
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2.4 Discussion 

2.4.1 Properties of Mixed-Species Biofilms 

The most significant difference between previous studies featuring pure cultures 

and the present one featuring a mixed-species community is the response of conductivity 

to the removal of an electron donor. In previous studies using single species 

exoelectrogenic biofilms were not significantly influenced by the removal of acetate 

(Malvankar et al., 2011). However, in the present study, when acetate was removed from 

the medium decreases in peak conductivity as large as 96.6% were observed along with 

simultaneous -50 mV shift in biofilm potential at which maximum conductivity occurs. 

These differences reflect changes in the type and activity of localized redox cofactors as 

well as magnitude of electron accumulation within the biofilm (Bond et al., 2012; Ruhl et 

al., 2014). Another difference between previous studies featuring single species biofilms 

and the mixed-species biofilms of the present study is the ability to establish growth on 

an inactive electrode 1 cm away from an active electrode (Figure 2.1. & 2.2.) (Malvankar 

et al., 2012c; Malvankar et al., 2011). The extended growth in the mixed-species 

environment was possible due to the presence of alternate redox factors and the likely 

presence of interspecies coadhesion interactions that enable extended growth distances 

from active electrodes. mixed-species environments (Liu & Bond, 2012; Rotaru et al., 

2014a; Rotaru et al., 2014b; Summers et al., 2010). 
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2.4.2 Conductive Mechanisms  

Further investigation into the conduction mechanism of mixed-species 

exoelectrogenic biofilm was conducted by measuring biofilm conductivity as a function 

of potential. A conductivity peak was observed around a Vg of -360 mV (vs. Ag/AgCl), 

similar to the formal potential of c-type cytochromes associated with other 

exoelectrogenic biofilms (Richter et al., 2008). The peak-manner response observed is a 

characteristic of a redox molecule-mediated electron transfer mechanism like that of 

conductive polymers (Dalton et al., 1990; Ohsaka et al., 1987). Classically, this electron 

transport is considered to be driven by concentration gradients of localized reduced and 

oxidized redox cofactors though voltage gradients may also be responsible. Either way 

the fundamental electron hopping event is unchanged and can be unified under 

generalized thermodynamic forces (Dalton et al., 1990). Concentration gradient driven 

electron transfer is dependent on a mixed valent state and maximized at potentials in 

which the ratio of reduced and oxidized redox sites within the matrix are equal (Dalton et 

al., 1990). If redox sites are completely reduced or oxidized within the biofilm matrix, the 

biofilm will become non-conductive as observed in the present study when Vg was more 

positive than 0 mV or more negative than -500 mV. Overall support of a concentration 

gradient driven conduction mechanism in the present study is consistent with previous 

research presenting an electron hopping model of electron transfer in single species 

biofilms of G. sulfurreducens (Snider et al., 2012; Strycharz-Glaven et al., 2011).  
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2.4.3 Biofilm Conductivity Evaluation Methods 

Despite the importance of constructing conductive biofilms/aggregates as direct 

extracellular electron transfer conduits, few studies have been published related to 

conductive biofilms/aggregates and their conduction mechanisms. In the present study, a 

practical two-electrode setup was used to allow the measurement of conductive current in 

microbial biofilms. Experiments were designed to ensure accurate measurements of 

conductivity of biofilms. First, the large conductive surface areas of the two electrodes 

(3.5 cm2) combined with a thin non-conductive gap (50 um) ensured proper biofilm 

development on the active electrode surfaces and the nonconductive gaps, allowing the 

measurement of conducting current. Second, steady state experiments were used to avoid 

measuring transient ionic current (Dalton et al., 1990).  In the case of redox gradient 

driven electron conduction, the self-exchange of electrons between the redox sites is 

accompanied with the diffusion of counter-ions for the sake of electroneutrality (Dalton 

et al., 1990). Third, appropriate means were employed to account for catalytic current 

related to acetate oxidation (Bond et al., 2012). In addition to removing the electron 

donor during electrochemical gating analysis, the slope of Vapp versus current was also 

used in the calculation to avoid the inclusion of the catalytic current.  

Additional tests to further elucidate conduction mechanisms of biological 

materials include examining redox potential dependency, temperature dependency, pH 

dependency, and behavior following exposure to several inhibitors (Malvankar et al., 

2011). However, many of these experiments might induce destruction of the delicate 
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biofilm structure and should be carefully conducted to ensure the intactness of biofilms. 

Electrochemical gating analysis used in present study is relatively moderate redox 

gradient dependency test, and should be carried out within biological range based on 

previous observations (Malvankar et al., 2012c; Malvankar et al., 2011). The relationship 

between biofilm conductivity and electrochemical potential also suggests that biofilm 

conductivity should be reported along with the potential at which the measurement was 

performed.  

 

2.5 Conclusions 

Mixed-species communities will continue to play a critical role in many MESs. 

The current study provides an initial reference point for the conductive behavior of 

mixed-species biofilms. Differential responses were observed in the absence of an 

electron donor and over varying potentials suggesting redox driven conductivity of the 

mixed-species exoelectrogenic biofilms. The construction of these conductive biofilms is 

clearly one strategy that communities use to effectively take advantage of inexhaustible, 

insoluble electron acceptors in addition to also providing a conduit for direct electron 

transfer that is the foundation of many synergistic relationships. Further understanding 

the conductive behavior and electronic interactions of these communities will lead to 

improvements of power and efficiencies in MESs, and may potentially open up new 

bioelectronics applications.  
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Figure 2.S1. Changes of midpoint potentials during experiments. (A) two-electrode 

experiment (B) electrochemical gating analysis. 
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Figure 2.S2. Top down digital camera pictures. (A) Anode from DA-MFC, (B) Anode 

from SA-MFCs, and (C) Bare surface of gold electrode.  
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Figure 2.S3. Acetate removal experiment. Blue round dots represent the current of MFC 

and red solid line represents the acetate concentration detected by HPLC. 
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Abstract: The functioning of many natural and engineered environments is dependent on 

long distance electron transfer mediated through electrical currents. These currents have 

been observed in exoelectrogenic biofilms and it has been proposed that microbial 

biofilms can mediate electron transfer via electrical currents on the centimeter scale. 

However, direct evidence to confirm this hypothesis has not been demonstrated and the 

longest known electrical transfer distance for single species exoelectrogenic biofilms is 

limited to 100 µm. In the present study, biofilms were developed on electrodes with 

electrically nonconductive gaps from 50 µm to 1 mm and the in situ conductance of 

biofilms was evaluated over time. Results demonstrated that the exoelectrogenic mixed-

species biofilms in the present study possess the ability to transfer electrons through 

electrical currents over a distance of up to 1mm, 10 times further than previously 

observed. Results indicate the possibility of interspecies interactions playing an important 

role in the spatial development of exoelectrogenic biofilms, suggesting that these 

biological networks might remain conductive even at longer distance. These findings 

have significant implications in regards to future optimization of microbial 

electrochemical systems.  

Keywords: Microbial Fuel Cell, Biofilm, Conductivity, Exoelectrogenic bacteria, 

Extracellular Electron Transfer  
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3.1 Introduction 

The average bacterium is only ~ 2 µm in length yet electron transfer over 

distances that are on the order of 103 to 106 fold greater are essential to the metabolism of 

several microorganisms (Lovley, 2011a; Lovley, 2011b; Reguera, 2012; Reguera, 2011). 

The efficiency with which electron transfer can be accomplished is not only critical to 

energy conservation within collections of cells but also vital to the performance of 

several microbial electrochemical systems (MESs) (Lovley, 2011a; Malkin et al., 2014). 

Recently, the prevalence of electron transfer over extended distances via electrical 

currents has been recognized in several natural and engineered environments (Lovley, 

2012; Malvankar & Lovley, 2014; Reguera, 2012; Reguera, 2011). Electrical currents 

offer clear temporal and efficiency advantages over the diffusion of small molecules in 

regards to electron transfer particularly in diffusion limited environments like biofilms 

and anoxic sediments (Lovley, 2012; Lovley, 2011a; Lovley, 2011b). For this reason, it is 

not surprising that bacteria have evolved a diverse means of electrical conduction.  

Exoelectrogenic bacteria, capable of transferring electrons extracellularly, have been well 

studied due to their biotechnological relevance and are ubiquitous in anoxic sediments 

and other anaerobic environmental systems (Logan, 2009). The most prominent of these 

are Geobacter sulfurreducens and Shewanella oneidensis, used as model systems for 

electron transfer and recognized for their ability to conduct electrons through specialized 

appendages like microbial nanowires and c-type cytochromes (El-Naggar et al., 2010; 

Kato et al., 2012a; Kato et al., 2012b; Liu et al., 2015; Malvankar et al., 2012a; 

Malvankar et al., 2012c; Nakamura et al., 2010; Shrestha & Rotaru, 2014). Although no 
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consensus has been reached on the mechanism of electron transfer along nanowires nor 

the function served by the semi-conductive minerals they are central to the construction 

of conductive biofilm networks (Kato et al., 2012a; Kato et al., 2012b; Malvankar et al., 

2012a; Malvankar et al., 2011; Snider et al., 2012; Strycharz-Glaven et al., 2011). 

Another example of electron transfer through electrical currents has also been 

recognized in filamentous bacteria belonging to the family Desulfobulbaceae. In these 

bacteria electrons are transferred through cable-like filaments in which a charged internal 

environment is enclosed in an insulative outer membrane (Malkin et al., 2014; Nielsen & 

Risgaard-Petersen, 2015; Pfeffer et al., 2012; Risgaard-Petersen et al., 2015). The 

presence of these filaments putatively connects sulphide oxidation in the anoxic layer to 

oxygen reduction in the oxic layer separated by 1.4 – 1.8 cm, over 100 fold further than 

observations of biofilm mediated electrical currents. These hypotheses were established 

on the observations of changed rates of oxygen consumption in sediment layers rather 

than direct measurement of electrical current and conductivity (Malkin et al., 2014; 

Malvankar et al., 2014a; Pfeffer et al., 2012).  

Electrical conductivity has been recognized as an important property in both 

single and mixed-species exoelectrogenic biofilms (Li et al., 2016b; Malvankar et al., 

2012a; Malvankar et al., 2011). Electron transfer mediated by biofilm conductivity on a 

centimeter scale has been proposed as a means of efficient long range transfer in natural 

and engineered environments, but has yet to be demonstrated. Single-species biofilms of 

G. sulfurreducens were the conduit for the longest biofilm mediated electron transfer 

distance previously observed, but the 100 µm distance reported is significantly less than 
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hypothesized in many environments (Malvankar et al., 2012c; Malvankar et al., 2011). 

However, interspecies interactions in mixed-species communities result in differential 

conductive behaviors and may lead to spatial distributions that promote extended electron 

transfer distances over those previously observed (Kouzuma et al., 2015; Li et al., 2016b).  

To evaluate the conduction distance of exoelectrogenic mixed-species biofilms 

the conductance of such biofilms over non-conductive gaps with various widths from 50 

µm to 1 mm was measured. Results demonstrate the ability of the conductive mixed-

species exoelectrogenic biofilms to transfer electrons via electrical currents on the 

millimeter scale, 10 fold greater than previously observed in any biofilms, with further 

expansion possible.  

 

3.2 Materials and Methods 

3.2.1 Electrode Preparation 

A split anode design was adapted from previous study to perform in situ 

measurement of biofilm conductivity (Malvankar et al., 2011). To construct split anode, a 

water resistant adhesive (Loctite, Düsseldorf, Germany) was applied to standard 

weighing paper (Schleicher & Schuell, Inc., Keene, NH, USA). Adhesive laden paper 

was then cut into a circle with area of 7 cm2, and an electrically conductive gold film with 

a thickness of 5 µm was applied onto the adhesive layer by a Cressington 108 Auto 

sputter coater (Cressington Scientific, Watford, UK). A ESI 5330 UV Laser machine 

(Electro Scientific Industries, Inc., Portland, OR, USA) was used to create nonconductive 

gap with various width (50, 150, 300, and 1000 µm) at the center of electrode. To ensure 
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electrical separation of the two halves of the split anode, resistance measurements across 

the gap were conducted using a source meter (Model 2405, Keithley, USA). The gap was 

considered electrically separated if Rgap > 1010 Ω.  

 

3.2.2 Microbial Fuel Cell (MFC) Design and Operation 

Single chamber air cathode MFCs with the gold-coated split-anodes were used to 

develop biofilms on the anode surface. The procedure to fabricate carbon cloth/activated 

carbon cathode was developed similar to a previous study (Janicek et al., 2015).  The 

projected surface areas of anode and cathode were 7 cm2 and the total MFC liquid 

volume was 12 mL. To evaluate the possible distance of biofilm mediated electron 

transfer, both halves or only one half of the split anode were connected to cathode (Figure 

3.1.). MFCs labeled ‘MFC’ contained anodes in which both halves of the split anode 

were connected to cathode by resistor, while for MFCs labeled ‘SA-MFC’ only one half 

of the split anode was connected to cathode. Replicates were used (n=3) to ensure the 

repeatability of experiments. Control reactors contained split electrode that neither of the 

two halves was connected to cathode. Sufficient replicates were used (n=3) to ensure the 

repeatability of experiments. 
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Figure 3.1. Schematics of MFC with both halves of the split anode connected by resistor 

to cathode.  

 

Lab-maintained active MFC cultures enriched from active sludge of Corvallis 

Wastewater Treatment Plant (Corvallis, OR) were used as inoculum. This community has 

been demonstrated to maintain a relative consistent community composition over 

extended periods of operation and across reactor designs when fed with acetate (Lesnik & 

Liu, 2014). Modified Geobacter medium (MGM) (pH 7) containing (per liter of solution) 

KCl, 0.13 g; NH4Cl, 0.31 g; NaH2PO4·H2O, 5.84 g; Na2HPO4·7H2O, 15.5g; vitamin, 12.5 
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mL; and mineral 12.5 mL solution was used in all experiments. During the startup of 

MFCs, 30 mM of acetate with MGM buffer was used to avoid the substrate inhibition. 

When the current production became stable, the concentration of acetate was raised to 60 

mM and maintained till the rest of the study. All cells were operated in fed-batch mode 

with external resistance decreased from 10,000 to 500 Ω. When voltages were under 5% 

of batch maximum, the media was removed and replaced with new media, to maintain 

optimal cell voltages around 0.3 V.  

 

3.2.3 Two-Electrode Conductivity Measurement  

To evaluate in situ biofilm conductance, MFC anode was temporarily 

disconnected from cathode and was allowed to reach open circuit potential (460 - 470 

mV vs. Ag/AgCl). A voltage low enough to avoid the electrolysis of water or a self-

heating effect was applied between two halves of a split anode (0 – 0.075 V) in steps of 

0.025 V by using a source meter (Model 2405, Keithley, USA). For each voltage step, 

transient ionic current related to counter-ion diffusion was allowed to decline for 

approximately 20 minutes until steady state was reached. Current of each voltage step 

was recorded every 30 seconds over a 3 minutes period. A slope was generated by 

plotting average currents against applied voltages and was also used in the calculation of 

biofilm conductance to avoid the inclusion of the current of acetate oxidation. 

Measurement of conductance was performed similarly in control reactors in which 

biofilm growth was not supported.  
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3.2.4 Confocal Laser Scanning Microscopy (CLSM)  

Biofilm growth on the split electrode was examined by confocal laser scanning 

microscope (CLSM). When the measured conductance and maximum power of MFCs 

plateaued for 4 weeks, biofilms were considered to be mature. Electrodes from all 

reactors were then carefully taken out. A small piece of the electrodes was then gently cut 

and stained with LIVE/DEAD BacLight Bacterial Viaibility Kit (Molecular Probes, 

Eugene, OR, USA) following the instructions of manufacturer. Stained specimens were 

then examined with the Zeiss LSM 510 Meta confocal microscope with a 10X objective 

lens (Carl Zeiss AG, Oberkochen, Germany). ImageJ (1.49d) was used to process images.  

 

3.2.5 Statistical Analysis 

Correlation coefficient r was generated by using analysis package in Microsoft 

Excel and a correlation coefficient greater than 0.8 (n>10) was considered as positively 

correlated, P < 0.05 was considered to be statistically significant.  
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Figure 3.2.  Measured conductance and power of MFCs over time: (A) from reactors with 

300 µm non-conductive gap and (B) from reactors with 1000 µm non-conductive gap. 

Inserts: measured conductance and power of SA-MFCs over time. Red and green dash 

line represent the measured conductance of MFCs and control reactors, and blue solid 

line represents the power. Error bars indicate the standard error of individual 

measurements of several MFCs (n=3).  

 

3.3 Results and Discussion 

Following inoculation of the MFC reactors, measured conductance continually 

increased over time indicating growth of conductive biofilms across the gaps (Figure 

3.2.). Conductance values of all gap width increased on the order of 100 to 300 fold from 
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the initial average conductance value of 0.005 mS to 0.53 mS. No increase in 

conductance was observed in controls without connection between anode and cathode. 

Starting from 150 µm, observed electron transfer distances that can be mediated by 

biofilms in present study are greater than previous reported for any exoelectrogenic 

biofilm (Malvankar et al., 2012c; Malvankar et al., 2011). When one side of the split 

anode was left unconnected during biofilm development in single-anode MFCs (SA-

MFCs) (Table 3.1.), similar results were yield. Increases in conductance proceeded 

slower in SA-MFCs compared to MFCs, likely due to a single point of origin for 

exoelectrogenic growth (inserts of Figure 3.2.). Average biofilm conductance decreased 

as gap width increased (Figure 3.3.). This may be a result of lower overall concentrations 

of redox active sites across longer gaps, suggestive of redox concentration gradient 

driven electron transfer mechanism previously observed in G. sulfurreducens biofilms 

(Snider et al., 2012; Strycharz-Glaven et al., 2011). When the gap width increased, the 

ratio of exoeletrogenic to non-exoelectrogenic bacteria in gap area decreased possibly 

due to the increased hindrance of donating electron to active electrode, causing dilution to 

concentration of electroactive sites similar to previous observation in conductive polymer 

film (Ohsaka et al., 1987). Further support of this hypothesis is that conductance of SA-

MFCs was significantly lower than conductance of MFCs (P < 0.05).  
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Figure 3.3. Conductance of MFCs and SA-MFCs over gap width after day 70. Error bars 

indicate the standard error of individual measurements of several MFCs (n=3). 

 

 

TABLE 3.1. Average power and biofilm thickness in MFCs and SA-MFCs reactors.  

 MFCs SA-MFCs 
Gap Width (µm) 50 150 300 1000 50 150 300 1000 

Power (mW) 0.19±0.01 0.14±0.02 0.25±0.02 0.17±0.00 0.11±0.01 0.15±0.01 0.15±0.00 0.14±0.01 
Biofilm Thickness 

(µm) 
38.4±10.1 49.3±11.7 60.3±12.9 50.0±10.3 52.2±11.6 44.1±7.4 39.5±8.7 62.3±17.7 

* Error bars indicate the standard error of individual measurements of several MFCs 
(n=3). 
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Biofilm growth across the non-conductive gaps was further confirmed using 

CLSM (Figure 3.4.). Average biofilm thickness across the nonconductive gaps was 50.1 

± 3.5 µm. Some growth was observed on electrode of control reactors that were 

inoculated but without a closed circuit. However, biofilm growth of these reactors was 

too sparse for thickness to be measured. While results of previous studies using pure 

cultures of G. sulfurreducens indicate that exoelectrogenic singles species biofilms were 

unable to extend more than 100 µm from active electrodes (Malvankar et al., 2012c; 

Malvankar et al., 2011), exoelectrogenic mixed-species biofilms of present study were 

able to extend 1 mm. In mixed-species environments, coadhesion or coaggregation could 

be initialized by various species and further expansion of the conductive matrix on the 

order of centimeters may even be possible (Ruhl et al., 2014). 

 

Figure 3.4. Top down CLSM images of anodes: (A) from MFCs anode with 300 µm 

nonconductive gap, (B) from MFCs anode with 1000 µm nonconductive gap, (C) from 

SA-MFCs anode with 300 µm nonconductive gap, and (D) from SA-MFCs anode with 

1000 µm nonconductive gap. Arrows indicate the location of non-conductive gap. Frame 

size = 8.1 X 10-3 cm2.  
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Power generation was found to be positively correlated with conductance in both 

MFCs and SA-MFCs (r > 0.8) and statistically significant (P < 0.05). The correlation 

between conductivity and power is suggestive of an increase in biomass contact with an 

active electrode due to conductance enabling vertical stacking and longitudinal expansion. 

The establishment of conductivity in three dimensional space not only enables the 

transfer of electrons to the anode following oxidation of the substrate from superficial 

biomass distal from the anode surface, but also enables electron transfer from one half of 

the split anode to the other. 

Conductivity is undoubtedly an important property of exoelectrogenic biofilms in 

relation to energy conservation during electron transfer (Malvankar et al., 2012a; 

Malvankar et al., 2012c). However, the connection between power output and 

conductivity of biofilms in mixed-species settings remains unclear. Exoelectrogenic 

single species biofilms containing higher concentrations of redox proteins may possess 

higher measurable conductivity (Kato Marcus et al., 2007). In environments limited by 

substrate diffusion and utilization, interspecies interactions that allow for increased 

biomass access to a limited respirable surface area and enhanced product removal by 

complimentary species may lead to the observed increases in performance in regards to 

power output. 

The results of the present study provide evidence for biofilm mediated electron 

transfer on the millimeter scale, 10 times greater than previously observed. In natural 

environments conductive biofilms are likely an essential means of facilitating long 

distance electron transfer that is the foundation of many biogeochemical processes (Kato 
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et al., 2012a; Kato et al., 2012b; Reguera, 2012). In engineered environments of MESs, 

interspecies interactions in exoelectrogenic mixed-species biofilms may lead to the 

extension of the electroactive biomass compared to pure cultures, thereby allowing 

microbial communities to take advantage of limited electrode surface area. Such 

extension is beneficial in regards to optimizing the ratio of active biomass to electrode 

surface area and should be considered in future electrode designs. Further deciphering the 

conductive behavior of exoelectrogenic bacteria may lead to increased understanding of 

global carbon cycling in natural environments as well as opening up new applications of 

bioelectronics, therefore warranting additional research.  
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Abstract: Extracellular electron transfer between syntrophic partners needs to be 

efficiently maintained in methanogenic environments. Direct extracellular electron 

transfer as the form the electrical current is an alternative to indirect hydrogen transfer 

and requires construction of conductive extracellular structure. However, the conductive 

mechanism and the relationship between conductivity and the community composition in 

mixed-species methanogenic biofilms are not well understood. The present study 

investigated conductive behaviors of methanogenic biofilms and examined the 

correlation between biofilm conductivity and community composition between different 

anaerobic biofilms enriched from the same inoculum. Highest conductivity observed in 

methanogenic biofilms was 71.8 ± 4.0 µS/cm, twice more conductive than preious 

reported number. Peak-manner response of conductivity upon changes over a range of 

electrochemical potentials suggests that electron transfer in methanogenic biofilms occurs 

through redox driven super-exchange. The strong correlation observed between biofilm 

conductivity and Geobacter spp. in the metabolically diverse anaerobic communities 

suggests that the efficiency of DEET may provide pressure for microbial communities to 

select for species that can produce electrical conduits. Results indicate a means by which 

efficiency and start-up times may be improved in anaerobic microbial electrochemical 

technologies.  

Keywords: Mathenogenic biofilms, electrical conductivity, in situ conductivity 

measurements 
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4.1 Introduction 

Methanogenesis is a vital process in regards to biofuel production and the global 

carbon cycle. Extracellular electron transfer (EET) regulates much of methanogenesis 

and is of energetic importance in many microbial communities (Kouzuma et al., 2015; 

Thauer et al., 2008). Recently, direct transfer models of the EET process have emerged in 

contrast to the more established indirect EET models involving transfer of small redox 

intermediates. The existence of an alternative direct extracellular electron transfer (DEET) 

may enable transfer of electrons as electrical current at high efficiency (Liu et al., 2012; 

Malvankar & Lovley, 2014; Rotaru et al., 2014a; Rotaru et al., 2014b).  

In order to transfer electrons directly in the form of electrical current, microbes 

need to establish electrical connections with extracellular electron acceptors. This 

physical adaption can often be evident from construction of conductive extracellular 

structures, as has been observed in single species Geobacter biofilms (Malvankar et al., 

2011). The conductive mechanism of single species Geobacter biofilms is currently not 

well understood. Some evidences suggest that the conductivity can be attributed to 

proteinaceous filament (pili) possessing “metallic-like” conductivity that can be 

attributed to overlapping p-p orbital of aromatic amino acids residues (Malvankar et al., 

2012b; Malvankar et al., 2011). Other studies have indicated that electron transfer within 

conductive biofilms occurs through redox driven electron self-exchange within a network 

of localized redox cofactors like outer membrane cytochromes (OMCs) (Li et al., 2016b; 

Snider et al., 2012; Strycharz-Glaven et al., 2011; Strycharz-Glaven & Tender, 2012).  
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Electrical conductivity is also a recognized property of many methanogenic granules 

(Morita et al., 2011; Shrestha et al., 2014). Ex situ investigation of granule conductivity 

upon changes of temperature suggests the existence of “metallic-like” conductivity in 

these granules, though dehydration of granules and bias towards measured area might 

affect the appropriate elucidation (Phan et al., 2016). Direct In situ investigation of 

conductive mechanism in methanogenic granules and other types of methanogenic 

aggregates such as biofilm, that might potentially avoid those misinterpretations, has not 

previously been conducted before.  

Additionally, the relationship between the community composition and 

conductivity in anaerobic mixed-species aggregates (biofilms and granules) has not been 

elucidated. In both methanogenic and exoelectrogenic communities Geobacter spp. are 

often highly metabolically active, however, microbial aggregates originating from these 

communities often possess conductivities varying by orders of magnitude (Li et al., 

2016b; Malvankar et al., 2012a; Morita et al., 2011; Shrestha et al., 2014). For example, 

conductivity values of 250 and 680 µS/cm have been respectively reported in 

exoelectrogenic anodic biofilms containing 52% and 16 % Geobacter spp., while 

electrical conductivity of methanogenic aggregates has been observed in the range of 0.8 

to 36.7 µS/cm (2 - 29% Geobacter spp.) (Li et al., 2016b; Malvankar et al., 2012a; 

Morita et al., 2011; Shrestha et al., 2014). Previous studies have suggested that the 

difference of conductivities may be due to longer electron transfer distance to acceptors 

(electrodes) in exoelectrogenic biofilms. However, recent research focusing DEET in 

methanotrophic granules indicates that distance of DEET in granules composed by 
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archaea and bacterial species is longer than previous recognition and should not be not 

limited to cells that are in adjacent to each other (McGlynn et al., 2015), and thus 

opposing the previous assumption. As the future enhancement of methane-related 

bioenergy strategies such as anaerobic digester and methane microbial electrolysis cells 

(MECs) could depend on the elucidation and optimization of methanogenesis via DEET 

(Malvankar & Lovley, 2014; Rotaru et al., 2014a; Ruhl et al., 2014; Shrestha et al., 2014), 

conductive mechanism and relationship between conductivity and community 

membership in methanogenic biofilms needs to be further investigated.   

In the present study, methanogenic biofilms, another form of methanogenic 

aggregates that possess similar metabolic activities to granules, were examined in in situ 

conditions using a gold-coated split-anode design adapted from previous studies (Li et al., 

2016b; Malvankar et al., 2011). Exoelectrogenic and fermentative biofilms enriched from 

the same inoculum were used for comparison. The exoelectrogenic capabilities of mature 

methanogenic communities were also examined. All communities were sequenced and 

analyzed in order to determine the relationship between conductivity and community 

structure. Results provide evidence for a redox driven conductivity mechanism in 

methanogenic biofilms and suggest important roles in regards to methanogenic 

community conductivity for exoelectrogens such as Geobacter spp.  
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4.2 Materials and Methods 

4.2.1 Preparation of Split Electrodes 

A split-electrode design modified from a previous study (Malvankar et al., 2011) 

was used for anaerobic biofilm development and in situ measurement of biofilm 

conductivity (Figure 4.S1.). A water resistant adhesive (Loctite, Düsseldorf, Germany) 

was pasted to standard weighing paper (Schleicher & Schuell, Inc., Keene, NH, USA) to 

provide rigidity. Adhesive laden paper was then cut into circle with area of 7 cm2, and an 

electrically conductive gold film (approx. 5 µm) was applied to the adhesive layer by an 

Cressington 108 Auto sputter coater (Cressington Scientific, Watford, UK). The gold 

coated surface was then cut down at the center by an ESI 5330 UV Laser machine 

(Electro Scientific Industries, Inc., Portland, OR, USA) to create a 50 µm non-conductive 

gap. Resistance measurements confirmed that two pieces of electrodes were electrically 

well separated.  

 

4.2.2 Biofilm Development  

Anaerobic sludge collected from the Corvallis Wastewater Treatment Plant 

(Corvallis, OR) was used as inoculum for developing anaerobic biofilms. Methanogenic 

and fermentative biofilms were developed in continuous-flow reactors (12 ml liquid 

volume) modified from single chamber MFCs by enclosing the cathode opening to 

provide anaerobic condition. The methanogenic reactors were fed with a modified 

medium solution amended with 50 mM phosphate buffer (Morita et al., 2011) with 

sodium acetate trihydrate (1.8 g/L), sodium propionate (0.72 g/L), and ethanol (1.96 g/L) 



 
 
 
 

 

 

69 

as the carbon source with pH maintained around 7.0. The fermentative reactors were fed 

with the same medium containing except with glucose as carbon source (9 g/L)  and the 

pH was maintained around 5 to inhibit methane production. The flow rates for 

methanogenic and fermentative reactors were 0.1 mL/min and 2.8 mL/min, respectively. 

The exoelectrognenic biofilms were developed in single-chamber air-cathode MFCs as 

reported previously (Li et al., 2016a; Li et al., 2016b). The MFCs were operated in fed-

batch mode using the same medium solution for methanogenic reactors with external 

resistance gradually decreased from 10,000 to 500 Ω in between batches in order to 

maintain the maximum cell voltages around 0.3 V. When voltages were under 5% of 

batch maximum, medium was replaced with fresh medium. When the conductance 

measurement of methanogenic biofilms was plateau, electrodes containing methanogenic 

biofilms were placed into single-chamber air-cathode MFCs to serve as anodes. 

Methanogenic biofilms MFCs were operated in the same manner as described above. All 

experiments were conducted in triplicate at 37.0 	.  

 

4.2.3 Confocal Laser Scanning Microscopy (CLSM) 

After maturation of biofilms (120 days for both methanogenic and 

exoelectrogenic biofilms, 20 days for fermentative biofilms), reactors were opened and 

small pieces of biofilm-containing electrodes (approximately 15 to 30 % of the total 

surface area) were carefully cut. Specimens containing biofilms were first stained with 

LIVE/DEAD BacLight Bacterial Viaibility Kit (Molecular Probes, Eugene, OR, USA) 
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following the instructions of manufacturer. The stained biofilms were then examined with 

the Zeiss LSM 780 NLO confocal microscope with a 10X objective lens (Carl Zeiss AG, 

Oberkochen, Germany), and a minimum of three fields were imaged. Images were further 

processed and analyzed by software ImageJ (ver. 1.49d) to estimate the thickness of 

biofilm. A minimum of ten random CLSM stacks along the y axis were used to determine 

the average thickness of biofilm. The thickness of fermentative biofilm in the gap area 

was estimated by using fractional caliper due to the excess thickness of biofilms 

compared to methanogenic and exoelectrogenic biofilms.  

 

4.2.4 Conductivity Measurement (Two-Electrode Method) 

To measure the in situ conductivity of biofilms, two electrode method was used as 

described previously (Li et al., 2016b). A voltage ramp (0 – 0.075 V) that is low enough 

to avoid the electrolysis of water or a self-heating effect was applied between two sides 

of a gapped electrode in steps of 0.025 V by using a source meter (Model 2401, Keithley, 

USA). For each voltage step, transient ionic current related to the charge transport was 

allowed to decay until a steady state was reached. Current was then measured every 30 

seconds over a 3-minute period. For measuring the conductivity of exoelectrogenic 

biofilms, MFC anodes were temporarily disconnected from the cathode and allowed open 

circuit potential (OCP) to be reached. Resistances were calculated by plotting average 

currents of each step and applied voltages to calculate the current-voltage linear curve. 

Biofilm conductivity (σ) was calculated incorporating biofilms thickness measurements 

using the following equation where R is the measured resistance, D is diameter of the 
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electrode, g is the biofilm thickness, and a is the half of the width of the non-conductive 

gap (Kankare & Kupila, 1992):  

σ =
$
%&

ln	(8,$-)
 

 

4.2.5 Electrochemical Gating Analysis  

Electrochemical gating analysis was performed to measure the biofilm 

conductivity as a function of poised potential. A conventional three-electrode 

configuration was used with the anode as working electrode, a platinum plate (6.45 cm2) 

as the counter electrode, and an Ag/AgCl (3 M NaCl) electrode as the reference electrode. 

A potentiostat (References 100, Gamry Instruments Inc., Warminster, PA) was used to 

set a range of potential (-600 to 600 mV) on one half of the split electrode with respect to 

the reference electrode. A source meter (Model 2405, Keithley, USA) was used to apply 

voltages (0, 25, 50, and 75 mV) between two halves of the split electrode (source and 

drain) to measure conductance as described in previous study (Li et al., 2016b). For 

current measurement at each potential, transient current related to the macrodiffusion of 

counterions was allowed to decay until the steady state was reach. Experiments of 

electrochemical gating analysis were conducted in duplicate. 
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4.2.6 DNA Extraction 

Samples of methanogenic, exoelectrogenic, and fermentative biofilms were 

collected prior to examination of CLSM (120 days for both methanogenic and 

exoelectrogenic biofilms, 20 days for fermentative biofilms) for DNA extraction. And the 

converted methanogenic biofilms were harvest after 40 days of serving as anodic biofilms 

in MFCs. DNA extraction was performed using the MoBio PowerBiofilm DNA Isolation 

Kit (Carlsbad, CA) following the protocol suggested by the manufacture. The quality of 

the DNA extraction was checked on an agarose gel and further verified through use of 

spectrophotometer (NanoDrop, Wilmington, DE, USA). 

 

4.2.7 Metagenomic Sequencing  

DNA from each community was amplified using gene-specific primer pairs 

targeting the 16S V3 and V4 region (Klindworth et al., 2012).  Illumina adapter 

sequences were added before the gene-specific sequences for full length primer 

sequences of 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 

(forward primer, 5’ to 3’) and 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAA

TCC (reverse primer, 5’ to 3’). Twenty-five microliter PCR reaction volumes were used 

for amplication consisting of 2.5 µl genomic DNA, 5 µl forward primer (1 µM), 5 µl 

reverse primer (1 µM), and 12.5 µl of the KAPA HiFi HotStart Ready Mix (Kapa 

Biosystems, Wilmington, Massachusetts, USA). For the amplication PCR, an initial 3-
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min step at 95 °C was followed by 25 cycles of 95 °C (30 s), 55 °C (30 s), and 72 °C (30 

s) with a final 5 min extension at 72 °C. PCR products were checked using an Agilent 

Bioanalyzer 2100 (Santa Clara, California) and purified using Agencourt AMPure XP 

beads (Brea, California). Another PCR reaction using the same polymerase was then 

performed using Nextera XT index primers (Illumina, San Diego, CA) following 

provided protocol. Indexed PCR products were cleaned up and validated using the same 

method as the previous round. Libraries were then quantified using Qubit fluorometer 

quantification (Thermo Fisher Scientific, Waltham, MA), normalized, and pooled. The 

Illumina MiSeq was used for sequencing with MiSeq v.3 reagents for a paired end 2x300 

bp run.  

 

4.2.8 Sequence and Data Analysis 

Initial quality filtering and demultiplexing was performed by Illumina MiSeq 

Reporter. Further sequence processing was performed using QIIME (Caporaso et al., 

2010). The UClust algorithm was used for OTU assignment using the GreenGenes 

database (Edgar, 2010). The relative abundance of sequences was represented as a 

percentage of total sequences in each metagenome. Principle component analysis using 

UniFrac metrics was performed using QIIME (Hamady et al., 2010). Distance matrices 

were also calculated for Geobacter spp. percentage and conductivity (mS). The Pearson 

statistic calculated using the Mantel test was used to compare community structure (per 

determined principle components), conductivity, and relative abundance of Geobacter 

spp. Results are defined to be significant at p < 0.05 and marginally significant at 0.05 < 
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p < 0.1. All metagenomes were submitted to the GenBank Sequence Read Archives 

(www.ncbi.nlm.nih.gov/Traces/sra/) and assigned the accession number SRP.  

 

4.3 Results and Discussion  

4.3.1 Structure and Community Composition of Methanogenic Biofilms 

Following the inoculation of a known methanogenic sludge community, biofilms 

began to form over the 50 µm non-conductive gaps of the split electrodes in all reactors. 

Mature methanogenic biofilms following 120 days of growth possessed an average 

thickness of 26.0 ± 2.0 µm (n=3) (Figure 4.1.A.). Sparse spherical granule-like structures 

(0.2 to 1 mm in width) were observed in methanogenic biofilms (Figure 4.1.B.) and were 

not observed in reactors with either exoelectrogenic or fermentative communities.  

Substantial methane production was detected 7 days following the inoculation of the 

sludge under conditions supporting methanogenic growth, but not detected throughout 

the experiment in control (fermentative and exoelectrogenic) reactors. This result 

indicates the formation of an active methanogenic community. The primary constituents 

of the methanogenic community were members of the Nocardiaceae (23.0%), 

Porphyromonadaceae (7.90%), and Camplyobacterceae (7.5%) families which are 

typically associated with sewage sludge but do not appear to play central roles in regards 

to methanogenesis. The only prominent methanogenic archaea family was 

Methanobacteriaceae which composed 2.20% of the community (Figure 4.S2.). The 

archaeal sequences recovered in methanogenic biofilms was respectively 6 and 45 times 
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higher compared to exoelectrogenic and fermentative biofilms, indicating the substantial 

activity of methanogenic archaea in methanogenic biofilms. 

 

 

Figure 4.1. (A.) Top down Confocal laser scanning microscopy images of i) methane-

producing biofilms, ii) current-producing biofilms, iii) fermentative biofilms. Frame size 

= 7.22 X 10-3 cm2. (B.) Digital camera images of i) methane-producing biofilms, ii) 

current-producing biofilms, iii) fermentative biofilms. 

 

4.3.2 Conductivity and Conductive Mechanism of Methanogenic Biofilms 

Conductance of the methanogenic biofilm increased gradually over time with 

final conductance reaching a plateau after 113 days (Figure 4.2.). Increases in 

conductance were 80 fold that of the initial average conductance values, from 0.2 to 15.9 

µS. Conductivity was able to be determined following biofilm thickness measurements 
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and an average conductivity of 33.7 ± 16.9 µS/cm (n = 3) was obtained in the 

methanogenic biofilms (Figure 4.3.), comparable to conductivities of methanogenic 

granules (0.8 to 36.7 µS/cm) in anaerobic digester treating brewery wastewater (Shrestha 

et al., 2014). 

 

 

 

Figure 4.2. Measured conductance over time. (A.) methane-producing biofilms, (B.) 

current-producing biofilms, (C.) fermentative biofilms. Measurements for fermentative 

biofilms were stopped after day 20 due to excess growth of biomass. Error bars represent 

standard error obtained with 3 replicates. 
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Figure 4.3. Conductivity of methanogenic biofilms, exoelectrogenic biofilms, and 

fermentative biofilms. Error bars represent standard error obtained with 3 replicates. 

 

Conductivity of methanogenic biofilms was measured as a function of biofilm 

potential in order to elucidate conductive mechanisms (Figure 4.4.). The biofilm 

conductivity displayed a peak-manner response with the highest conductivity (71.8 ± 4.0 

µS/cm) observed at gate voltage (Vg) of -175 mV (vs. Ag/AgCl). Two smaller secondary 

peaks were observed at Vg of -50 and 100 mV with conductivities 52.1 ± 1.8 and 43.6 ± 

7.4 µS/cm, respectively. All of three peak conductivity number were higher than any 

other reported number of methanogenic granule conductivity (Morita et al., 2011; 

Shrestha et al., 2014). Conductance at Vg more negative than -450 mV or more positive 

than 200 mV were limited ranging from 5.0 to 18.0 µS/cm. Control experiments using 
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split electrode that had no biofilm growth did not exhibit any recognizable pattern 

conductance, indicating that the observed response in conductance was biofilm related.  

The potentiodynamic peak-manner response observed in the present study, a 

characteristic of redox driven conductivity, has never been reported in aggregates 

associated with methanogenic communities. When the hydration state of biofilms allows 

sufficient mobility of counterions, application of a small voltage bias between contacting 

electrodes will result in electrolysis of redox cofactors near electrode surface till the 

concentration gradient of reduce/oxidized redox cofactors achieves steady state (Dalton et 

al., 1990; Strycharz-Glaven et al., 2011). This gradient also provide the driving force for 

electron transport as occurs in redox conducting polymer such as viologen, in which 

electrons diffuse from areas of high to low concentration (Dalton et al., 1990; Snider et 

al., 2012). The conductive peak represents the potential at which the ratio of reduced and 

oxidized redox cofactors within the matrix are equal (Dalton et al., 1990).  
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Figure 4.4. Conductivity of mixed-species methanogenic biofilms estimated by 

electrochemical gating analysis. Error bars represent standard deviation (n = 2).  

 

The finding of a redox driven conductivity in methanogenic biofilms is consistent 

with previous researches presenting an superexchange model of electron transfer in single 

species biofilms of G. sulfurreducens and mixed-species exoelectrogenic biofilms 

containing Geobacter spp. (Li et al., 2016b; Phan et al., 2016; Snider et al., 2012; 

Strycharz-Glaven et al., 2011; Strycharz-Glaven & Tender, 2012; Yates et al., 2015), but 

differs from a “metallic-like” conductivity previously proposed for methanogenic 

granules (Morita et al., 2011). The different understandings of the nature of conductivity 

could be due to the different approaches used for elucidating the conductive mechanism. 

In the previous study featuring methanogenic granules, the response of conductivity upon 

changes of temperature was obtained under ex situ condition in which water content 
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within the granules and in the ambient environments was not specifically controlled 

(Morita et al., 2011; Phan et al., 2016). Water content, however, is an important 

parameter affecting the mobility of counterion within network of reduced/oxidized redox 

cofactors. This mobility is essential in the maintaining of electroneutrality during the 

super-exchange of electrons and if not maintained at physiologically relevant conditions 

it may affect result interpretations (Dalton et al., 1990; Phan et al., 2016). In the presence 

study, in situ measurements were directly conducted avoiding dehydration of the 

methanogenic biofilms.  

 

4.3.3 Exoelectrogenic Capability of Methanogenic Biofilms 

Split gold electrodes containing methanogenic biofilms were put into MFCs to 

serve as the anodes in order to further investigate electron exchange capabilities within 

the methanogenic biofilms. Immediately upon switching growth modes the methanogenic 

biofilms were able to spontaneously produce significant levels of electrical current 

(Figure 4.5.). Increases in electrical current outputs to stable levels were significantly 

faster in methanogenic anode biofilms compared to MFC anode communities that were 

enriched directly from anaerobic sludge. It took 48 hours for the MFCs with 

methanogenic biofilms to reach a power density of 0.5 A/m2, while it took about 19 days 

for the MFCs with sludge as inoculum to reach similar power densities. This is likely due 

to the enrichment of exoelectrogenic biomass from the sludge during methanogenic 

growth. Likewise, previous studies have identified Geobacter spp. as one of the 

predominant and most metabolically active microbes in methanogenic granules and 
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suggests that some members of Methanosaeta spp. and Methanosarcina spp. can directly 

accept extracellular electrons from Geobacter metallireducens (Rotaru et al., 2014a; 

Rotaru et al., 2014b; Shrestha et al., 2014).  

 

 

Figure 4.5. Current densities of MFCs starting with methanogenic biofilms and sludge.  

 

Further increases in methanogenic biofilm conductivity were observed following 

the switch to exoelectrogenic growth. After 15 days of exoelectrogenic growth, the 

converted biofilm conductivity was 307.4 ± 72.6 µS/cm, almost 2.5 times higher than the 

final biofilm conductivity in exoelectrogenic biofilms directly enriched from sludge. This 

is likely the result of increases in the abundance of Geobacter spp. when a more 

favourable electron acceptor (MFC anode) was introduced into the system. This results 
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suggests that substantial percentage of exoelectrogens can be maintained in cultures 

outside of bioelectrochemical reactors like MFCs, thereby providing a means to achieve 

faster and more consistent start-up times and address one of the many challenges in the 

pratical application of MFCs (Liu et al., 2011). 

 

4.3.4 Correlation between Conductivity and Biofilm Community Composition 

 The conductive properties and microbial composition of the methanogenic 

biofilm community were compared with exoelectrogenic and fermentative biofilm 

communities enriched from the same sludge in order to correlate differences in 

conductive characteristics to community structure. Conductivity of the methanogenic 

biofilms (33.7 ± 16.9 µS/cm) was significantly greater than the thicker  (863 ± 75 µm) 

fermentative biofilms (0.5 ± 0.1 µS/cm), but significantly less than exoelectrogenic 

biofilms (125.0 ± 10.1 µS/cm) of similar biofilm thickness (32.7 ± 4.4 µm). Biofilms that 

were initially methanogenic then switched to exoelectrogenic growth mode had a 

conductivity of 307.4 ± 72.6 µS/cm (Figure 4.6.). The relatively high conductivity of 

methanogenic communities indicates that the energetic favourability of DEET likely 

provides a selective pressure biased towards microbial species capable of establishing 

conductive extracellular structures. 
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Figure 4.6. Correlation between biofilm conductivity and abundance of genus Geobacter. 

Error bars represent standard error obtained with 3 replicates. 

 

Between the phylogenetically distinct communities (Figure 4.7.), Geobacter spp. 

percentage was significantly positively correlated (r = 0.90) with conductivity of biofilms 

(P < 0.05). No correlation at any level between community composition and conductivity 

was found following control of Geobacter spp. abundance (SI data spreadsheet). This is 

similar to the moderate linear correlation (r = 0.67) previously observed between 

conductivity and Geobacter abundance in methanogenic granules. Geobacter spp., 

recognized as electron donating partners in syntrophic methanogenesis and a dominant, 

metabolically-active component of exoelectrogenic communities, accounted for 0.50% of 

the total reads in methanogenic biofilms while accounting for 0.93% in  exoelectrogenic 
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communities, 0.04% fermentative communities, and 11.13% of the total reads  in 

communities that were transitioned from methanogenic to exoelectrogenic growth modes. 

The strong correlation between Geobacter spp. and conductivity reinforces the notion 

that Geobacter spp. are the major constructer of conductive extracellular structures that 

enables conductivity in mixed-species biofilms. While evidence for the existence of 

“metallic-like” conductivity in pili filaments produced by Geobacter spp. seems to be 

overwhelming, results of the present study may indicate that redox conduction may still 

be the rate limiting step in anaerobic biofilms containing Geobacter spp. This suggests a 

shared model by which a network of supramolecular cytochrome arrangements 

interconnected by semiconducting pili fibers provide equipotential conditions within 

physical distant points of localized redox cofactors (Ordòñez et al., 2016). The presence 

of other microbial species may provide advantageous features for biofilms such as 

allowing biofilms to build and maintain conductivity over an extended distances (Li et al., 

2016a). Additionally, many of these microbial species can produce localized redox 

cofactors other than cytochromes such as Fe-S proteins (Yates et al., 2016a), which may 

further decorate the semi-redox conductive relay network to suit the needs of these 

communities.  
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Figure 4.7. Principle components analysis of microbial community composition including 

sludge inoculum (Sludge), methanogenic community (Methano.), exoelectrogenic 

community (Exoelectro.), fermentative community (Fermentative), and methanogenic-

enriched exoelectrogenic community (Methano.-Exoelectro.). 

 

 

4.4 Implications   

In the present study, results feature a conductivity of methanogenic biofilms twice 

higher than previous recorded conductivity of methanogenic granules and demonstrate 

that electron transfer within methanogenic aggregates may occur through redox driven 

electron conduction for the first time. The abundance of Geobacter spp. was found to 
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positively correlate with the conductivity of metabolically diverse microbial aggregates. 

Additionally, supplementing conductive nanoparticles of magnetite, analogizing outer 

membrane cytochromes, may enhance methanogenesis through conferring the needs of 

electrical connection of DEET and can stimulate the growth of Geobacter spp. (Kato et 

al., 2012a; Kato et al., 2012b). Given the ubiquity of these conductive nanoparticles in 

natural methanogenic environments such as sediments and soils, these results suggest that 

methanogenic communities in such environments may have acquired the ability to 

effective utilize the superexchange to transfer electron extracellularly. These findings 

expand the understanding of extracellular electron transfer within anaerobic communities 

and the construction of conductive extracellular structure. Results from the present study 

suggest a new possibility of optimizing the extracellular electron transfer process through 

connection to the microbial community structure. Further investigation into this 

phenomenon is important for future exploration of bioenergy production as well as 

enhancing current understanding of many biogeochemical processes in anaerobic 

environments. 
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Figure 4.S1. Schematic setup of electrode and continuous flow reactors for in situ 

conductivity measurement. (A.) Gold-coated electrode with 50 µm nonconductive gap. 

(B.) continuous flow reactors modified from single chamber Microbial fuel cell.  
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Figure 4.S2. Community composition of methanogenic biofilms.   
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Abstract: A possible approach to enhance the performance of microbial fuel cells (MFCs) 

is to increase the conductivity of anodic biofilms and thereby the extracellular electron 

transfer. In the present study, we evaluated the impact of static low intensity magnetic 

field on current production and conductive behaviors of anodic biofilms. Results 

demonstrated that the application of a magnetic field can shorten the startup time of 

MFCs and enhance the power and current output by 140-300%, reaching 4.5 W/m2 and 

20 A/m2, respectively. The maximum conductance of the anodic biofilms in the presence 

of magnetic field was 150% higher than that in the control MFCs, in accordance with the 

increase in current density. The positive response of biofilm conductance to magnetic 

field, which is similar to the negative magnetoresistance of some polymer films, has 

never been observed in biofilms and also confirmed the redox conduction mechanism of 

the exoelectrogenic biofilms. 

Keywords: Extracellular Electron Transfer, Conductive Biofilms, Magnetic Field, 

Magnetoresistance, Microbial Fuel Cells   
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5.1 Introduction 

Microbial fuel cells (MFC) technology uses exoelectrogenic microorganisms on 

anode to convert the chemical energy stored in organic substance to electricity. It has the 

potential to be used for wastewater treatment, bioenergy production, and bioremediation 

(Logan, 2009). However, low power/current output has prevented this technology from 

practical applications (Logan, 2009; Malvankar et al., 2012c). Many previous studies 

have attempted to enhance the power/current production of MFCs through developing 

novel electrode materials and improving reactor designs (Fan et al., 2012; Fan et al., 

2011). An alternative is to enhance the unique ability of anodic exoelectrogenic microbial 

communities in directly transferring extracellular electrons to electrode (Leang et al., 

2013). 

Critical to direct extracellular electron transfer (DEET) to electrode is the 

establishment of electrical connections facilitated through conductivity of anodic 

exoelectrogenic biofilms (Lovley, 2011a; Lovley, 2011b). The detailed conduction 

mechanisms of anodic exoelectrogenic biofilms are still under investigation and diverged 

into two distinct theories, the model of redox conductivity (Phan et al., 2016; Yates et al., 

2015; Yates et al., 2016b) and the model of metallic-like conductivity (Malvankar et al., 

2016; Malvankar et al., 2012b; Malvankar et al., 2015; Malvankar et al., 2011). Despite 

the controversy of conduction mechanisms, conductivity of anodic exoelectrogenic 

biofilms supports the long distance electron transfer beyond the molecular scale and 

conserves energy during electron transfer, and therefore is critical to the ability of anodic 
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exoelectrogenic microbial communities in directly transferring extracellular electrons to 

electrode (Lovley, 2011a; Lovley, 2011b). Previous study demonstrated that the 

conductivity of anodic exoelectrogenic biofilms directly correlates with current density of 

MFCs (Lee et al., 2016; Malvankar et al., 2012c). Increasing the conductivity of anodic 

exoelectrogenic biofilms through manipulating of the pilus expression of Geobacter 

sulfurreducens (Leang et al., 2013) and reductively depositing iron conductive 

nanoparticles in Shewanella oneidensis biofilms (Jiang et al., 2014) has been suggested as 

effective approaches to increase the power/current production of MFCs using pure 

cultures. However, low-cost strategies with low environmental impact are preferred for 

practical applications of MFCs, especially those using mixed cultures. 

Recently, static low intensity magnetic field (SLIMF) had been applied to the 

anode side of MFCs and demonstrated enhancement on power/current output of MFCs 

(Li et al., 2011; Tao & Zhou, 2014; Yin et al., 2013; Zhao et al., 2016). It has been 

hypothesized that the observed enhancement of current production was a result of 

biological effects of SLIMF had on the anodic exoelectrogenic community including 

stimulating enzyme activity (Zhao et al., 2016) and enhancing oxidation stress (Yin et al., 

2013). While it is a well-known phenomenon that the resistivity of conductive materials 

can vary in the presence of magnetic field (Nalwa, 2001), the impact of SLIMF on the 

conductivity of mixed-species anodic biofilms has not been investigated.  

In the present study, we first investigated the magnitude and persistency of the 

impact of SLIMF on the power/current production of single chamber MFCs and then 
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examined the changes of conductive behaviors of the anodic biofilms in the presence of 

SLIMF. Our results have demonstrated that SLIMF can shorten the startup time and 

enhance the current production more than 300% in the typical current density range of 4-

20 A/m2. We also, for the first time, demonstrated that the conductance of anodic 

biofilms correlated with the intensity of applied magnetic field that resembles the 

negative magnetoresistance (NMR). Observed increase in anodic biofilm conductivity in 

the presence of SLIMF not only provided an explanation for the enhanced performance 

of MFCs, but also confirmed the redox conductive mechanism of the biofilms.  

 

5.2 Materials and Methods 

5.2.1 Microbial Fuel Cells Design and Operation 

Single chamber MFCs (total volume of 12 mL) were constructed according to the 

design of previous studies (Fan et al., 2007; Fan et al., 2008). Carbon cloth (Type B, 

fuelcellearth.com) with a projected surface area of 3 cm2 was used as the anode of the 

MFCs (labelled as CCA-MFC) to evaluate the effect of magnetic field on the 

performance of anodic biofilms. Gold foil sheet (projected surface area of 7 cm2, Alfa 

Aesar, Haverhill, MA, USA) was used as the anode of the MFCs (labelled as GA-MFC) 

to evaluate the effect of SLIMF on the conductivity of anodic biofilms. A nonconductive 

gap in the middle of the gold electrode was created according to our previous studies (Li 

et al., 2016a; Li et al., 2016b). Carbon cloth/activated carbon air cathode (projected 

surface area of 7 cm2) was fabricated following a previously developed protocol (Janicek 
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et al., 2015) and used in both the CCA-MFCs and GA-MFCs. Magnets (2.54 cm diameter, 

K&J Magnetics, Inc. Pipersville, PA, USA) were applied to the anode side of the MFCs 

(0.2 cm away from anode (Figure 5.1.A. & B.)) to create SLIMF with intensities of 105 

and 150 mT at the surface of anodes. The intensity of magnetic field was determined 

using a Gauss meter (7010, Sypris Solution, Inc. Louisville, KY, USA). Control CCA-

MFCs and GA-MFCs were constructed but were not subjected to the impact of SLIMF. 

Magnets were applied to the magnetic CCA-MFCs right after the inoculation of a mixed 

exoelectrogenic culture. After 100 days of operation, the magnets were removed from the 

magnetic CCA-MFCs to investigate the persistency of the SLIMF effects. The GA-MFCs 

were operated in two ways to evaluate the effects of SLIMF on the conductance of anodic 

biofilms at different growth stages: 1) applying magnets right after the inoculation, and 2) 

applying magnets after power production became stable and biofilms were mature.  
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Figure 5.1. Schematic of MFC setup: A. CCA-MFC and B. GA-MFC with 50 µm non-

conductive gap in the middle of anode.  
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A lab-maintained active MFC culture was used as inoculum for all the MFCs. The 

culture was originally enriched from active sludge collected from the Corvallis 

Wastewater Treatment Plant (Corvallis, OR). This anodic exoelectrogenic community 

has been demonstrated to produce one of the highest reported power densities (Fan et al., 

2007). Acetate (30 mM) was used as the electron donor during the startup of MFCs and 

the concentration increased to 60 mM after power outputs became stable. Modified 

Geobacter medium (MGM) (pH 7) was used in all experiments (Fan et al., 2012). The 

medium consists of the following ingredients (per liter): KCl, 0.13 g; NH4Cl, 0.31 g; 

NaH2PO4·H2O, 5.84 g; Na2HPO4·7H2O, 15.5g; vitamin, 12.5 mL; and mineral 12.5 mL 

solution as previously reported. MFCs were operated in fed-batch mode with external 

resistance decreased from 10,000 to 75 Ω for CCA-MFCs and from 10,000 to 500 Ω for 

GA-MFCs between batches as the biofilms grew in order to maintain maximum cell 

voltages around 0.3 V. When voltages were under 10% of batch maximum, the media 

was removed and replaced with new media.  

When power/current production of all CCA-MFCs became stable (after day 14), 

polarization curves was made by changing external resistance from 1000 to 33 ohms with 

interval time of 20 mins. Internal resistance was calculated according to a previous study 

(Fan et al., 2008). Power/current density was calculated by normalizing to the surface 

area of anode.  

 



 
 
 
 

 

 

97 

5.2.2 In situ Measurement of Biofilm Conductance 

5.2.2.1 Two probe conductivity measurement  

Two probe method adapted from previous studies (Li et al., 2016a; Li et al., 

2016b; Malvankar et al., 2011) was used to evaluate the in situ biofilm conductance 

during growth period at open circuit potential (OCP).  GA-MFC anodes were temporarily 

disconnected from the cathode and allowed OCP (-470 mV vs. Ag/AgCl) to be reached. 

Then a voltage bias (Vapp) was straddled between two halves of a split anode (0, 25, and 

50 mV) in steps of 25 mV by using a source meter (Model 2405, Keithley, USA). For 

each voltage step, transient ionic current was allowed to decline until a steady state was 

reached. Conducting current flowing between the two halves of split anode was then 

recorded every 30 seconds over a period of 3 minutes by using the same source meter. 

Biofilm resistance was calculated by plotting Vapp against measured current. Conductance 

was then calculated from the inverse of resistance. Measurements were taken 

approximately twice a week during MFC operation. Measurements of conductance 

conducted at OCP were performed in duplicate reactors. 

 

5.2.2.2 Electrochemical gating analysis 

To further examine the conductive behavior of the mixed-species exoelectrogenic 

biofilms under the impact of SLIMF, electrochemical gating analysis in situ measures 

biofilm conductance as a function of redox potential, was performed based on the three 

electrode configuration described previously (Li et al., 2016b; Malvankar et al., 2012b). 

A potentiostat (References 100, Gamry Instruments Inc., Warminster, PA) was used to 
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apply a series of gate potentials (Vg) from -500 to -300 mV with increments of 50 mV (vs. 

Ag/AgCl) (Li et al., 2016b). Concurrent with the setting of Vg, a source meter (Model 

2405, Keithley, USA) was used to apply voltages (Vapp) between the source and drain 

anode. The conducting currents at various Vapp (0, 25, and 50 mV) were measured and 

used to calculate resistance from the slope of the voltage-current curve.  

Electrochemical gating analysis was also conducted to investigate the conductive 

behavior of the mixed-species exoelectrogenic biofilms in the absence of substrate as 

described previously (Li et al., 2016b). To remove substrate, acetate-containing growth 

media was replaced with MGM containing no acetate. Cell voltages of the MFCs dropped 

below 0.001 V within 24 hours following acetate removal. Liquid samples were also 

collected and analyzed using high performance liquid chromatography (HPLC) to 

confirm that acetate was completely removed following medium replacement. To prevent 

potential of damage to biofilms, all electrochemical gating analysis was limited with 48 

hours and deoxygenated media were used. Experiments of electrochemical gating 

analysis were conducted using duplicate reactors with 6 replicates.  

 

5.2.3 Statistical Analysis 

Single factor analysis of variance (ANOVA) was performed by using data 

analysis package in Microsoft Excel and numbers were considered statistically different 

when P < 0.05.  
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5.3 Results and Discussion 

5.3.1 Effects of Magnetic Field on MFC Performance 

In the present study, an MFC configuration with reduced cathode limitation was 

used to investigate the impact of SLIMF on high-current producing biofilms. Increases in 

power density over time were observed for all CCA-MFC reactors during startup period 

(Figure 5.2.A.). While CCA-MFC reactors amended with 105 mT and 150 mT SLIMF 

generated more than 3 W/m2 power density (normalized to anodic surface area) in less 

than 8 days, the power density generated by the control CCA-MFC reactors was still less 

than 1 W/m2 after 12 days even similar approach (maintaining output voltage of 0.3 V) 

was used to operate MFCs.  Polarization experiment was conducted at day 20 when 

power production became stable. The average maximum current densities of 105 mT and 

150 mT CCA-MFCs were 18.4 ± 1.0 and 20.1 ± 0.4 A/m2, respectively, which were 

significantly greater than the control CCA-MFCs (4.8 ± 0.2 A/m2) (P<0.05) (Figure 2.B.). 

The average maximum power densities of 105 mT and 150 mT CCA-MFCs were also 

greater than that of control CCA-MFCs (4.31 ± 0.16 and 4.56 ± 0.07 W/m2 compared to 

1.90 ± 0.45 W/m2) (P<0.05) (Figure 5.2.B.). The internal resistances (Rint) of MFCs, 

calculated from the linear sections of polarization curves, were similar for the CCA-

MFCs amended with 105 (70.7 ± 8.2 ohm) and 150 (68.2 ± 2.0 ohm) mT SLIMF, but 

were two times higher for the control CCA-MFCs (155.6 ± 17.8 ohms).  
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Figure 5.2. A. Changes of MFC power density at the startup period. B. i) Polarization and 

ii) power density curve of CCA-MFC reactors. Batch figure represents the performance 

from one reactor in triplicate setting. Error bar represent the standard deviation (n=3).  



 
 
 
 

 

 

101 

SLIMF has been suggested as a beneficial factor to overall performance of MFCs 

(Li et al., 2011; Tao & Zhou, 2014; Yin et al., 2013; Zhao et al., 2016). The reported 

enhanced current densities in these studies ranged from 0.005 mA/m2 to 8.5 A/m2, 

corresponding to a current increase of 10% -50% (compared to control MFCs). In the 

present study, we observed a much greater increase in current (over 300%) to even higher 

current densities (18 to 20 A/m2). The significant enhancement suggests that the SLIMF 

impact can be more significant than previous observation and this enhancement can be 

extended to a higher current density range, indicating the potential of this approach for 

practical application. While the impact of SLIMF on MFC may not be limited to the 

anode of the MFCs, previous studies have demonstrated that the effects of SLIMF on 

cathodic and solution resistance was insignificant compared to its impact on anodic 

resistance (Yin et al., 2017; Yin et al., 2013). In addition, the magnetic field at the 

cathode surface was less than 20% of the intensity on the anode surface in this study. 

Therefore, it is reasonable to believe that the enhanced performance of MFCs was mainly 

due to the impact of SLIMF on anodic biofilms. 

To evaluate the persistency of magnetic effects on MFC performance, magnets 

were removed from the magnetic CCA-MFCs after 100 days of operation. Removal of 

SLIMF did not significantly affect the power production (P<0.05, Figure 5.3.). The 

difference in peak power density around day 100 compared to the startup period was 

likely due to the aging effects of cathode (Zhang et al., 2014). Enhanced performance of 

MFCs by SLIMF was suggested to be reversible (Li et al., 2011; Tao & Zhou, 2014). 
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However, in the present study enhancements of power and current output did not regress 

after the removal of magnetic field when the magnetic field was applied right after the 

inoculation. This persistency may be related to the improved ability of extracellular 

electron transfer of anodic biofilms over time.  

 

Figure 5.3. Power density changes upon the removal of SLIMF in CCA-MFC reactors 

(Magnets were removed from MFCs at day 0). Similar results were obtained in triplicate 

CCA-MFCs but only the performance of one MFC was shown here. 

 

5.3.2 Effects of Magnetic Field on the Development of Anodic Biofilm Conductivity 

The changes of biofilm conductance overtime in the presence and absence of 

SLIMF were monitored by using gold anode with a nonconductive gap in the middle. The 

conductance increased as biofilms grew across non-conductive gaps in both control and 
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magnetic GA-MFCs (Figure 5.4.A.). However, the conductance of anodic biofilms in the 

magnetic GA-MFCs became higher than in the control GA-MFCs starting from days 12, 

which may due to the faster development of conductive structure under the influence of 

SLIMF. It has been reported that certain Geobacter spp. and Shewanella spp. possess the 

ability to produce and utilize extracellular magnetite particles (Konhauser, 2009; Lovley 

et al., 1987; Vali et al., 2004). The presence of magnetic field may affect the metabolisms 

and growth of these exoelectrogens, leading to the faster construction of conductivity of 

the anodic biofilms in the magnetic MFCs.  

After the conductance plateaued, conductance was then further analyzed over a 

range of potentials. Results demonstrated that the conductivity of anodic biofilms in both 

magnetic and control GA-MFCs changed in a peak-manner based on gate potential (Vg) 

(Figure 5.4.B.). The peak conductance of the anodic biofilms was 1516.1 ± 23.0 µS at Vg 

of -400 mV (vs. Ag/AgCl) in the magnetic GA-MFCs, which was approximately 150% 

higher than that in control GA-MFCs (613.3 ± 1.0 µS). No significant difference of 

conductance can be observed between the GA-MFCs with 105 and 150 mT SLIMF 

(P>0.05).  
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Figure 5.4. A. Measured conductance of magnetic and control GA-MFC reactors over 

times. Error bar represent the standard deviation (n=2). B. Electrochemical gating 

analysis of anodic biofilms in magnetic and control GA-MFC reactors. Error bar 

represent the standard deviation (n=6). Average conductance of the biofilms from the 

magnetic GA-MFCs under two magnetic intensities (105 and 150 mT) was used in this 

figure.   
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It is well-known that SLIMF can influent certain metabolic activities of microbial 

communities (Moore, 1979; Xu et al., 2009) and may alter the conductivity of thin 

polymer films (Nalwa, 2001). Previous studies have also suggested that SLIMF could 

affect the electricity generation of MFCs through decreasing anodic activation loss (Yin 

et al., 2013) and encouraging growth of anodic exoelectrogenic biofilms (Zhao et al., 

2016). While all of these factors can affect or be affected by the increase of the 

conductivity of anodic biofilms (Kato Marcus et al., 2007; Malvankar et al., 2012a), our 

present study clearly demonstrated the correlation between the enhanced current density 

and biofilm conductivity caused by the application of SLIMF. The of similar magnitude 

of increase in biofilm conductivity and the current density confirms that the biofilm 

conductivity is a limiting factor for the current generation of anodic biofims in MFCs 

(Lee et al., 2016; Malvankar et al., 2012c). 

The peak-manner response of conductivity over gate potentials confirmed our 

previous observation that the mixed-species anodic biofilms possess redox conduction as 

the major conductive mechanism (Li et al., 2016b). The model of redox conductivity 

describes the conduction network within anodic exoelectrogenic biofilms as a matrix 

composed by localized reduced and oxidized redox cofactors, in which electrons transfer 

through via multi-steps hopping process (Li et al., 2016b; Phan et al., 2016; Snider et al., 

2012; Yates et al., 2016a; Yates et al., 2015; Yates et al., 2016b). Previous studies have 

suggested that the presence of SLIMF can stimulate the production of redox cofactors 

such as flavins in anodic biofilms in Geobacter- and Shewanella-inoculated MFCs (Li et 
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al., 2011; Yin et al., 2017; Yin et al., 2013) and the major exoelectrogens in the current 

anodic communities was Geobacter spp. (Lesnik & Liu, 2014). Although some previous 

studies have suggested that Geobacter spp. was unable to utilize redox cofactors like 

flavin to perform DEET (Bond & Lovley, 2003; Malvankar et al., 2012b), a recent study 

indicates that G. sulfurreducens can secrete and utilize flavins as a bound redox cofactor 

along with outer membrane c-type cytochromes to facilitate DEET (Okamoto et al., 

2014). The significant difference of the maximum conductivity (Figure 4B) in the 

presence and absence of SLIMF in this study suggests that the observed increase in 

conductivity of anodic biofilms may be a result of increased production of redox 

cofactors (Okamoto et al., 2014; Oyama et al., 1986; Snider et al., 2012). 

 

5.3.3 Effects of Magnetic Field on the Conductivity of Mature Biofilms 

To evaluate the effect of SLIMF on the conductivity of mature biofilms, SLIMF 

(105 mT) was applied to the GA-MFCs containing mature biofilms that had not been 

affected by magnetic field prior. Upon the application of SLIMF, biofilm conductance at 

OCP increased from 77 to 150 - 176 µS along with the increase of power production 

(Figure 5.5.). The lower power output observed in GA-MFCs compared with CCA-MFCs 

was likely due to the use of gold foil anode, which contains less effective surface area 

than carbon cloth anode with similar projected surface area.  

Further electrochemical gating analysis demonstrated that the peak conductivity 

of anodic exoelectrogenic biofilms in GA-MFCs was also affected by the intensity of 
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applied SLIMF with the highest conductance (680.0 ± 1.3 µS) observed at the field 

intensity of 150 mT followed by 655.3 ± 4.6 µS at the intensity of 105 mT (Figure 5.6.A.). 

Although these conductances were 10% and 6% higher than that of the control (613.3 µS), 

they were much lower than the 1516.1 µS observed in the biofilms with SLIMF applied 

from the startup of MFCs. This was possible due to the lower production of localized 

redox cofactors caused by shorter period of exposure to the magnetic field. In the absence 

of electron donor (acetate), the conductance still increased with the increase of SLIMF 

intensity, but the conductance (less than 130 µS) of all biofilms was much lower than that 

in the presence of electron donors (Figure 5.6.B.). The differences in biofilm conductance 

may reflect changes of electron accumulation within the biofilm, as has been suggested 

previously (Li et al., 2016b; Liu & Bond, 2012).  

 

 

 



 
 
 
 

 

 

108 

 

Figure 5.5. Measured conductance and power density of the GA-MFCs with mature 

biofilms upon the application of SLIMF. Error bar represent the standard deviation (n=2). 

Average conductance of the biofilms from the magnetic GA-MFCs under two magnetic 

intensities (105 and 150 mT) was used in this figure.   
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Figure 5.6. Electrochemical gating analysis of anodic biofilms in control GA-MFC 

reactors under different intensities of SLIMF: A. with substrate and B. without substrate. 

Error bar represent the standard deviation (n=6).  
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The impact of magnetic field on biofilm conductivity also confirms the model of 

redox conduction from an angle different with previous studies that were based on 

temperature dependency of conductance (Phan et al., 2016; Yates et al., 2016a; Yates et 

al., 2015) and double potential step chronoamperometry (Zhang et al., 2017). The 

increase of conductance in mature anodic exoelectrogenic biofilms when being exposed 

to SLIMF resembles a conductive behavior of thin polymer films called “negative 

magnetoresistance (NMR)”, which has not been observed in conductive biofilms before. 

NMR describes the resistivity of a conductive material decrease as the magnetic field 

strength increases (Hu & Wu, 2007). The causes of NMR in conductive materials where 

electron conduction depends on hopping could be various, from reducing the shrinkage of 

wave function to decreasing the activation energy of hopping (Raikh, 1990; Raikh et al., 

1992). On the other hand, the model of metallic-like conductivity suggests that 

conductivity of anodic exoelectrogenic biofilms is conferred by the special type of pilus 

filaments produced by Geobacter spp. which possess π-π delocalized electronic state 

similar to organic metal polymer such as polyaniline (Holmes et al., 2016; Malvankar et 

al., 2012b; Malvankar et al., 2015; Malvankar et al., 2011; Tan et al., 2016; Vargas et al., 

2013). This NMR-like behavior of anodic biofilms is distinct from the conductive 

behavior of polyaniline polymers, which display positive magnetoresistance (the 

resistivity of a conductive material increases as the field strength increases) in the 

presence of magnetic field (Gu et al., 2014).  
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5.4 Conclusions  

Results in this study demonstrate that applying SLIMF can greatly (300%) 

enhance the current density in high-current producing biofilms and this enhancement 

seems irreversible, possible due to the significant increase in biofilm conductivity. The 

observed magnetic field dependence of biofilm conductance confirms the redox 

conduction mechanism of exoelectrogenic assemblages and represents the first direct 

observation of NMR behavior in conductive biofilms. Further investigations on the 

influence of SLIMF on biofilm structure and community, expression of genes related 

DEET, and metabolic pathways will greatly enhance our understanding of conductive 

biofilms, leading to their broader applications.  
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6 Conclusion & Outlook 

6.1 Conclusion  

In this dissertation, we aim to further understanding the conductive features of 

mixed-species microbial assemblages with an ultimate goal of enhancing the performance 

of engineered anaerobic microbial systems for energy generation from renewable 

resources. These conductive features include electrical conductivity, conductive 

behaviors, and conductive mechanism of these assemblages.  

The construction of electrical conductivity is one strategy that microbial 

communities use to effectively take advantage of inexhaustible, insoluble electron 

acceptors in addition to also providing a conduit for direct electron transfer that is the 

foundation of many synergistic relationships. The need to perform DEET may provide 

selective pressure for mixed species microbial communities to choose species that can 

produce electrical conduits, and thereby shapes conductivity of community assemblage. 

The present dissertation has demonstrated that the mixed-species exoelectrogenic and 

methanogenic biofilms possess electrical conductivity. Peak conductivities of mixed-

species exoelectrogenic and methanogenic biofilms are respectively 2651 and 71.8 µS/cm 

at gate potentials of -360 and -175 mV vs Ag/AgCl. The correlation observed between 

conductivity and community membership has suggested a new possibility of optimizing 

the extracellular electron transfer process in engineered anaerobic microbial systems. In 

this dissertation, we also observed about 250% and 300% increases in respectively power 

and current productions of MFC when SLIMF was applied to MFCs from the inoculation 
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of mixed species exoelectrogenic culture, suggesting the potential of a nonintrusive 

approach for practical application of MFCs. Taken together, these results propose 

feasible approaches by which energy generation may be enhanced in engineered 

anaerobic microbial systems such as MFC and AD. 

Understanding of conductive behaviors may facilitate the development of 

strategies to effectively optimize the reactor design and overcome various metabolic 

disruptions encountered during operation of anaerobic microbial systems (Morita et al., 

2011). In the present dissertation, we have also provided an initial reference point for the 

conductive behaviors of mixed-species biofilms. Results provide evidence for biofilm 

mediated electron transfer on the millimeter scale, 10 times greater than previously 

observed. In engineered environments of MESs, microbially constructed conductive 

structures over long conduction distance may lead to the extension of the electroactive 

biomass, thereby allowing microbial communities to take advantage of limited electrode 

surface area or reaction space (Malvankar & Lovley, 2014). In natural environments, 

these conductive structures are likely an essential means of facilitating long distance 

electron transfer that is the foundation of many biogeochemical processes (Kato et al., 

2012a; Kato et al., 2012b; McGlynn et al., 2015; Pfeffer et al., 2012; Reguera, 2012). 

Shift of conductivity observed in exoelectrogenic biofilms during deprivation of substrate 

suggests that such deprivation should be avoided during actual operation in order to 

maintain a steady performance of MFC.  

Identification of the conductive mechanism of mixed species biofilms is critical to 

development of feasible engineering approaches to enhance the energy generation in 
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anaerobic microbial systems relying on these biofilms. The present dissertation has 

demonstrated that the mechanism of redox conduction confers the need of electrical 

connections in both exoelectrogenic biofilms and methanogenic biofilms based on the 

electrochemical gating analysis. Although an increasing number of studies have 

identified redox conduction in various kinds of microbial assemblages (Leung et al., 2013; 

Li et al., 2016b; Pirbadian & El-Naggar, 2012; Xu et al., 2016; Yates et al., 2016a), one 

main aspect for validating this conduction model remains unexplored. No attempts to 

enhance the biofilm conductivity has ever succeeded based on the redox conduction 

theory (Malvankar & Lovley, 2014). In this dissertation, increased of biofilm 

conductivity in the presence of a static low intensity magnetic field was demonstrated 

based on the understanding of redox conduction. Therefore, this observation not only 

may confirm the redox conduction model from a different angle, but also may represent 

the first direct observation of magnetoresistance behavior in conductive biofilms. 

Evidences presented in this dissertation together with evidences from other studies have 

suggested that the conductive features of community assemblages are more often 

associated with redox conduction (McGlynn et al., 2015; Meysman et al., 2015; Yates et 

al., 2016a; Yates et al., 2015; Yates et al., 2016b), which is the rate limiting step of direct 

EET in microbial assemblages containing mixed conduction mechanisms.  

 

6.2 Outlook  

Assemblages of microorganisms exist throughout various natural and engineered 

environments in the form of biofilms, granules, and multicellular filaments. The 
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systematic study of these microbial assemblages has provided insight into energy 

interactions and syntrophic relationships of various microbial communities. The recent 

discovery of electrical conductivity in several of these communities has challenged the 

traditional understanding of microbial extracellular polymers and extracellular electron 

transfer (Aulenta et al., 2013; Kato et al., 2012a; Morita et al., 2011; Rotaru et al., 2014a; 

Yates et al., 2015). The continued discovery of new conductive communities and the 

relative infancy of the field suggest that other conductive assemblages are yet to be 

discovered (Li et al., 2016b; Meysman et al., 2015; Pfeffer et al., 2012; Snider et al., 2012; 

Yates et al., 2016a). The continued survey for conductive microbial assemblages and 

interactions enabled by their presence will increase the understanding of this 

phenomenon holding environmental and engineering significance (Lovley, 2016; 

Malvankar et al., 2012a). Coupling measurements of conductivity with genetic, 

microscopic, and isotopic tools will provide further insights into the detailed electron 

transfer pathways in these systems.  

This novel means of energy transfer and communication enabled by microbially 

constructed conductivity has the potential for a far reaching impact beyond engineered 

anaerobic microbial systems and biogeochemical studies that range from material science 

to cellular communication, and even to human health. Further understanding biological 

redox conductivity may provide inspiration for the design that underlines the sustainable 

production of synthetic tunable redox conducting polymers that have gained enormous 

attention towards for protein-based bioelectronics applications like biomedical devices, 

microscale power units, and biosensors (Altamura et al., 2016; Holzinger et al., 2012; Le 
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Goff et al., 2011). Insights on cell-to-cell communication may also be greatly enhanced 

by broadening our understanding of microbial interactions as recent studies have 

demonstrated that bacterial cells are attracted to electrical signals released by biofilms 

(Humphries et al., 2017). The discovery of electrical interactions between anaerobic 

microbes in human guts and human cells in the gut epithelium may even lead to 

advancements in medicine and human health (Ericsson et al., 2015). The interconnected 

nature of small has and will continue to have a large impact on all. 
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Abstract: Biodiesel has gained a significant amount of attention over the past decade as an 
environmentally friendly fuel that is capable of being utilized by a conventional diesel 
engine. However, the biodiesel production process generates glycerol-containing waste 
streams which have become a disposal issue for biodiesel plants and generated a surplus of 
glycerol. A value-added opportunity is needed in order to compensate for disposal-
associated costs. Microbial conversions from glycerol to valuable chemicals performed by 
various bacteria, yeast, fungi, and microalgae are discussed in this review paper, as well as 
the possibility of extending these conversions to microbial electrochemical technologies. 

 
Keywords: biodiesel waste glycerol; microbial conversion; 1,3-propanediol; ethanol; lactic 
acid; hydrogen; citric acid; microbial electrochemical technologies 

 
 
 
1. Introduction 
 

Consumption of fossil energy is the foundation of modern society, from moving vehicles to lighting 
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bulbs. However, many concerns have been raised about refining efficiency, effects on climate change, 
air pollution, and diminishing fossil fuel deposits [1]. Biodiesel is a fast growing alternative fuel that 
can be applied to a conventional diesel engine. The biodiesel demand is clearly increasing in the United 
States as annual production of biodiesel in 2012 (969 million gallons) was 2.83 times higher than in 
2010 (343 million gallons) [2]. Furthermore, under a mandate by the renewable fuels standard (RFS2) 
of the U.S. Energy Independence and Security Act of 2007, biomass-based diesel production is 
expected to increase to 36 billion by 2022 [3].  

The flow chart of biodiesel production is shown in Figure 1. Biodiesel is an environmentally 
attractive alternative fuel, which compared to petro-diesel, holds technical advantages like inherent 
lubricity, low toxicity, biodegradability, renewability, etc. Biodiesel itself is composed of mono-alkyl 
esters of vegetable oils or animal fats and is produced by transesterification with a monohydric alcohol 
(methanol) [3]. During the transesterification reaction, the glycerol backbone of triacylglycerol is 
substituted by methanol in the presence of a catalyst at elevated temperature, leaving fatty acid alkyl 
esters and glycerol as the major liquid products. Waste glycerol, the liquid content after methanol 
recovery, has a pH around 10 and viscosity from 1213 to 1515 mPa·s [4]. The glycerol content in waste 
glycerol is from 27 wt% to 28 wt% with a methanol concentration that can vary from 6.2 wt% to 12.6 
wt%. Trace amounts of soap formed in an undesirable saponification reaction can also be found in 
waste glycerol [4]. Previously, commercial glycerol synthesis was primarily performed by propylene 
chlorine hydrolyzation in caustic environments [5]. Nowadays, the chemical synthesis of glycerol only 
accounts for about 10% of the current market because of the increasing cost of petrochemical 
precursors and decreasing price of pure glycerol [6]. In the past few years, the price of refined glycerol 
had dropped from $1.15 per kilogram to $0.66 per kilogram while the price of waste glycerol has also 
dropped from $0.44 to $0.11 per kilogram [1,7]. The expansion of the biodiesel industry has thus 
created a surplus of glycerol, resulting in an inevitable abundance of waste glycerol now considered as 
a waste stream with associated disposal costs [6]. Therefore, the need to find efficient approaches to 
convert waste glycerol into more desirable products is urgent and necessary. 
 

Figure 1. Scheme of biodiesel production and waste glycerol (adapted from [6]). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

 

 

128 

 
 
 

 
Value-added transformation processes of waste glycerol can be accomplished by direct application, 

chemical transformation, or microbial conversion [1,8–10]. Direct application refers to processes 
without any catalytic reaction, instead treating waste glycerol as a simple carbon source. One particular 
example of direct application is using biodiesel waste glycerol in animal feed [1,11]. However, some 
impurities within waste glycerol like methanol and potassium may result in harmful effects to animals, 
and thus concentrations need to be controlled [1]. Chemical transformation can be understood through 
three major approaches: (1) oxidation/reduction of glycerol into other 3-carbon compounds; (2) 
synthesis of higher carbon compounds with glycerol and other substrates; and (3) industrial combustion 
[9]. These traditional chemical catalytic processes often include expensive metal catalysts, toxic 
intermediates, and low conversion rates [9]. Moreover, it is difficult to combust glycerol efficiently due 
to its low energy density, high viscosity, high auto-ignition temperature, and potential emission 
problems [8]. Compared to direct application and chemical transformation, microbial conversion is a 
viable alternative that avoids certain disadvantages such as low product specificity, high energy input 
(pressure/temperature) and intensive pretreatment requirements [1,6]. On the other hand, compared to 
conventional biorefinery substrates, such as glucose and sucrose, waste glycerol presents a class of 
substrates that are inexpensive, sustainable, and not considered a suitable human food source. In 
addition, glycerol has a higher degree of reductant and NADH generation rate than other common 
microbial feedstocks. Consuming one mole of glycerol generates two additional moles of NADH, while 
consuming a half mole of glucose (equally on a 3-carbon basis) only generates one additional mole of 
NADH [12,13].  

With the development of the biodiesel industry, new breakthroughs have been made each year using 
different microbial species and bioengineering techniques to convert waste glycerol to value-added 
products. There are several excellent reviews published in the past several years with a focus on 
specific products, microbial species, or chemical catalytic processes [1,6,9,14,15]. In this review, the 
glycerol metabolic pathways of representative bacterial and yeast species will be comprehensively 
discussed. This includes the capability of various microbial species to convert glycerol to value-added 
chemicals addressed in terms of yield, productivity and final concentration. We also introduced and 
discussed microbial electrochemical technologies that may be used as a strategy for generating value-
added chemicals as well as electrical energy directly from glycerol. 
 
2. Microbial Conversion of Glycerol 
 
2.1. Fermentation of Glycerol by Enterobacteriaceae Family 
 

Enterobacteriaceae is a large family of gram-negative bacteria that includes Escherichia, Klebsiella, 
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and Citrobacter among others [16]. The glycerol utilization pathways in Entrerobacteriaceae have 
been intensively studied with the goal of industrial production of 1,3-propanediol (1,3-PDO) [6]. These 
pathways may also be applied to some other bacteria that contain similar metabolic grids. Figure 2 
illustrates the general metabolic pathways for glycerol utilization in Entrerobacteriaceae. 
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Figure 2. Prokaryotic pathway of glycerol utilization in Entrerobacteriaceae species 
(adapted from [4,17]). Enzymes: ACK, acetate kinase; ADH, acetaldehyde/alcohol 
dehydrogenase; AOR, aldehyde oxidoreductase; DHAK, dihydroxyacetone kinase; FHL, 
formate hydrogen lyase complex; FRD, fumarate reductase; GlyD, glycerol dehydratase; 
glyDH, glycerol dehydrogenase; glpF, glycerol transporter, LALDH, lactaldehyde 
dehydrogenase; LDH, lactate dehydrogenase; MGR, methylglyoxal reductase; MGS, 
methylglyoxal synthase; PFL, pyruvate formate-lyase; PEPCK, phosphoenolpyruvate 
carboxykinase; PTA, phosphate acetyltransferase; PYK, pyruvate kinase; 1,2-PDOR, 1,2-
propanediol reductase; 1,3-PDODH, 1,3-propanediol dehydrogenase. Chemical 
intermediates and products: DHA, dihydroxyacetone; DHAP, dihydroxyacetone phosphate; 
FUM, fumarate; GAL3P, glyceraldehyde-3-phosphate; 3HPA, 3-hydroxypropionaldehyde; 
MAL, malate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PYR, pyruvate; 1,2-PDO, 
1,2-propanediol; 1,3-PDO, 1,3-propanediol. (Dash line indicates reactions for 1,2-PDO 
pathway; filled box indicates potential products). 
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Glycerol can be actively transported inside the cytoplasm by a transporter protein (glpF) [18], 
known as a glycerol facilitator [19]. Intracellular glycerol is converted to dihydroxyacetone (DHA) by a 
NAD+-dependent glycerol dehydrogenase (glyDH), and then phosphorylated to dihydroxyacetone 
phosphate (DHAP) by a phosphoenolpyruvate (PEP) dependent DHA kinase (DHAK) [6]. DHAP is 
further oxidized through glycolysis to form building blocks like phosphoenolpyruvate (PEP), pyruvate 
(PYR), and acetyl-CoA. The high-energy molecule PEP can be converted to oxaloacetate by 
phosphoenolpyruvate carboxykinase and then reduced stepwise to succinate in the presence of certain 
enzymes involved in the TCA cycle. Pyruvate can then be reduced to lactate by lactate dehydrogenase 
(LDH). Acetyl-CoA can be converted to acetate by both phosphate acetyltransferase (PTA) and acetate 
kinase (ACK), or be reduced to ethanol by acetaldehyde/alcohol dehydrogenase (ADH).  

The reductive pathways act as an electron sink for oxidation, consuming reducing equivalents 
generated during the stepwise oxidation of glycerol to achieve redox balance. Differing from other 
substrates, glycerol has a high degree of reductant, therefore one particular challenge for glycerol 
fermenting species is the consumption of excess reducing equivalent [20]. A B12-dependent glycerol 
dehydratase (GlyD) and a 1,3-propanediol dehydrogenase (1,3-PDODH) were identified in the 
reductive pathway for this purpose [21]. The 1,2-propanediol (1,2-PDO) pathway, which is present 
primarily in Escherichia coli strains, might act as an alternative mechanism for cells to regenerate 

NAD+ [22]. During the reductive pathway, some of the electrons can be diverted to combine with 
protons and released as hydrogen gas under anaerobic conditions and low partial pressure of hydrogen 
[23]. It is also suggested that an acetaldehyde/alcohol dehydrogenase might carry out an important role 
in glycerol fermentation for regaining redox balance [18]. 
 
2.1.1. Escherichia Species 
 

As the most well-studied member in Enterobacteriaceae family, both wild type and engineered 
strains of Escherichia coli can be considered a bacterial platform for producing value-added 
metabolites [24]. Glycerol fermentation performed by Escherichia coli can produce ethanol, lactic acid, 
1,2-PDO, 1,3-PDO, and succinic acid, all of which represent value-added opportunities.  

Ethanol is typically formed to fulfill the energy requirement of a bacterial cell. Ethanol can also 
serve as a direct fuel or as a gasoline additive for its octane booster effect [25], though ethanol 
conversion rates by wild type E. coli are often not high enough to satisfy the needs of industrial 
production [18,22]. To maximize ethanol production, strain SY03 was constructed by inactivating 
enzymes responsible for succinate and acetate synthesis (fumarate reductase and phosphate 
acetyltransferase). This strain was shown to be capable of producing 1 mole of ethanol and 1 mole of 
hydrogen gas per mole of glycerol consumed [26] (Table 1). 
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Table 1. Microbial conversion of glycerol to value-add products. 

 
Bacterial species Strain Product Yield (mol/mol glycerol) Productivity (g/L/h) Final concentration (g/L) Ref. 

 

 Engineered E. coli SY03 Ethanol 1  0.051 5 [26] 
 

 E. coli AC521 Lactic acid 0.9  0.97 85.8 [27] 
 

 Engineered E. coli D-lactic acid 0.82 (pure glycerol) 1.5 (pure glycerol) 32 (pure glycerol) [28] 
 

Escherichia coli 
  0.87 (waste glycerol)  34 (waste glycerol)  

 

Engineered E. coli L-lactic acid 0.91  - 50 [29]  

  
 

 Engineered E. coli 1,2-PDO 0.26  - 5.6 [30] 
 

 Engineered E. coli 1,3-PDO 1.09  2.61 104.4 [31] 
 

 Engineered E. coli Succinate 0.8  - 12 [32] 
 

 K. pneumonia (Encapsulated) 1,3-PDO 0.65 (batch) 4.46 (continuous) - [33] 
 

   0.43 (continuous)    
 

 K. pneumonia (Pilot scale) 1,3-PDO 0.58  0.92 58.8 [34] 
 

Klebsiella K. oxytoca (Lactate deficient) 1,3-PDO 0.41–0.53 0.63–0.83 - [35] 
 

 K. pneumonia (Inactivated ADH) 1,3-PDO 0.70  1.07 - [36] 
 

 K. pneumonia 2,3-BD 0.36  0.18 49.2 [37] 
 

 Engineered K. pneumonia Ethanol 0.89  1.2 31.0 [38] 
 

 C. freundii FMCC-B294 1,3-PDO 0.48  0.79 68.1 [39] 
 

Citrobacter 
C. werkmanii DSM 17579 1,3-PDO 0.62  2.84 - [40] 

 

C. freundii H3 H2 0.94  - - [41]  

  
 

 Engineered C. freundii Violacein -  82.6 mg/L/h 4.13 [42] 
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Table 1. Cont.� 
  

 C. butyricum VPI 3266 1,3-PDO 0.65  10.3 - [43] 
 

 C. butyricum AKR102a 1,3-PDO 0.63 (pure glycerol) 3.3 (pure glycerol) 93.7 (pure glycerol) [44] 
 

 C. butyricum VPI 1718 1,3-PDO 0.665 - 67.9 [45] 
 

Clostridium Engineered C. acetobutylicum 1,3-PDO 0.66  3 - [46] 
 

 C. pasteurianam (immobilized) n-butanol 0.43  0.074 8.84 [47] 
 

 C. pasteurianam ATCC 6013 1,3-PDO and 0.17 (1,3-PDO) 0.42 (1,3-PDO) 2.49 - [48] 
 

  butanol 0.28 (butanol) (butanol)   
 

 Engineered P. acidipropionici Propionic acid 0.66 (pure glycerol), 0.10 (pure glycerol), 106 (pure glycerol) [49] 
 

Propionibacterium strain  0.88 (waste glycerol) 0.085 (waste glycerol)   
 

bacteria P. freudenreichi subsp. Trehalose 391 mg/g biomass - - [50] 
 

 Shermanii NCIM 5137       
 

 R. palustris CGA009 H2 6  - - [51] 
 

 P. macerans H2 0.801 - - [52] 
 

 Thermoanaerobacterium sp. H2 0.30  - - [53] 
 

 Mixed culture H2 0.96  91 mL/L/h - [54] 
 

 Mixed culture H2/formate 0.80  - - [55] 
 

Other bacteria and Mixed culture H2 0.28 (pure glycerol) - - [23] 
 

  0.31 (waste glycerol)    
 

mixed culture      
 

L. acidophilus Probiotic cell mass 0.37 g/g - 2.11  
 

  
 

 L. diolivorans 1,3-PDO -  - 73.7  
 

 Anaerobic co-digestion Biogas -  - 1210 mL/d [56] 
 

 C. necator DSM 545 PHAs -  1.1 - [57] 
 

 Z. denitrificans MW1 PHAs 0.31 g/g glycerol - - [58] 
 

 P. putida GO16 PHAs -  0.11 - [59] 
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Table 1. Cont. 
 

 Y. lipolytica NCIM 3589 Citric acid - - 77.4 [60] 
 

 Y. lipolytica Wratislavia AWG7 Citric acid 0.33 1.16 139 [61] 
 

 C. bombicola ATCC 22214 Sophorolipids - - 60 [62] 
 

 P. antarctica JCM 10317 Mannosylerythritol - - 16.3 [63] 
 

Yeasts 
 lipid     

 

Cryptococcus curvatus SCO 52% lipid content - 17.1 [64]  

 
 

 Rhodotorula glutinis SCO 36.5% lipid content - 5.4 [65] 
 

 S. ruberrimus CSB 2636 Carotenoid 41.9 µg/g glycerol, 56.9µg/L/h 3425.9µg/L [66] 
 

 Engineered S. cerevisiae Ethanol - - 2.4 g/L [67] 
 

 Engineered S. cerevisiae 1,2-PDO 0.258 - 2.19 [68] 
 

 L. edodes strains SCO 0.1 g/g biomass - 0.52 [69] 
 

 A. niger strains SCO 0.41 to 0.57 g/g biomass - 3.1 to 3.5 [69] 
 

Fungi 
Galactomyces geotrichum SCO 0.44 g/g biomass - - [70] 

 

Thamnidium elegans SCO - - 11.6 [71]  

 
 

 Pythium irregulare EPA - 14.9 mg/L/day 90 mg/L [72] 
 

 Blakeslea trispora β-carotene 15 mg/g biomass - - [73] 
 

Microalgae S. limacinum SR21 DHA - 0.51 - [74] 
 

 B. subtilis MFC Electricity Maximum power density 600 mW/m2  [75] 
 

 Single chamber MFC Electricity Maximum power density 2110 mW/m2  [76] 
 

Microbial Single chamber MFC Electricity Maximum power density 4579 mW/m3 with pure glycerol, 2324 mW/m3 with waster [77] 
 

Electrochemical   glycerol    
 

Technology E. aerogenes MEC H2 0.74 - - [78] 
 

 Mixed culture MEC H2 3.9 - - [79] 
 

 MEC with gas phase cathode H2 5.4 0.6 L/L/day - [80] 
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Lactic acid can be produced during glycerol fermentation by some E. coli strains as an alternative to 

NAD+ regeneration in the absence of external electron acceptors [27]. Lactic acid has many 
applications as a food additive, acidulant, as well in the production of biodegradable polylactic acid 
[81,82]. Food-grade lactic acid has a price ranging between $1.38 per kilogram (50% purity) and $1.88 
per kilogram (88% purity) [83,84]. Compared to traditional chemical synthesis methods, microbial 
conversion of lactic acid favors the formation of one specific configuration, either D- or L-, due to the 
high specificity of lactate dehydrogenase (LDH) [28,29], a property that can simplify downstream 
processes such as separation and purification. High chiral purity of D-lactate can be produced by 
fermenting glycerol using a recombinant strain that overexpresses enzymes that respond to glycolytic 
intermediates and inactivates fumarate reductase, phosphate acetyltransferase, alcohol/acetaldehyde 
dehydrogenase, and D-lactate dehydrogenase [28]. Thirty-two grams per liter of D-lactate (99.9% chiral 
purity) could be produced from 40 g/L of glycerol (0.82 mole lactate per mole of consumed glycerol, 
1.5 g/L/h productivity). This strain was also tested for the ability to utilize waste glycerol as a 
substrate, and a higher yield was observed (0.87 mole lactate per mole of consumed glycerol) with the 
final concentration of D-lactic acid of 34 g/L [28]. Furthermore, an L-specific LDH from Streptococcus 
bovis was able to be introduced to replace the native E. coli D-specific LDH from the previous study. 
Fifty grams per liter of L-lactic acid (99.9% chiral purity) was produced from 56 g/L of waste glycerol 
with a yield of 0.91 mol/mol glycerol. Other than engineered strains, lactic acid production was also 
observed in glycerol fermentation by E. coli AC-521, a wild-type soil bacterium [27]. The yield 
reached 0.9 mole lactic acid per mole consumed glycerol with a final concentration of about 85.8 g/L 
(0.97 g/L/h productivity), however no data about chiral purity was presented in this study. 

A 1,2-PDO-dependent glycerol fermentation capability has been discovered in some E. coli strains 
[18,22]. 1,2-PDO is a chemical that can serve as a building block for polyesters, anti-freeze agents, or 
solvents [85], and is currently priced around $1.08 to $1.59 per kg with an estimated global demand 
around 1.36 billion kilogram per year [86]. To enhance natural production of 1,2-PDO, an engineered 
E. coli was constructed by disrupting acetate and lactate synthesis and replacing the native PEP-
dependent dihydroxyacetone kinase with an ATP-dependent dihydroxyacetone kinase from 
Citrobacter freundii. This causes the overexpressing enzymes responsible for the reductive 1,2-PDO 
pathway, and results in a strain that can produce 5.6 g/L of 1,2-PDO from the fermentation of glycerol 
with a yield of 0.26 mol/mol glycerol [30].  

E. coli has also been genetically modified to generate desired products that are not naturally 
produced from glycerol by E. coli such as 1,3-PDO and succinate [6]. 1,3-PDO is a building block of 
biodegradable plastic polytrimethyleneterephthalate (PTT) and also a valuable product with various 
uses (resins, coolants, mortars and inks). A recombinant strain of E. coli was constructed by 
transferring the B12-independent glycerol dehydratase DhaB1 and its activating factor DhaB2 from 
Clostridium butyrium. The final concentration, yield and overall productivity of 1,3-PDO was 104.4 
g/L, 1.09 mol/mol and 2.61 g/L/h, respectively [31]. Another product capable of being produced by 
recombinant E.coli.is succinate. Succinate is one of the top twelve building block chemicals according 
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to the U.S. Department of Energy and is typically used for creating biodegradable plastic polybutylene 
succinate [87]. Current glucose to succinic acid commercial production techniques are relatively 
sophisticated, and are capable of producing a succinic acid yield about 1.45 mol/mol glucose [88]. 
However, using glycerol as a substrate has advantages such as the low cost of the feedstock and higher 
yield of succinic acid (on an equal 3-carbon basis) [17]. A comparable yield (0.8 mol/mol glycerol) of 
succinic acid production was achieved in the recombinant E. coli, although the final concentration was 
low (12 g/L) [32]. To construct this strain, phosphoenolpyruvate carboxykinase (PEPCK) was 
upregulated, and genes responsible for ethanol and formate formation were deleted. 
 
2.1.2. Klebsiella Species 
 

As another member in the Enterobacteriaceae family, Klebsiella is considered one of the most 
promising candidates for producing 1,3-PDO from glycerol [34] and over the past few years a large 
amount of Klebsiella research has been focused on enhancing the production of 1,3-PDO production 
during the fermentation of waste glycerol. Pilot scale studies as large as 5000 L have been launched in 
order to test Klebsiella’s potential for industrial application [34]. Syntheses of other products, like 2,3-
butanediol (2,3-BD) and ethanol have also been reported in considerable amounts [37,38].  

To increase the production of 1,3-PDO through the fermentation of glycerol by Klebsiella species, 
genetic enhancements were employed with different strategies such as minimizing undesired 
byproducts or increasing the utilization of glycerol. The formation of lactate and ethanol compete with 
the formation of 1,3-PDO through the consumption of reducing equivalents, and often impose 
difficulties on the downstream processes responsible for the purification and recovery of 1,3-PDO 
[35,36]. By creating a lactate deficient mutant (LDH3) from K. oxytoca M5a1, the productivity and 
yield of 1,3-PDO were increased from 0.63 to 0.83 g/L/h to 0.41 to 0.53 mol/mol glycerol, 
respectively [35]. By inactivating aldehyde dehydrogenase (ADH), the enzyme responsible for ethanol 
formation in K. pneumoniae YMU2, less ethanol was produced in the broth (from 9.26 g/L to 1.70 
g/L) with a higher productivity (from 0.81 g/L/h to 1.07 g/L/h) and yield (from 0.36 mol/mol to 0.70 
mol/mol) of 1,3-PDO observed [36]. To enhance both glycerol oxidative and reductive metabolisms, 
formate dehydrogenase (FDH) from Candida boidinii was expressed in K. oxytoca YMU1 [89]. The 
subsequent yield of 1,3-PDO increased about 17.3%, from 0.39 to 0.45 mol/mol glycerol.  

Other value-added chemicals can also be produced through glycerol fermentation by Klebsiella 
species. For example, 2,3-BD was found to be the major product of fermentation by K. pneumonia 
G31 under microaerobic conditions with an initial alkaline pH [37]. 2,3-BD is a high-value chemical 
that can serve as a precursor for chemical products like methyl ethyl ketone, γ-butyrolactone, and 1,3-
butadiene [90]. The final concentration of 2,3-BD reached 49.2 g/L after 280 h of fermentation (a 
productivity of 0.18 g/L/h) and the overall yield was 0.36 mol/mol glycerol. An engineered strain of K. 
pneumonia can produce ethanol when the lactate dehydrogenase was inactivated and pyruvate 
decarboxylase along with aldehyde dehydrogenase from Zymomonas mobilis were introduced. 



 
 
 
 

 

 

137 

Compared to the wild type strain, final concentration, yield, and productivity were improved from 21.5 
g/L to 31.0 g/L, 0.62 mol/mol glycerol to 0.89 mol/mol glycerol, and 0.93 g/L/h to 1.2 g/L/h, 
respectively [38]. 

 
2.1.3. Citrobacter Species 
 

Citrobacter species are well-known for their ability to produce 1,3-PDO from fermenting glycerol. 
Studies using chemical grade glycerol in the mid-90s had revealed that the final concentration of 1,3-
PDO produced by C. freundii to be comparable to those produced by Klebsiella and Clostridium 
species, although the reaction rate is much slower [91]. Recent studies have shown that both wild-type 
and engineered Citrobacter species are capable of using pretreated biodiesel waste glycerol as a 
substrate to produce various value-added products. For example, C. freundii strain (FMCC-B 294) can 
ferment pretreated waste glycerol to produce 1,3-PDO in fed-batch fermentation achieving final 
concentration of 68.1 g/L with yield of 0.48 mol/mol and volumetric productivity of 0.79 g/L/h [39]. 
This strain can also endure non-sterile feeding, which may reduce the energy requirement for 
pretreatment. Other than C. freundii, C. werkmanii DSM 17579 is another potential strain for 1,3-PDO 
production. The highest achieved yield per mole of glycerol consumed and productivity in fed-batch 
fermentation was 0.62 mol/mol and 2.84 g/L/h, respectively [40]. However, the highest yield, 
productivity, and final concentration of 1,3-PDO achieved by C. freundii was lower than those 
achieved by Clostridium species. Besides PDO, C. freundii H3 can ferment chemical grade glycerol to 
produce H2 with a yield of 0.94 mol/mol [41]. A recombinant of C. freundii aimed at producing 
violacein was examined for its ability to ferment glycerol as substrate. Violacein is a blue-purple 
bacterial pigment that has antibacterial, antioxidant, antiviral, and anti-protozoal properties [92]. The 
maximum final concentration and productivity were 4.13 g/L and 82.6 mg/L/h, respectively [42]. 
 
2.2. Clostridium Species 
 

Similar to Klebsiella, the glycerol fermenting ability of Clostridium species has been extensively 
studied with the goal of enhancing the production of 1,3-PDO [93]. The value-added product butanol 
was also discovered during fermentation.  

The possible effects of dilution rate and substrate concentration on glycerol fermentation of C. 
butyricum VPI 3266 were examined [43]. The highest productivity of 1,3-PDO (10.3 g/L/h) was 
achieved under the dilution rate 0.30 h−1 and at substrate concentration of 60 g/L. The yield was 
around 0.65 mol/mol. Glycerol fermentation of C. butyricum AKR102a in an automatic fed-batch 
reactor can produce 93.7 g/L (3.3 g/L/h) 1,3-PDO from pure glycerol and 76.2 g/L from pretreated 
waste glycerol (2.3 g/L/h) [44]. C. butyrium VPI 1718 was tested for production of 1,3-PDO from non-
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sterile waste glycerol and was found to produce 1,3-PDO with a final concentration of 67.9 g/L, and 
yield of 0.67 mol/mol glycerol [45]. An engineered strain was constructed by introducing the reductive 
pathway of C. butyricum to C. acetobutylicum [46]. This recombinant, DG1(pSPD5), was capable of 
fermenting glycerol with a 1,3-PDO productivity of 3 g/L/h and a yield of 0.66 mol/mol glycerol. 

Other than 1,3-PDO, butanol can also be produced through the fermentation of glycerol by 
Clostridium [47]. Butanol is a chemical that can be applied as a chemical synthesis building block, 
solvent, or as a potential biofuel. Microbial production of butanol lost its primary advantage in the 
1960s due to the increasing cost of suitable substrates [94], but with the current low price of biodiesel 
waste glycerol combined with advances in genetic engineering techniques this alternative pathway 
may now become commercially practical. The simultaneous production of 1,3-PDO and butanol was 
reported in C. pasteurianam (ATCC 6013) by feeding pretreated waste glycerol with productivities of 
0.42 g/L/h (0.17 mol/mol) and 2.49 g/L/h (0.28 mol/mol), respectively [48]. 
 
2.3. Propionibacterium Species 

 
Fermentative glycerol dissimilation in Propionibacteria strains has been investigated for the 

production of propionic acid and trehalose [4,17]. As an important intermediate for cellulose fibers, 
herbicides and perfumes, large quantities of propionic acid are produced by chemical synthesis, e.g., 
oxidation of propionaldehyde with air and the catalytic dehydration of glycerol [49,95,96]. One of the 
best natural producers of propionate from glycerol is Propionibacterium acidipropionici, capable of 
achieving a final concentration of 42 g/L propionate with an overall yield of 0.84 mol/mol of glycerol 
consumed and a productivity of 0.36 g/L/h using technical grade glycerol [17]. A knockout mutant 
strain of P. acidipropionici lacking acetate kinase (ACK) was studied for its ability to use glycerol as 
sole carbon source during fermentation [49]. The final concentration of propionate (106 g/L) from the 
fermentation of glycerol was much higher than wild type (42 g/L). The yield and productivity, 
however, were lower than wild type (0.66 mol/mol consumed glycerol and 0.10 g/L/h). When 
pretreated waste glycerol was used as carbon source, this mutant strain achieved a higher yield of 
propionate (0.88 mol/mol glycerol) and a slightly lower productivity (0.09 g/L/h).  

Trehalose can also accumulate in the biomass of some Propionibacteria strains during glycerol 
fermentation. Trehalose is a non-reducing sugar that can protect bacterial cells against osmotic stress 
and has value in the food and cosmetic industries as well as clinical applications [97]. Although 
enzymatic transformations have been reported as a viable method for trehalose production [98], 
accumulation of trehalose in microbial biomass is considered a less expensive method when a cheap 
carbon source is used [93]. Wild type and osmotic sensitive mutants of P. freudenreichi subsp. 
Shermanii were analyzed for the production of trehalose from waste glycerol [50]. The final 
concentration of trehalose was higher in the mutant strain than in wild type (678 mg/L to 158 mg/L). 
The use of waste glycerol further increased the final concentration of trehalose from 678 mg/L to 1303 
mg/L in the mutant strain. It was possible that impurities in waste glycerol positively influenced 
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trehalose accumulation by creating stressful conditions that signal the bacterial cells to accumulate 
trehalose [50]. 
 
2.4. Other Bacterial Species and Mixed Culture 
 

Pure bacterial species and mixed culture communities outside of Enterobacteriaceae, Clostridia, 
and Propionibacterium species have also been investigated for their abilities to convert waste glycerol 
into value-added products like hydrogen, 1,3-PDO, probiotic biomass, and polyhydroxyalkanoates 
(PHAs). For example, Rhodopseudomonas palustris CGA009, a purple non-sulfur photosynthetic 
bacterium, has been demonstrated to have the ability to photo-ferment pretreated waste glycerol to 
hydrogen [51], a clean and efficient energy carrier that has received enormous attention. As previously 
described, glycerol fermentation theoretically produces more NADH than glucose fermentation on a 3-
carbon basis, and thus has higher potential to generate hydrogen gas (one mole of H2 per mole of 
excess NADH) [12,13]. Gene deletion experiments have indicated that hydrogen production in R. 
palustris is mainly due to nitrogenase, which catalyzes proton reduction in the absence of nitrogen gas. 
The yields of hydrogen were 6 mol/mol using pure glycerol and 4 mol/mol using waste glycerol. Some 
strains of Paenibacillus macerans were also reported to grow efficiently on glycerol as sole carbon 
source, but hydrogen yield (0.80 mol/mol glycerol) was much lower than that by R. palustris CGA009 
[52]. Ethanol was the dominant liquid product while 1,2-PDO and acetone were also detected [52]. 
Mixed cultures have also been investigated for potential hydrogen production from waste glycerol. The 
estimated maximum hydrogen yields ranged from 0.8 to 0.96 mol/mol, which is comparable to the 
hydrogen yield with glucose as substrate on a 3-carbon basis [54,55]. Thermophilic mixed cultures 
were also studied for their potential ultilization of waste glycerol to produce hydrogen [53]. Although 
the yield (0.30 mol/mol glycerol) was not as favorable, thermophilic mixed culture fermentation might 
provide several advantages over mesophilic mixed culture fermentation, such as more effective 
pathogen control and lower risk of methanogen contamination [53,99,100]. 
 

As one of the natural producers of 1,3-PDO, Lactobacillus diolivorans has the potential to produce 
1,3-PDO from glycerol. The highest final concentration produced was 73.7 g/L under fed-batch 
cultivation [101]. A recent study suggests that biodiesel waste glycerol can support cell growth of L. 
acidophilus, L. delbrueckii, and L. plantarum, with resulting probiotic cell mass obtained as a value-
added product.  

PHAs are typically stored by bacteria as a carbon source and energy reserve [102]. This chemical can 
also serve as an alternative to biodegradable polymers. Bacterial synthesis of PHAs is a cheaper way to 
produce this expensive compound compared to chemical synthesis techniques. Cupriavidus necator DSM 
545 has demonstrated the capability to accumulate poly(3-hydroxybutyrate), a polyhydroxyalkanoate 
(PHA), in its cell mass by assimilating either pure glycerol or waste glycerol, with higher productivities 
able to be achieved using waste glycerol versus pure glycerol [57]. Zobellella denitrificans MW1 was also 
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reported to use glycerol as sole substrate to accumulate poly(3-hydroxybutyrate) in its cell mass [58]. The 
highest yield was achieved using 10 g/L of glycerol (0.31 g/g glycerol, 80.4% of the cell dry weight). A 
waste glycerol supplement can increase the biomass production up to 1.7 fold and PHA accumulation up to 
2.2 fold in Pseudomonas putida GO16 (0.11 g/L/h), compared to growth on sodium terephthalate (major 
plastic waste from pyrolysis of Polyethylene terephthalate) alone [59]. 
 
2.5. Microbial Conversion of Glycerol by Yeast 
 

Glycerol is one of the byproducts of sugar fermentation in yeast, acting as an osmotic regulator and a 
way to balance excess reducing equivalent [103]. The glycerol transportation and dissimilation pathways of 
yeast have been intensively studied since the 1960s (Figure 3) [104–108]. A proton symport protein 
encoded by the STL1 gene in both Saccaromyces cerevisiae and Candida alba is responsible for glycerol 
active transportation through the cell membrane [109,110]. However, simple diffusion was also observed in 
S. cerevisiae [107]. GUP1, a member of membrane-bound O-acyltransferases, has been indicated to 
involve extracellular glycerol transportation, and thus could also be one of the membrane-bound proteins 
that are responsible for the active uptake of glycerol via the proton symport system. After entering the cell 
membrane, glycerol is then phosphorlyated by glycerol kinase (glyK) to become glycerol-3-phosphate, a 
glycolytic intermediate that can be dehydrogenated in the mitochondria by glycerolphosphate oxidase 
(gpO) to form dyhydroxyacetone phosphate (DHAP) [107]. In another species of yeast, 

Schizosaccharomyces pombe, intracellular glycerol is directly oxidized by a NAD+-dependent 

dehydrogenase to DHA. DHA is subsequently phosphorylated to DHAP after which it may enter 
glycolysis. Glycolysis produces acetyl-CoA, one of the major building blocks to both TCA cycle and 
fatty acid synthesis, which is capable of subsequently generating valuable products like citric acid and 
glycolipids. 
 

Figure 3. Eukaryotic pathway of glycerol utilization. Enzymes: glyK, glycerol kinase; 
glyP, glycerophosphatase; gpO, glycerophosphate oxidase; g3pD, glycerol-3-phosphate 
dehydrogenase. Chemical intermediates and products: DHA, dihydroxyacetone; DHAP, 
dihydroxyacetone phosphate; L-G3P, L-glycerophosphate. (Dash line indicates reactions in 
Schizosaccharomyces pombe; filled box indicates potential products). 
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Yeast species have been screened and investigated for their potential in converting waste glycerol to 
various products such as citric acid, biosurfactants, single cell oil (SCO), and carotenoids [111]. 
Additionally, products like ethanol and 1,2-PDO can also be produced by genetically engineered  
S. cerevisiae strains.  

Citric acid is a flavoring additive and preservative agent in the food industry with a current 
estimated annual production of more than 800,000 tons which is expected to continue to increase by 
5% per year [111–113]. Citric acid production from the submerged fermentation of Aspergillus niger 
(fungus) using sugar as substrate is a well-developed technique. However, feeding glycerol to A. niger 
does not favor citric acid production [114]. As an alternative to A. niger, Yarrowia lipolytica was 
investigated for citric acid production using glycerol as substrate [15]. Under optimal conditions, Y. 
lipolytica NCIM 3589 has shown the ability to yield a final citric acid concentration of 77.4 g/L, which 
is comparable to the final concentration obtained by A. niger [60]. Among all the strains tested, Y. 
lipolytica Wratislavia AWG7 produced an even higher citric acid concentration of 139 g/L after 120 h 
with an initial glycerol concentration of 200 g/L [61].  

Glycolipids like sophorolipid and mannosylerythritol can be categorized as biosurfactants, which 
are a series of microbial produced molecules that have similar structures and chemical properties to 
surfactants [115]. Compared to other surfactants, biosurfactants contain advantages such as low 
toxicity and biodegradability, making them environmentally friendly for remediation processes in both 
liquid and on solid surfaces [116,117]. The production of biosurfactants was previously believed to 
only be performed by bacterial species such as the rhamnolipid-producing Pseudomonas aeruginosa, 
but recent discoveries have shown similar levels of glycolipid production in Candida and Pseudozyma 
[115,118]. Candida bombicola ATCC 22214 has been proven to produce sophorolipids by fermenting 
biodiesel waste glycerol with a final concentration of about 60 g/L [62]. It has also been reported that 
Pseudozyma antarctica JCM 10317 was able to produce 16.3 g/L mannosylerythritol lipids from 100 
g/L glycerol supplied with 2% mannose [63].  

The oleaginous yeast Cryptococcus curvatus has the ability to grow on crude glycerol. Microbial 
lipophilic contents, often known as SCOs, contain multiple useful polyunsaturated fatty acids that have 
potential in both the medical and dietetic fields [119] in additional to potential use as a feedstock for 
second generation biodiesel production [69,111]. A fed-batch culture of C. curvatus was able to 
produce 32.9 g/L of biomass with a 52% lipid content within 12 days [64]. Rhodotorula glutinis is also 
oleaginous yeast that is able to grow on a mixture of crude glycerol and the thin stillage fraction from 
brewery waste to produce 14.8 g biomass per liter (36.50% lipid content) [65].  
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The value of carotenoids, a group of pigments, has increased along with the demand for use as a 
cosmetic additive and food colorant [14,120]. Yeast species Sporobolomyces ruberrimus CBS 2636 
has recently been investigated for its potential to produce carotenoid using industrial glycerol from the 
soap manufacturing process as one of the co-substrates [14,66]. The maximum concentration that 
could be achieved was 3425.9 µg/L with a carotenoid productivity of 56.9 µg/L/h (41.9 µg/g glycerol). 

S. cerevisiae can also be genetically engineered to produce some other products from glycerol 
fermentation, which are either not naturally produced or present in low concentrations, such as ethanol 
and 1,2-PDO. S. cerevisiae is an excellent ethanol producer when using sugar substrates. However, 
fermenting a more reduced substrate like glycerol to ethanol might require additional metabolic routes 
to handle the excess reducing equivalents. Simultaneous overexpression of glycerol dehydrogenase 
(Gcy) and dihydroxyacetone kinase (Dak) in S. cerevisiae was investigated for ethanol production by 
fermenting glycerol [67]. The final ethanol concentration was 1.66 g/L, 2.4 times greater than the wild 
type (0.69 g/L). The concentration was further increased to 2.4 g/L (3.4 fold improvement over the 
wild type) by overexpression of glycerol uptake protein GUP1. 1,2-PDO is not naturally produced by 
S. cerevisiae, yet recombinant strains of S. cerevisiae 499 were constructed to produce 1,2-PDO by 
fermenting glycerol [68]. A 1,2-PDO final concentration of 2.19 g/L with a yield of 0.258 mol/mol 
glycerol was achieved in strain S. cerevisiae 499 sJDPMG. This recombinant overexpressed glycerol 
dehydrogenase (gdh) and GUP1 protein, along with the expressing methylglyoxal synthase (mgs) and 
glycerol dehydrogenase (gldA) from E. coli. 
 
2.6. Microbial Conversion of Glycerol by Fungi 
 

Microbial conversion of waste glycerol by fungi is another possible approach to generate value-added 
products, such as SCO, eicosapentanoic acid (EPA), and β-carotene, as studies have shown that fungi tend 
to accumulate lipids inside their mycelia [71]. Lentinula edodes strains AMRL 119 and AMRL 121 can 
produce a maximum of 5.2 g/L of biomass and a yield of 0.1 g/g biomass of lipid (mostly linoleic acid) 
under carbon limitation [69]. A. niger strains NRRL 364 and LFMB 1 were tested under nitrogen limiting 
conditions, resulting in 20.5–21.5g/L of oxalic acid production and 3.1–3.5 g/L of lipids with a yield of 
0.41–0.57 g/g of biomass (composed by oleic acid and linoleic acid). Galactomyces geotrichum is an 
ascomycetous fungus that has the ability to use glycerol and FFA within waste glycerol to produce 
0.44 grams of lipid per gram biomass [70]. In addition to the fungi previously mentioned Thamnidium 
elegans has been shown to be able to produce up to 11.6 g/L of oil, corresponding to 71.1% wt/wt of 
oil in biomass [71].  

As a specific member of microbial lipohilic content, EPA is an important member in omega-3 
polyunsaturated fatty acid (PUFA) family, and has medical applications for treating cardiovascular 
disease, cancer and Alzheimer’s disease [72,121,122]. PUFA is an important part of the human diet, 
with most dietary PUFA extracted from fish [123]. However, fish extracted PUFAs contain undesired 
odors and accumulated harmful heavy pollutants. Microalgae accumulation of PUFAs was evaluated 
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as a commercial replacement for fish oil [123,124], but microalgae accumulation of EPA is often 
considered to be less efficient [72]. The fungus Pythium irregulare was capable of producing EPA 
from waste glycerol with a final concentration of 90 mg/L and a productivity of 14.9 mg/L/day [72]. 
Results from this study also suggest that impurities within waste glycerol like soap and methanol can 
inhibit cell growth, and thus should be removed by pretreatment.  

A nutritional supplement, β-carotene, can be accumulated in the cell mass of Blakeslea trispora 
during grow on waste glycerol media. The highest concentration obtained was 15 mg β-carotene per 
gram of cell mass by using 60 g/L waste glycerol [73]. Impurities within waste glycerol did not inhibit 
the cell growth, but actually stimulated β-carotene synthesis. 
 
2.7. Glycerol as Carbon Source for Microalgae Species 
 

Being a potential biorefinery feedstock, microalgae species have raised considerable research 
interest [125] and accordingly waste glycerol has been studied as a possible cheap carbon source for 
growing microalgae biomass. Though glycerol can be metabolized by several microalgae species, even 
in the absence of carbon dioxide [126–128], the metabolic pathway of glycerol in microalgae has not 
been well developed. It is possible that in two of the Mycobacterium species, glycerol is first 
phosphorylated and then oxidized to triose phosphate [128]. Triose phosphate then goes through a 
stepwise oxidation and becomes pyruvate to enter TCA cycle. Therefore, triose phosphate might be 
one of the key intermediates for which oxygen is required. The alga species Schizochytrium limacinum 
SR21 can accumulate docosahexaenoic acid (DHA) in its cell mass, with DHA productivity of 0.51 
g/L/day using waste glycerol as substrate [74]. DHA is an important omega-3 polyunsaturated fatty 
acid with research suggesting a role in preventing cardiovascular disease [74]. 
 
2.8. Converting Glycerol to Value-Added Products Using Fermentation, Co-Digestion, and 
Microbial Electrochemical Technologies 
 
2.8.1. Fermentation 
 

Generally speaking, fermentation processes can be operated in batch, fed-batch, and continuous 
modes [129]. In terms of glycerol microbial conversion, batch and fed-batch cultures were often 
employed because value-added metabolites and biomass can accumulate in relatively high final 
concentrations compared to continuous culture. For example, 67.9–104.4 g/L of 1,3-PDO can be 
produced by batch and fed-batch cultures [31,39,44,45], which are higher than concentrations achieved 
in continuous culture (35.2–48.5 g/L) [130]. However, compounds other than the desired products also 
accumulate during the conversion process which might lead to inefficiencies due to inhibitory effects. 
On the other hand, continuous cultures can regulate accumulation by adjusting dilution rate, and thus 
have relatively high productivities. For example, 4.9–8.8 g/L/h of 1,3-PDO can be produced under low 
dilution rates [130]. Although low final concentrations often accompany continuous cultures, which 
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might hinder downstream processes such as separation and purification [130].  
Process-based enhancements like cell immobilization or co-digestion are often applied to these 

cultivation processes to improve glycerol utilization or metabolite production. Benefits conferred by 
cell immobilization might include increased stability in unfavorable environmental conditions during 
operation as well as avoiding washout [33,131,132]. For example, with microencapsulation, the 
biomass of K. pneumoniae was increased 2.6-fold compared to free cell cultures [33]. As the result, the 
final concentration of 1,3-PDO obtained in batch cultures was 63.1 g/L with a yield of 0.65 mol/mol 
glycerol. In continuous culture, the overall productivity of 1,3-PDO was 4.46 g/L/h with a yield of 0.43 
mol/mol glycerol. By immobilizing C. pasteurianam cells on Amberlite, the maximum n-butanol yield 
of 0.43 mol/mol glycerol could be produced [47]. 
 
2.8.2. Anaerobic Co-Digestion 
 

Anaerobic co-digestion of glycerol has been investigated to increase biogas productivity. Preceded 
by a mixed bacterial culture, this process consists of anaerobic digestion with waste glycerol as a 
complementary substrate to balance the C/N ratio [133]. As the result of co-digestion, useful products 
like biogas (consisting mainly CH4 and CO2) are produced. Direct utilization of waste glycerol without 
pretreatment could be problematic to microbes because of its alkalinity and high salt levels [134]. The 
application of pretreated waste glycerol has been reported as a positive supplement to increase the 
productivity of anaerobic digestion. For example, the methane production rate of a mixture of olive 
mill wastewater and slaughterhouse wastewater was increased from 479 mL/d to 1210 mL/d by 
volumetrically adding 1% waste glycerol as supplement [56]. Compared to mono-digestion, biogas 
production was also increased by about 400% under mesophilic conditions when pig manure was co-
digested with 4% waste glycerol [135]. 
 
2.8.3. Microbial Electrochemical Conversion 
 

Microbial electrochemical technologies (METs) can recover electrons from glycerol as electrical 
current using a microbial fuel cell (MFC) (Figure 4a) [136] or produce hydrogen using a microbial 
electrolysis cell (MEC) (Figure 4b) [137]. METs may contain either a mixed bacterial culture or pure 
culture that grows on the anode surface or in anodic chamber carrying out the oxidation of organic 
matter. During oxidation, electrons are released and then transferred to the anode through direct 
contact, electron shuttles, or conductive nanowires [136,138–141]. In an MFC, external electron 
acceptors (like oxygen or ferric cyanide) have to be fixed in order to create a potential difference large 
enough to allow current flow [142]. However, in an MEC, no external electron acceptor is added as the 
reduction of hydrogen ions on the cathode surface has a more negative redox potential than the anode, 
and thus an additional voltage must be applied to generate the current flow [143]. 
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 Figure 4. Single-Chamber microbial electrolysis cell (a) Single-Chamber microbial 
electrolysis cell (b) (adapted from [143]). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
 

Both pure and mixed culture MFCs from which electrical power can be generated using glycerol are 
currently being investigated as an alternative method of biodiesel waste glycerol conversion. 
Enhancements have been made based on the selection of a favorable microbial consortia as well as 
improvements to MFC designs. Electrical power at a maximum density of 600 mW/m2 can be 
generated from pure glycerol using a pure culture of Bacillus subtilis in a single chamber MFC with air 
cathode [75]. Although some pure bacterial strains, such as Geobacter sulfurreducens, have the ability 
to produce comparable power to mixed culture communities using defined substrates such as acetate 
[144], the use of mixed cultures in MFCs has the advantage of increased stability and a wider range of 
substrates capable of being utilized [145]. Electrical power can be directly generated from waste 
glycerol using a single chamber MFC with a mixed microbial consortium enriched from domestic 
wastewater [76]. The maximum power density generated from waste glycerol was 487 mW/m2 with 

carbon cloth anode, but was further increased to 2110 mW/m2 with a heat-treated carbon brush anode. 
An MFC with graphite fiber brush anodes can produce electrical current at power densities of 4.6 
W/m3 using pure glycerol and 2.3 W/m3 using waste glycerol [77].  

A recent study suggests that by externally applying current to a glycerol fermentation reactor 
inoculated with a mixed culture, metabolite formation can be significantly influenced with associated 
increases of highly reduced chemicals such as propanol and valerate [146]. Although the mechanism 
behind this metabolic shift was not clear, it is possibly related to the high hydrogen partial pressure 
caused by the current supplied in the vicinity of cathode. Besides producing more reduced, value-
added products, attempts have also been made to achieve high levels of hydrogen production in pure 
and mixed culture MECs using glycerol as a substrate. Simultaneous production of hydrogen and 
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ethanol from pretreated waste glycerol was reported in a two compartment MEC inoculated with 
Enterobacter aerogenes NBRC 12010 [69]. The yield of hydrogen and ethanol were 0.74 and 0.92 
mol/mol glycerol respectively. The consumption of glycerol can be increased from 45.7% to 84.5% 
through the application of a potential of 0.2 V. Mixed culture MECs with a single chamber design can 
produce hydrogen yields of 3.9 mol/mol and 5.4 mol/mol glycerol, higher than pure culture MECs, 
with applied voltages of 0.9 and 1.0 V [79,80]. The application of pretreatments like heat shock should 
be considered to before inoculation as a method to prevent growth of methanogens. 

 
3. Outlook 

 
As previously discussed, the production of biodiesel waste will continue to increase with the growth 

of the biofuel market. The surplus of glycerol is not only creating difficulties for the glycerol 
production industry but also for biodiesel plants. Microbial conversion is an efficient and sustainable 
method for converting waste glycerol that avoids the disadvantages of direct application and chemical 
transformation, such as the inability to use waste glycerol directly and low product specificity [6]. 
Although there are still hurdles involved in constructing a suitable industrial scale reactor to more 
accurately predict real production costs, encouraging results have been demonstrated (Table 1).  

1,3-Propanediol is one of the various value-added products that can be generated from glycerol 
fermentation, and is, a chemical that is already produced nationally on a level of about 31.6 million kg 
per year, and appears to be an encouraging target for future waste glycerol microbial conversion efforts 
[147,148]. Currently, commercial synthesis of 1,3-PDO is performed either by petroleum chemicals 
(acrolein and ethylene) [147,148] or by glucose fermentation of engineered bacterial strains [24,149]. 
As natural producers of 1,3-PDO, members of the Klebsiella, Citrobacter, and Clostridium families 
have been intensively studied for potential industrial applications. Compared to these bacteria, E. coli 
has an advantage being a highly tractable, and thus easier to be manipulated for various industrial 
needs [31]. In fact, one of the highest 1,3-PDO concentrations achieved by glycerol fermentation was 
the 104.4 g/L produced using an engineered E. coli strain, with a yield of 1.09 mol/mol (0.9 g/g) of 
glycerol [31].  

On the other hand, citric acid generation from waste glycerol also represents a promising 
conversion route that can be achieved by yeast [60,61]. Strains of Y. lipolytica have been investigated 
as an alternative to citric acid production by A. niger. Although concentrations achieved are still lower 
than the concentrations from the commercialized process using glucose as substrate [150,151], 
economic analysis suggests that it is more profitable to generate value-added products like 1,3-PDO 
($1.8 per kg [149]) and citric acid ($1.2 to 3.2 per kg) from waste glycerol ($0.11 per kg) [60,61,152].  

One of the most challenging elements of the microbial conversion of waste glycerol to water-soluble 
products is downstream separation and purification, but microbial electrochemical technologies like MECs 
and MFCs have the potential to efficiently overcome this problem. Electrical power produced from waste 
glycerol requires no extra cost associated with separation or purification. It was estimated that the electrical 
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power generated from waste glycerol by MFCs may be worth a total value of $98.4 million per year [77], a 
number that could be increased further by optimizing MFC designs for current generation. Similarly, as a 
gaseous product with low water solubility, hydrogen can be separated from reaction broth with no 
extensive separation cost regardless of hurdles in storage and transportation [153]. Current hydrogen 
production is dominated by steam reformation of natural gas, producing hydrogen at a cost ranging from 
$1.10 to $1.24 [154]. High hydrogen yields have been demonstrated using a photo-fermentative bacterium 
(6 mol/mol glycerol) [51]. However, the need for light may complicate the reactor design, increasing the 
difficulty in scaling-up for commercial applications. Under dark-fermentation, low hydrogen yields (0.28–
0.96 mol/mol) are likely to be caused due to inefficient use of secondary metabolites such as acetate, 
lactate, and ethanol [23,52–55]. Through the use of an MEC design these secondary metabolites were able 
to be further utilized [155–157], and higher hydrogen yields (3.6–5.4 mol/mol glycerol) closer to the 
theoretical yields can be achieved with a relatively low investment of energy compared to dark 
fermentation [23,79,80,158]. Further research is needed to demonstrate the ability to efficiently scale-
up promising waste glycerol to hydrogen conversion technologies, as well as life cycle analyses 
comparing these technologies to current stream reformation techniques.  

In summary, waste glycerol represents a carbon source that is widely available at relatively low-cost 
and potentially suitable for many applications. Although constraints are still largely present for 
practical utilization of waste glycerol from biodiesel plants, advancements have been made over the 
past decade that warrant further research in this fascinating area. Future advancements in this field 
could bring great social, economic and environmental benefits to society. 
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