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Abstract 

Electricity 

Bio-electrochemical systems such as microbial fuel cells (MFCs) and microbial electrolysis 

cells have shown promise in wastewater treatment, bioremediation, desalination, carbon 

sequestration and as an alternative, renewable energy source.  

MFCs produces electricity via anaerobic oxidation of substrates with the subsequent 

extracellular electron transfer to an electrode. A wide variety of feedstocks have been 

researched, including various artificial and real wastewater sources as well as lignocellulosic 

material. Sweet sorghum, has been identified as a possible feedstock for electricity 

production in MFCs, using an anaerobic sludge inoculum, due to its high sugar content. To 

study sweet sorghum as an MFC feedstock a standard two chamber H-cell MFC was used, 

with an anaerobic sludge inoculum (Boden Biogas). A maximum voltage of 546±10 mV was 

obtained, and a maximum power and current density of 131±8 mW/m2 and 543±29 mA/m2 

respectively. The substrate concentrations were monitored during the MFC operation, and 

the sugars were quickly fermented to volatile fatty acids which were then consumed during 

electricity generation. The power output was essentially independent of the substrate profile, 

with little difference between different VFAs. A more direct way was therefore needed to 

monitor the growth of an MFC biofilm as well as the effect of various substrates on 

extracellular electron transfer (EET).  

Light 

One option for the direct monitoring of a biofilm is to use Raman spectroscopy to monitor 

the redox status of the biofilm, since Raman can be used to detect the redox state heme 

groups. Therefore, resonance Raman spectroscopy was chosen to monitor the cytochrome 

redox of Geobacter sulfurreducens, is a well know electroactive microorganism commonly 

found in mixed culture MFCs. G. sulfurreducens is able to produce thick, conductive biofilms 

as well as high current densities in MFCs. Due to the large variety of cytochromes present in 

G. sulfurreducens, it has various intricate and adaptable EET pathways, which makes the 

characterization of the essential EET components difficult. Due to the resonance of the 

cytochromes found in G. sulfurreducens it is possible to measure the redox state of the 

biofilm using resonance Raman spectroscopy. This was used for on-line monitoring of 

various G. sulfurreducens mutants during MFC operation (including the wild type PCA, the 
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enhanced KN400 strain capable of higher current densities, and two deficient strains missing 

key cytochromes involved in the EET, i.e. ΔOmcS and ΔpilA). From this, the applicability 

of resonance Raman spectroscopy was shown to provide a non-destructive analytical tool for 

the in-situ monitoring of the oxidation state of proteins responsible for the EET process and 

the dynamics thereof. Resonance Raman with short integration times was further used, along 

with a dynamic model, to describe the dynamics of the EET pathways in the wild type as 

well as in an OmcS deficient strain during a stepped chronoamperometry measurement. This 

showed a significant difference in EET dynamics between ΔOmcS and the wild type, which 

was not detectible in the chronoamperometry data alone. The ΔOmcS biofilm showed a 

linearly decreasing trend in the reduced cytochrome concentration. This was likely caused by 

the saturation of a limiting mediator, resulting in an oxidation rate that was independent of 

the mediator concentration. The ΔOmcS biofilms response could, however, be better 

modelled using an empirical zeroth order model. This analytical method could prove valuable 

for the establishment of G. sulfurreducens as a chassis microorganism, allowing one to 

observe the effect of genetic modification on EET mechanisms. 

Sound 

Furthermore, to see if an abiotic factor such as sound can affect the functions in bacterial 

cells, we selected to study the effect of ultrasound on the growth of G. sulfurreducens. G. 

sulfurreducens is a key candidate for the development of a chassis organism in bio-

electrochemical systems, and an external abiotic method of affecting growth or metabolite 

production could be extremely beneficial. For this, a well-defined sonobioreactor was 

developed and modelled to study the effect of ultrasound on G. sulfurreducens. This resulted 

in a significant increase in malate production during the exponential phase of planktonic 

growth (11 mmol when sonicated vs the 5 mmol control). Transcriptomics was then used to 

determine the reason for the observed increase. Although there was a large variance in the 

samples, this was possibly linked to the overexpression of glycosyltransferases, which are 

known to play a role in membrane stability and bind malate.  

Finally, a low-cost modification, which modifies a standard 3D printer into a bio-printer was 

developed to print artificial biofilms for bio-electrochemical systems. This was then used to 

print an artificial biofilm of G. sulfurreducens, significantly reducing the time required to 

produce an established biofilm. 

Keywords: MFC, Microbial fuel cell, Raman microscopy, BES, Geobacter sulfurreducens 
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1 Introduction 

M. Potter first published work on microbial electron transfer during the decomposition of 

organic compounds in 1911, more than a hundred years ago (Potter 1911). Since then many 

microorganisms have been reported as being electroactive with a surprising level of diversity 

in mechanisms, pathways and species (Koch and Harnisch 2016). The study of microbial 

electrochemistry is highly interdisciplinary field which, among others, combines 

microbiology, metabolic engineering genetics, electrochemistry, materials science, reactor 

engineering. Due to the to the recent research in this field we now have a far better 

understanding of microbial electrochemistry, as well as to a variety of practical applications. 

However, due to the complexity of these systems there is still a lot of fundamental research 

needed in order to fully characterize the extracellular electron transfer (EET) mechanisms 

(Wang and Ren 2013). In this thesis a metabolic study of a mixed culture with a sorghum 

feedstock, the use of Raman spectroscopy to analyze MFC biofilms, and the use of sound to 

manipulate the metabolism of G. sulfurreducens is discussed. 

1.1 Electricity: Bio-electrochemical systems 

The diversity of microbial electrochemistry has led to a flexible application platform that 

utilizes electron transfer between microorganisms and external electron conductors. i.e. bio-

electrochemical systems (BESs) (Wang and Ren 2013). BESs can offer unique solutions to 

environmental problems such as wastewater treatment, power generation and carbon 

sequestration as well as some more specialized issues such as biosensing. BES systems can 

be divided into electron‐producing microbial fuel cells (bio-anode) and electron‐consuming 

microbial cells (bio-cathode) or a combination of both. This has led to a diverse range of 

applications, including: direct power generation via MFCs (Sjöblom et al. 2017), chemical 

production (via microbial electrolysis cells or microbial electrosynthesis) (LaBarge et al. 

2017; Jourdin et al. 2016; Chen et al. 2016), water desalination (J. Zhang et al. 2018), 

wastewater treatment (including sulphate, nitrite or COD removal) (Feng et al. 2008; Sevda 

et al. 2018; Coma et al. 2013) or for more targeted applications such as biosensors and 

biocomputing (ElMekawy et al. 2018; Teravest, Li, and Angenent 2011). 

Although microbial electrosynthesis (MES) cells are not discussed in detail in this thesis, 

they are believed to be an essential part of the development of BESs. The sequestration of 

CO2 is seen by many as a method to mitigate climate change, caused by our over-use of fossil 
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fuels (Boot-Handford et al. 2014). MES systems offer the possibility of producing key 

chemicals (such as methane, acetate, ethanol or butanol) through the sequestration of CO2 

using renewable energy sources (Wenzel et al. 2018; Vassilev et al. 2018). The current work 

focuses mainly on the study of MFCs and a common MFC microorganism (G. 

sulfurreducens) as well as the possibility of the use of bioprinting in BESs. 

1.1.1 Microbial fuel cells 

MFCs have been extensively studied for their use in water treatment and power generation 

(Wang and Ren 2013). MFCs, using various microorganisms, are capable of anaerobically 

oxidizing a wide variety of substrates, including waste materials and several volatile fatty 

acids (VFAs) such as acetate. An electrical current is then generated through extracellular 

electron transfer to the anode, either directly or through redox mediators. The most common 

set-up is a two-chambered cell, with the bio-anode separated from the cathode by a proton 

exchange membrane, Figure 1-1.  

 
Figure 1-1: Simplified Schematic of a typical three electrode, two-chamber MFC. 

 

Several larger scale MFC systems have shown promise in wastewater treatment, (Liang et al. 

2018), bioremediation (M. a. Rosenbaum and Franks 2014) or even as an energy source in 

remote areas (Castro et al. 2014). However, in order to make MFCs cost effective, compared 

to traditional wastewater treatment methods, a significant increase in current densities or 

reduction in costs of MFCs are needed (Sleutels et al. 2012). In an attempt to achieve this 

several low cost separators (such as ceramic MFCs or low cost proton exchange membranes 
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(Yousefi, Mohebbi-Kalhori, and Samimi 2017; Chakraborty et al. 2020)) as well as multiple 

specialized cathode materials (important due to the impact on the oxygen reduction reaction 

(Palanisamy et al. 2019)) have been developed. For example, a maximum cathode power 

density of 2090 mW m–2 reported using a carbon–carbon composite air cathode (X. Zhang et 

al. 2020). However, graphite electrodes are often used for fundamental research purposes 

since they are cheap, inert and easy to shape (Gregory, Bond, and Lovley 2004). Although 

oxygen is one of the most cost-effective electron acceptors (i.e. exposing the cathode to air) 

it might be difficult to maintain anaerobic conditions in a lab and hence a strong electron 

acceptor such as ferro-cyanide or a positively poised anode is often used for many research 

purposes (Zhuwei, Haoran, and Tingyue 2007; Lovley 2006; Logan and Regan 2006; 

Thygesen et al. 2009).  

1.1.2 Microorganisms used for MFCs 

Since the discovery of EET, a wide range of microorganisms have been found to be 

electroactive to some degree, with a surprising level of diversity in mechanisms, pathways 

and species (Koch and Harnisch 2016). These are typically iron-reducing bacteria, such as 

G. sulfurreducens, yet can include proteobacteria, cytophagales, firmicutes, acidobacteria 

and yeasts (Franks and Nevin 2010). Common inoculum sources include marine sediment 

and wastewater, however, the power densities produced by these cultures can vary widely 

and high densities are typically only achieved after long acclimation times in MFCs. The 

performance of an MFC is highly dependent on the specific setup, including the electrode 

materials, temperature, media and reactor conditions (such as electrode spacing or the 

membrane used). However, even when all conditions are maintained, power densities can 

vary due to differences such as electrode age or biofilm development (Logan et al. 2019). 

Mixed cultures are however much more suited to the use of complex feedstocks, since the 

broad spectrum of bacteria allow for the synergistic degradation of a wider variety of complex 

organic matter as well as leading to a more stable MFC (Ishii et al. 2015).  

The variety of microorganisms and variance in current densities makes the mechanisms in 

mixed culture MFC biofilms much more difficult to study. However, it has been found that 

G. sulfurreducens is the most commonly identified species in MFCs, when inoculated with 

diverse microbial samples. This is one of the reasons why G. sulfurreducens is considered 

one of the most important current-producing bacterium (Logan et al. 2019).  
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1.1.3 MFC feedstocks, including sweet sorghum 

One of the benefits of MFCs is that it can produce electric current from a wide range of 

complex organic wastes and renewable biomass at ambient to low temperatures. The most 

researched substrates include several artificial or real wastewater streams and lignocellulosic 

biomass. A wide variety of low-cost raw materials is essential to promote the widespread use 

of MFCs for electricity generation. Some examples of these include municipal, food, and 

animal wastewaters, cheese whey (Antonopoulou et al. 2010), aquatic weeds (Kaur et al. 

2018), brewery waste (Feng et al. 2008), urban waste water (Rodrigo et al. 2007) and landfill 

leachate (Puig et al. 2011).  

One possible MFC feedstock, sorghum (Sorghum bicolor {L.} Moench), has received a lot 

of attention as a bioenergy crop and offers a high potential as a feedstock for fuels and 

chemicals. This is due to the high biomass yield per area and high levels of sugar 

accumulation, combined with its ability to withstand droughts, low water usage, established 

production systems and the potential for genetic improvements (Rooney et al. 2007; Li et al. 

2018). Sweet sorghums accumulate sugars in their stalks and contain, on a dry weight basis, 

about 50% soluble sugars (sucrose, glucose, fructose), 35% insoluble carbohydrates 

(hemicellulose and cellulose) and 3.2% lignin (Matsakas and Christakopoulos 2013). 

Sorghum can also be used as a food and feed grain and is one of the most widely grown cereal 

crop in the world, mostly in Sub-Saharan Africa and India. However, several countries have 

started commercializing sorghum for biofuels, including Brazil, The United States, Central 

America, China, Australia, India, Zimbabwe, Mozambique, Angola and the Philippines 

(Umakanth et al. 2018). The high soluble and insoluble carbohydrate concentration makes 

sweet sorghum stalks ideal as a raw material for electrical energy production in an MFC; it 

can also be further enhanced by enzymatic treatment (Matsakas and Christakopoulos 2013), 

increasing the amount of extractable sugars. Sweet sorghum stalks have not been studied in 

MFCs before and here the efficacy of dried sweet sorghum stalks as an MFC substrate is 

evaluated, alongside the metabolism of the various sugars during electricity production. 

1.2 Geobacter sulfurreducens  

G. sulfurreducens is a gram negative, obligately anaerobic, metal and sulfur-reducing 

proteobacterium that is considered to be a well-known electroactive bacteria (Caccavo et al. 

1994). G. sulfurreducens is well known for its ability to form thick conductive biofilms 

capable of power generation via long-range electron transfer directly to electrodes. G. 
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sulfurreducens has also been shown to natively accept electrons from cathodes (reducing 

nitrate to nitrite) and has been used in co-culture studies with fermentative bacteria, removing 

unwanted byproducts of the glycerol fermenting Clostridium cellobioparum (M. A. 

Rosenbaum et al. 2017). 

During power generation, NADH is generated from the oxidation of acetate to CO2 through 

the TCA cycle, which is in turn oxidized at the cell membrane. This releases an electron in 

association with the proton pumping required for energy production, which is then 

transported across the membrane and to an external electron acceptor via various electron 

transfer pathways. The extracellular electron transfer (EET) merely serves to translocate the 

electrons in order to avoid a build-up of electrons in the cell (Lovley 2008; Mehta et al. 2005; 

Kim et al. 2008). Several physical or chemical electron acceptors can be used, of which three 

abiotic electron acceptors will be discussed in this work, i.e., fumarate, insoluble Fe(III)oxide 

and a poised graphite electrode used in a continuous on-line MFC system. When fumarate is 

used as an electron acceptor it can be incorporated into cells, yet it has been shown that 

fumarate cannot be used as a carbon or energy source. Since fumarate is internalized, it has 

a simpler electron transport pathway than that required for EET. The succinate produced from 

fumarate reduction is simply excreted into the medium rather than being oxidized in the TCA 

cycle (Galushko and Schink 2000). A single membrane bound bifunctional enzyme, a 

heterotrimeric fumarate reductase, FrdCAB, is responsible for both fumarate reduction and 

succinate oxidation (Butler et al. 2006; Esteve-Núñez et al. 2005).  

Fe(III)oxide is the predominant form of Fe(III) in most soils and sediments, and since it is 

insoluble it serves as an extracellular electron acceptor. This requires electrons to be 

transported outside the cell via a more complex electron transport pathway. The final electron 

transfer is not believed to yield additional energy to the cell and hence the theoretical reason 

why growth rates are approximately 3 fold lower during Fe(III) reduction (Mahadevan et al. 

2006). 

1.2.1 G. sulfurreducens electron transport chain 

G. sulfurreducens has been found to have an unprecedented number of genes coding for C-

type cytochromes (cyt-Cs), with 111 sequences matching the cyt-C motif that identifies heme 

groups with several containing two or more heme groups (Methé et al. 2003). This large 

amount of cyt-C highlights the importance of EET for G. sulfurreducens and it also suggests 

a large flexibility and redundancy in the EET pathways, allowing for the reduction of a wide 
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range of electron acceptors. This also highlights the complexity of understanding the 

mechanisms involved in EET in various growth conditions. Although it is one of the most 

studied electroactive organisms, this complexity means that the full mechanisms involved in 

EET are still uncertain (Yates et al. 2018). A simplified schematic of the EET G. 

sulfurreducens is given in Figure 1-2 (Millo et al. 2011; Lovley 2008). 

A poignant example of the complexity involved in the EET of G. sulfurreducens is the 

development of our understanding of its type IV pili that allows for the highly conductive 

biofilms produced by G. sulfurreducens. The electrically conductive pili are assembled from 

the PilA pilin monomer (Lovley and Walker 2019). It was initially thought that the 

conductivity is caused by a succession of electron transfer reactions between OmcS aligned 

along pili (Strycharz-Glaven et al. 2011). This was later shown to be unlikely, due to evidence 

showing the “metal-like” conductivity of the pili without OmcS as well as a large distances 

between OmcS molecules (Lovley 2012). Recent studies have shown that the conductivity is 

likely due to π-π interaction between aromatic residues within the pili (Shu et al. 2019). 

Although OmcS is not responsible for the conductivity of pili, larger conductive “nanowires” 

has recently been characterized that comprise solely of OmcS. The OmcS is stacked head-to-

tail and closely wrapped around a continuous stack of hemes serving as a path for electron 

transport (Filman et al. 2019). Several other enzymes are also believed to participate in the 

EET of G. sulfurreducens, including several outer membrane cytochromes (OMCs) (such as 

OmcE, OmcZ and OmcB). Of these, OmcZ has been identified as essential for optimal 

current production, and since then several studies have focused on the characterization of the 

cytochrome. OmcZ is primarily localized in the extracellular matrix, and concentrated at the 

biofilm–electrode interface, and has been found to participate in electron transfer through the 

biofilm bulk and is believed to be required for a low potential electron transport pathway 

(Peng and Zhang 2017; Inoue et al. 2011, 2010; Semenec et al. 2017). 
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Figure 1-2: A schematic for the mechanism for extracellular electron transfer of G. sulfurreducens 
(Adapted from (Lovley 2008; Leang et al. 2010)). 

Interestingly, KN400 (a strain which has enhanced current production capacity, developed 

through selective pressure of PCA) is known to have significantly lower cytochrome levels 

when compared to the PCA strain. The enhancement was rather associated with the greater 

abundance of electrically conductive pili found (Yi et al. 2009). 

1.2.2 Electron transport chain dynamics and modelling 

A simplified model of the electron transport chain of G. sulfurreducens could prove to be 

extremely useful for understanding the response of BES systems. This would be especially 

useful in the development of biosensors and the development of G. sulfurreducens as a 

chassis microorganism. Although there has been several studies modelling the biofilm 

growth of MFCs over several days as well as the fluid dynamics of MFCs, modelling the 

substrate mass transfer, (Korth and Harnisch 2019; Farber et al. 2019) these do not model the 

short term electron transport dynamics. A simplified reaction scheme for describing EET in 

a biofilm of G. sulfurreducens has been used to simulate the reaction dynamics to some 

degree (Richter et al. 2009). This model is based on classic catalyst-dependent electrode 

reactions, assuming an electrode-bound, non-diffusing, catalyst and electron transfer via 

reduction of electrode-reactive mediators (Saveant and Vianello 1965; Katakis and Heller 

1992). In essence the model splits the EET into four steps, shown schematically in Figure 

1-3 (Richter et al. 2009). In short these are: the oxidation of acetate, intracellular electron 

transfer, long distance electron transport and finally the electron transport to the electrode. 
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 Figure 1-3: Schematic presentation of the redox reactions involved in the EET in a biofilm for the 
proposed reaction scheme along with the rate constants of step 1-4 (𝑘𝑘𝐴𝐴𝐴𝐴 , 𝑘𝑘𝑜𝑜𝑜𝑜𝐴𝐴 , 𝑘𝑘𝐴𝐴𝑜𝑜𝑐𝑐𝑟𝑟  𝑎𝑎𝑛𝑛𝑛𝑛 𝑘𝑘𝑖𝑖 
respectively); from (Krige, Ramser, et al. 2020). 

These electrochemical reactions can be expressed by the following reaction scheme: 

[𝟏𝟏]
𝟏𝟏
𝟖𝟖
𝑨𝑨𝒄𝒄− + 𝑰𝑰𝑴𝑴𝒐𝒐𝒐𝒐 

𝒌𝒌𝑨𝑨𝒄𝒄��  𝑰𝑰𝑴𝑴𝒓𝒓𝒓𝒓𝒓𝒓 +  
𝟏𝟏
𝟒𝟒
𝑪𝑪𝑶𝑶𝟐𝟐 + 𝑯𝑯+  

[𝟐𝟐] 𝑰𝑰𝑴𝑴𝒓𝒓𝒓𝒓𝒓𝒓 + 𝑶𝑶𝑶𝑶𝒄𝒄𝒐𝒐𝒐𝒐
𝒓𝒓=𝒓𝒓𝟎𝟎  

𝒌𝒌𝒐𝒐𝑶𝑶𝒄𝒄�⎯�  𝑰𝑰𝑴𝑴𝒐𝒐𝒐𝒐 + 𝑶𝑶𝑶𝑶𝒄𝒄𝒓𝒓𝒓𝒓𝒓𝒓
𝒓𝒓=𝒓𝒓𝟎𝟎 

[𝟑𝟑] 𝑶𝑶𝑶𝑶𝒄𝒄𝒓𝒓𝒓𝒓𝒓𝒓
𝒓𝒓=𝒓𝒓𝟎𝟎 + 𝑶𝑶𝑶𝑶𝒄𝒄𝒐𝒐𝒐𝒐𝒓𝒓=𝟎𝟎 

𝒌𝒌𝒄𝒄𝒐𝒐𝒄𝒄𝒓𝒓�⎯⎯�  𝑶𝑶𝑶𝑶𝒄𝒄𝒐𝒐𝒐𝒐
𝒓𝒓=𝒓𝒓𝟎𝟎 + 𝑶𝑶𝑶𝑶𝒄𝒄𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓=𝟎𝟎  

[𝟒𝟒] 𝑶𝑶𝑶𝑶𝒄𝒄𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓=𝟎𝟎 𝒌𝒌𝒊𝒊 ��  𝑶𝑶𝑶𝑶𝒄𝒄𝒐𝒐𝒐𝒐𝒓𝒓=𝟎𝟎 + 𝒓𝒓𝒓𝒓𝒆𝒆𝒓𝒓𝒄𝒄𝒆𝒆𝒓𝒓𝒐𝒐𝒓𝒓𝒓𝒓 𝒔𝒔𝒔𝒔𝒓𝒓𝒔𝒔𝒔𝒔𝒄𝒄𝒓𝒓
−    

Scheme 1: the electron transfer in G. sulfurreducens 

 

Step 1: Oxidation of the acetate (𝑨𝑨𝒄𝒄−) 

The first step involves the initial release of electrons via the cellular metabolism, and the 

reduction of an internal mediator (𝐼𝐼𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟) with a rate constant 𝑘𝑘𝐴𝐴𝐴𝐴. In this case this is achieved 

via the oxidation of the main substrate acetate (𝑘𝑘𝑐𝑐−), generating carbon dioxide and protons 

as by-products. This is often considered the rate limiting step during normal operation. 

Furthermore, if the acetate concentration is above a certain value (approximately 5mM), the 

rate of acetate consumption seems to be independent of the acetate concentration. This means 

that the rate would only depend on the 𝐼𝐼𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟.  
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Step 2: Intracellular electron transfer across the cell membrane 

The electrons then need to be transported outside the cell. This step involves the transfer of 

electrons across the cell membrane (rate constant 𝑘𝑘𝑜𝑜𝑜𝑜𝐴𝐴) and the eventual reduction of 

oxidized, cell-bound, outer membrane cytochromes (𝑂𝑂𝑂𝑂𝑐𝑐𝑜𝑜𝑜𝑜) coupled to the oxidation of the 

internal mediator (𝐼𝐼𝑀𝑀𝑜𝑜𝑜𝑜). This step is probably the most complex step, since it involves 

several membrane-associated cytochromes and the EET pathways can differ. This step also 

involves the consumption of NADH and pumping H+ across the inner membrane, which in 

turn can be used to produce ATP, making it beneficial for the cell.  

Step 3: Long distance electron transport 

The long distance electron transport is the EET through the biofilm of G. sulfurreducens, 

from the mediators at the cell surface (𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟
𝑟𝑟=𝑟𝑟0, at distance(d)=d0) to the anode surface 

(𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟=0, at d=0). There has been disputes about the mechanisms involved in this process, 

and the previous model assumed EET occurs via a series of electron transfer reactions among 

adjacent ET mediators (Richter et al. 2009). This “electron hopping/tunneling” theory has 

since been shown to be inaccurate, and that EET occurs via conductive “e-pili” possessing 

delocalized electronic states, essentially functioning as metallic-like protein wires 

(Malvankar, Tuominen, and Lovley 2012b; Butler et al. 2006). Since electrical conductions 

would occur much faster than a series of redox reactions, this would impact the model 

significantly. 

Step 4: Interfacial electron transfer 

The final step involves the final interfacial electron transfer into the anode. The mediators at 

the electrode surface (Omcredd=0) are oxidized, transferring electrons to the anode producing a 

current. The rate constant (ki) can be described as a function of the potential at which the 

anode is poised (E), via the Butler-Volmer electrode reaction rate expression (Bard and 

Faulkner 2002). The expression consists of an anodic rate and a cathodic rate, however, the 

anodic reaction will dominate the cathodic if the potential is sufficiently higher than the 

formal potential of the mediator (E0). This can be expressed as eq1: 

ki = 𝑘𝑘0𝑒𝑒𝑒𝑒𝑒𝑒 �(1 − α) �
𝑛𝑛𝐹𝐹
𝑅𝑅𝑇𝑇�

(𝐸𝐸 − 𝐸𝐸0)� ,      (1) 

Where 𝐸𝐸0 is the formal potential of the mediator, n is the number of electrons transferred, k0 

is the standard rate constant, α is the transfer coefficient, T is temperature (K). 
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1.2.3 Electrochemical analysis of MFC dynamics 

To evaluate the electron transfer of an MFC biofilm, various electrochemical analyses are 

used where cyclic voltammetry (CV) is one of the most common methods. CVs are used to 

evaluate the formal potentials of different electron transfer pathways and therefore gives one 

information on cytochromes involved in the EET. Because CVs essentially require steady 

state voltammograms, they usually require low scan rates (<25mV/s) (Zoski et al. 1989). If 

one wishes to calculate the rate constants involved in the electron transfer of these pathways, 

a transient measurement technique and a mathematical model describing the current transfer 

is required. This could potentially identify rate limiting factors in various EET pathways, as 

well as expend the theoretical models used to describe EET. CVs suffers from the fact that 

heterogeneous dynamics can affect the observed response, complicating the extraction of 

accurate rate constants. As an alternative, a potential step method, such as 

chronoamperometry, can be used, since it does not have this problem. The potential is simply 

stepped to values where the heterogeneous reaction is mass-transfer controlled (Bard and 

Faulkner 2002). Chronoamperometry therefore offers a simpler solution for fitting rate 

constants and evaluating. After a steady state is achieved at a low potential, the potential is 

simply stepped to a significantly higher value, while the current is observed. This allows one 

to observe the capacitive behavior of the cytochromes in a biofilm. 

1.3 Light: Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique relying on the Raman scattering (inelastic 

scattering) of a monochromatic excitation light, usually from a visible, near infrared, or near 

ultraviolet laser (244-1064 nm). When the monochromatic light hits a sample most of the 

light will be scattered with no net energy transfer between the sample and the incident photon 

occurring (elastic scattering called Rayleigh scattering). However, a fraction of the light will 

interact with the molecular vibration, phonons or other excitations in the sample, changing 

the energy of the photon (inelastic scattering called Raman scattering). The resulting light 

could either have less energy (lower frequency) than the original photon, (called stokes 

Raman scattering) or more energy (higher frequency) than the original photon, (called anti-

Stokes Raman scattering) (Amer 2010). Since this shift in energy is caused by an interaction 

with the molecule, information about the vibrational modes in the system can be gleaned 

from the data. Since the large majority of incident photons undergo elastic Rayleigh 

scattering the signal needs to be filtered carefully in order to filter out the Rayleigh scattering; 
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using notch filters, edge filters, or a band pass filter (Kudelski 2009; Amer 2010). This results 

in a relatively low signal to noise ratio. One way around this is to use resonance Raman 

spectroscopy where the incident photon energy is close to that of to an electronic transition 

of the molecule under examination. The frequency coincidence (or resonance) can lead to 

greatly enhanced intensity of the Raman scattering, which facilitates the study of chemical 

compounds present at low concentrations. 

Resonance Raman spectroscopy is particularly well-suited for examining the structure, 

environment and electronic properties of the heme(s) in cytochromes. Since the Raman 

spectra of cytochrome C has electronic absorption bands in the region of 520–560 nm a 

532nm laser can be used in order to obtain high signal to noise ratio at low concentrations 

(Kakita, Okuno, and Hamaguchi 2013). This makes it possible to distinguish the Raman 

spectra of cytochromes from the Raman spectra of the other organic compounds and media. 

The oxidation state of the heme group also changes its structure, resulting in different 

vibrational modes of the molecule, allowing one to monitor the oxidation state of heme 

groups (Desbois 1994). An example of the raw resonance Raman spectra for G. 

sulfurreducens, containing large amounts of cytochrome C, as well as the processed data can 

be seen in Figure 1-4. 

 

Figure 1-4: An example of a raw and a processed Raman spectroscopy spectra from a suspended 
culture of G. sulfurreducens wild type strain PCA. 

The four strongest bands seen in Figure 1-4 (at 747, 1133, 1310 and 1583 cm-1) can be 

ascribed to the excitation of the heme groups found in C type cytochromes (Virdis et al. 

2014). The intensity of the peaks also changes significantly depending on the oxidation state 

of the hemes, decreasing when oxidized. Since the OMCs are directly involved in the electron 
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transfer system of G. sulfurreducens, and electron transfer is required for cell growth, the 

resonance Raman spectra can give information on the metabolic state of MFC biofilms. 

Because of the general abundance of cytochromes in electroactive cultures resonance Raman 

is also effective for the measurement of mixed community cultures (Virdis et al. 2016).  

1.4 Sound: Sonobioreactors  

1.4.1 Effect of ultrasound on microbes 

Ultrasound (US) has over the years been used in a wide variety of processes, especially in 

fields such as biotechnology, fermentation and food processing. US is defined as sound 

waves with a frequency higher than the audible limit of human hearing, approximately 

20 kHz. US therefore can consist of a wide range of frequencies (typical applications vary 

from 20 kHz up to 18 MHz). In general diagnostic, non-destructive US typically uses 

relatively high frequency (1-4GHz), whereas more destructive high-power applications 

typically use frequencies between 20 kHz and a few hundred kHz. For example, high-

frequency low-energy US (1–18MHz) is routinely used for medical US imaging. This allows 

one to evaluate the state of internal tissue structures without damaging the tissue itself 

(Martini and Martini 2013). Similarly, low-power US with frequencies of 0.1–1 MHz have 

been used extensively in food science applications, including the monitoring of 

crystallization or the of emulsions and suspensions (Mougin et al. 2001). These applications 

typically require low power levels, which are designed not to induce changes in the material. 

In contrast, high-intensity ultrasound, at lower frequencies (20–100 kHz) is considered an 

invasive technique used to purposely alter the properties of materials. These methods 

typically depend on the creation of cavitation bubble, which form at high power levels (10–

10 000 W/cm2) as the US waves travel through a medium, resulting in physicochemical 

changes to the material (Martini and Martini 2013). Some of the applications of this includes 

the disruption of cells, ultrasound cleaning and the use of US to homogenize or break down, 

suspended particles (Erriu et al. 2014). Intense ultrasound has even been shown to damage 

macromolecules such as enzymes (Mett, Schacher, and Wegmann 1988). 

Low intensity US has also been shown as a promising emerging technology for enhancing 

food fermentation and microbial growth (Pagnossa et al. 2020). The US produces constant 

cavitation which is believed to cause repairable damage to cells inducing accelerated growth 

of cells and an increase of metabolic activity. Several mechanisms have been proposed for 

the beneficial biological aspects of US on microbial cultures. These include the enhancement 
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of enzyme-catalyzed reactions, improved cell retention, beneficial stress response and 

improved mass transfer rates (including increased permeability of the cell membrane) (Chisti 

2003; Vulfson, Sarney, and Law 1991). The exact mechanisms involved in this process is 

however not fully understood and more research is required (Huang et al. 2017). Various 

microbial cells can react quite differently when subjected to continuous or intermittent 

ultrasonication. The cyanobacterium Anabaena flos-aquae, for example, exhibits an 

enhanced growth rate and a 46% increase in biomass yield when intermittently sonicated (5 

min/day, 20 kHz, 50 W pulse) (Francko, Al-Hamdani, and Joo 1994; Francko et al. 1990). 

However, when subjected to the same treatment, the microalgae Selenastrum capricornutum 

exhibited a slowed the growth rate (Chisti 2003). US has also been shown to affect metabolite 

production rates and yields. Such as the induction of secondary metabolite production in 

Panax ginseng plant cells using low doses of ultrasound (0.5–6.0 min, 38.5 kHz, power ≤100 

kW/m3), affecting the cross-membrane ion fluxes within 2 min of exposure (Wu and Lin 

2002).  

1.4.2 Equipment used for sonobioreactors 

Several types of US equipment have been used over the years in order to observe the effect 

it has on microbial activity. However, the equipment usually consisted of a standard US 

device (typically an ultrasound horn or an ultrasound bath) combined with some form of 

bioreactor (Almasi et al. 2016; Raskar, Avhad, and Rathod 2014; Avhad and Rathod 2014; 

Aggio, Obolonkin, and Villas-Bôas 2012; Duan et al. 2011). In setups like these there are 

however many factors that could influence the US intensity significantly, such as the 

placement of sonotrodes or the location of the flask in an US bath as well as the temperature 

(Moholkar, Rekveld, and Warmoeskerken 2000; Kulkarni and Rathod 2014). US baths also 

typically have a fixed frequency and limited control over the true power input. In order to 

obtain a more controlled setup a sonobioreactor is needed where the power input can be 

controlled and directly measured, and the frequency tuned to the resonance frequency of the 

sonobioreactor. A physics model of the sonobioreactor could also help to obtain a better-

defined system where the pressure distribution in the reactor can be estimated. 

1.5 Bioprinting 

Bioprinting is quickly becoming an fundamental part of tissue engineering research, due in 

part to its inherent flexibility and ability to construct 3D culture conditions (Burke, Carter, 

and Perriman 2017). These systems have also more recently been used to print bacteria into 
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functional complex materials, opening 3D bioprinters up to applications outside the medical 

field (Schaffner et al. 2017). The ability of bioprinters to produce repeatable, small-scale 

hydrogel structures could also be beneficial for BES systems, especially for the use in 

biosensors or high throughput studies. By using conductive bio-inks one could print several 

electrodes at once as well as allowing for layering of different cultures. These bioprinters can 

however be extremely expensive, making it not feasible for proof of concept experiments. 

Some single purpose DIY systems have been developed on a case-by-case basis using 

standard plastic 3D printers. These systems all disable the plastic printing capability of the 

original printer and tend to have limited capabilities (Pepper et al. 2009; Lehner, Schmieden, 

and Meyer 2017).  

3D-bioprinters combined with conductive, curable hydrogels can offer the ability of 

embedding live electroactive bacteria directly into electrodes. This is especially valuable for 

microorganisms incapable of forming dense biofilms on unmodified electrodes. For example 

Sporomusa ovata, well known for its use in microbial electrosynthesis cells, are incapable of 

forming dense biofilms, yet it has been shown that the acetate production rates can be 

significantly increased if denser biofilms are obtained (Chen et al. 2016). Using a 3D-

bioprinter the number of electro-active cells attached to an electrode can be maximized by 

printing a “synthetic biofilm”. 

 

Figure 1-5: Schematic showing the 3D printing of artificial biofilms. 
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1.6 Thesis objectives 

This thesis is focused on the development of techniques for the study of factors that affect 

the bio-electrocatalytic activities in BESs (MFCs and MECs). The two main sub-objectives 

of the thesis were to evaluate the effect of sound on G. sulfurreducens and to develop a 

characterization method to evaluate G. sulfurreducens biofilms. The role of the various 

papers within the context of this thesis is as follows: 

The evaluation of sweet sorghum as a feedstock in MFCs (Paper I), aimed at evaluating the 

status of an MFC biofilm using metabolite consumption and current production. However, 

the maximum electricity production in the MFC was essentially independent from the 

substrate concentration (above a certain minimum concentration). The MFC voltage was also 

nearly independent of the specific substrate used (sucrose, glucose, fructose, acetate, 

propionate, butyrate, and lactate). The changing substrates when using sugars also suggests 

that different metabolic processes and probably different EET pathways were used. 

Therefore, to effectively study the biofilm, and to simplify the system an on-line measuring 

technique and a pure culture was needed. G. sulfurreducens was chosen as a model organism, 

known to be active in mixed culture MFCs. 

The in-situ Raman measurement technique in Paper II established the characterization 

method utilized in Paper IV to model and characterize electron transfer dynamics in an active 

biofilm. This was done alongside the development of a sonobioreactor (Paper III&VI) used 

for the evaluation of the effect of US of G. sulfurreducens. Paper VI then focused on 

explaining the observed increase in malate production through transcriptomics. 

And finally, the development of a low-cost bio-printer (Paper V) served as a jumping off 

point for future studies planned using bio-printing in bioelectrochemical systems. 

  



16 

2 Experimental 

A short summary of experimental methods and equipment is given, since several systems 

were designed and built specifically for experiments, please see Paper I -VI for a more 

detailed description.  

2.1 Microorganisms, inoculums and media 

An anaerobic sludge (Biogas Boden, Sweden) was fortified with minerals and a buffer and 

used as both the inoculum and the media for sorghum experiments. A detailed description is 

given in Paper I (Sjöblom et al. 2017). 

G. sulfurreducens strains were obtained from Dr. Ashley Franks, La Trobe University, 

Bundoora, Australia. These include the wild type strain “PCA” (ATCC 51573, DSMZ 

12127), as well as 3 stains, each lacking OmcS, OmcZ and PilA respectively, and a strain 

with enhanced electricity production, KN400. All inoculums, as well at the suspended 

cultures were grown in a slightly modified NBAF media while a simpler freshwater media 

was used for all continuous stack MFCs. Acetate was used as a carbon source and fumarate 

as electron donor, when grown without an electrode (Krige et al. 2019). 

2.2 Microbial fuel cell design and setup 

2.2.1 MFC setup for Sorghum evaluation 

During the evaluation of sorghum as a MFC substrate a standard H-type MFC was used for 

all experiments, i.e. two 250 mL glass bottles connected with a glass tube and separated with 

a proton exchange membrane (Nafion, N117). Cylindrical graphite rods (7.5 cm long and 

2 cm in diameter) were used for both the anode and cathode and connected to a 1 kΩ resistor 

over which the voltage was measured (Sjöblom et al. 2017). 

2.2.2 3D-printed cuvette for suspended culture spectroscopy 

Due to the short focal distance of the Raman microscope used for suspended cultures 

(Ramanscope III spectrometer in combination with a SENTERRA module) a custom 3D-

printed flow-through cuvette was designed and printed in PETG, using a standard 3D printer 

(Prusa i3 MK3, Praha, Czech Republic). The design allowed for a cover-glass slide to be 

glued into the top. This was designed to be airtight, in order to maintain anaerobic conditions. 

Detailed schematics are shown in Figure 2-1. 
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2.2.3 Continuous small-scale fuel cell for spectroscopy 

In order to allow for on-line Raman spectroscopy measurements a custom, continuous MFC 

cell needed to be designed and built. A stacked, two-chamber reactor was built using 

polycarbonate with stainless-steel tube-fittings and silicone gaskets. Solid graphite electrodes 

were used for both the anode and cathode (70 × 22 × 10 mm) and a microscope slide was 

fitted over the working electrode along with a Ag/AgCl reference electrode. This allowed for 

continuous operation of the MFC cell during spectral measurements. The assembled reactor 

is shown in Figure 2-1. 

 

Figure 2-1: A schematic and photo of a 3D-printed cuvette for suspended culture spectroscopy of 

G. sulfurreducens and photos of the stack MFC used for on-line Raman measurements; from (Krige 

et al. 2019). 

2.3 Sonobioreactor design and setup 

The sonobioreactor was designed via several systematic steps, in order to obtain a well-

defined system, shown in Figure 2-2. First a model of a standard 250 mL laboratory bottle 

was created, and a COMSOL simulation was used to determine the theoretical 

eigenfrequencies of the bottle. This was then compared to the physical bottle by tapping on 

the bottle and observing the frequency response using a pressure probe. Both showed a strong 



18 

response at a frequency around 40 kHz confirming the accuracy of the model. A sonotrode 

was then designed (via COMSOL) to operate at around 40 kHz by sandwiching two 

piezoelectric discs (PZ 27, Ferroperm Piezoceramics) between two steel masses (24-mm long 

and 10mm in diameter).  

 

Figure 2-2: Schematic diagram of the experimental setup of the sonobioreactor; from (Najjarzadeh 
et al. 2020). 

A model of the entire sonobioreactor was also used in order to visualize the pressure 

distribution in the bottles and to determine the optimal position of the sonotrode allowing for 

an even pressure distribution along the symmetry line of the bottle. The sonotrodes were then 

glued to bottles at the correct position, finalizing the construction. In order to obtain the high 

voltages required a transformer (gain of 8.9×) was used to boost the voltage of an amplifier 

(MAC2.2 2-channel power amplifier). A pure sine signal was then generated using a 

hardware system (CLIO 12, Audiomatica). The system was tested using a pressure sensor 

(2200V1, Dytran) and a miniature shock-type accelerometer (353M15, PCB) and the 

frequency was optimized for each bottle. 

2.3.1 Transcriptomic sampling and processing 

Samples were taken of the sonobioreactors for RNA sequencing, to determine the reason for 

malate increase. The status of the cultivation was monitored by HPLC analysis to determine 

organic acid concentrations (Perkin-Elmer (HPLC) system, equipped with a Series 200 

refractive index detector (Sjöblom et al. 2017)). Final samples were taken in triplicate during 

the exponential and early stationary phase, when the malate concentration was close to the 
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peak value and when it was close to depleted, respectively. Control samples with no 

sonication was also taken in triplicates. Samples were taken from each reactor, centrifuged, 

the supernatant was discarded, and the sample was frozen in liquid nitrogen. The samples 

were then stored at -80 °C before RNA extraction was done using an extraction kit (RNeasy 

kit, Qiagen). Ribosomal depletion, library preparation and sequencing were performed by 

Sequentia biotech (Barcelona). 

A detailed description of the RNA-seq analysis can be found in Paper VI. After quality 

assessment, trimming and aligning, the differential expression analysis was performed with 

the R DEseq2 package (Love, Huber, and Anders 2014). Finally EggNOG-mapper (including 

Desulfuromonadales within the taxonomic scope) was used to find putative functions for 

proteins annotated as hypothetical, (Huerta-Cepas et al. 2019, 2017). 

2.4 Low cost bio-printer modification 

In order to build a 3D bioprinter for initial feasibility studies a standard 3D printer was 

modified and fitted with gel extruders. A common open source Prusa I3 MK3 3D printer was 

chosen as the base for the bioprinter. Detailed build instructions is given in Paper V (Krige, 

Haluška, et al. 2020). It was decided to maintain the plastic printing capabilities of the printer, 

since it is useful for general lab purposes, apart from that the key functionalities that was 

desired for the bioprinting was: 

• Bioprinting with bacteria-inoculated hydrogels. 
• Automated switching between two materials. 
• Automated UV curing to form solid electrodes 
• The ability to maintain aseptic conditions when exchanging bio-gels 
• Safety features to stop the print when the gel runs out 
• Easy to operate using existing 3D printing software 

 

2.4.1 Bio-gels 

A hyaluronic acid based hydrogel based on a “Flink” bioink was used in order to test the 

system by mixing sodium hyaluronate, κ-carrageenan and fumed silica in a 1:1:1 ratio 

(Schaffner et al. 2017). A light curable version of the gel was later created using a 

methacrylated hyaluronic acid and a photo initiator to prepare long lasting artificial biofilms 

on a carbon cloth electrode. 
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2.4.2 MFC setup 

To test the capability of a 3d printed bio-electrode a photocurable, conductive, gelatin 

methacrylate-based hydrogel (Cellink) was inoculated with 10% of a concentrated G. 

sulfurreducens inoculum. A carbon cloth electrode and a standard two-chambered MFC cell 

was autoclaved and filled anaerobically with a fresh water media containing 20mM acetate, 

described in Paper II (Krige et al. 2019). The cloth electrode was then placed in a 3D printed 

holder (Sterilized using 70% ethanol) to keep the cloth electrode from moving while printing, 

Figure 2-3. After printing the gel was cured using a UV LED for approximately 30s and 

placed into the MFC. The cell was then poised at 300mV vs a Ag/AgCl reference electrode. 

 

Figure 2-3 A: 3D printed cloth electrode holder and B: a standard two-chambered MFC with a G. 
sulfurreducens biofilm. 

2.5 Raman dynamic model development 

A set of ordinary differential equations was created from the reaction scheme in Section 1.2.2 

by assuming elementary reactions. Based on the characteristics of G. sulfurreducens 

biofilms, it was assumed that the reduction of acetate is not a function of the acetate 

concentration but only of the concentration of oxidized internal mediators ([𝐼𝐼𝑀𝑀𝑜𝑜𝑜𝑜]). The 

change in concentration of the reduced intracellular mediators ([𝐼𝐼𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟]) can then be 

described by: 

𝑛𝑛[𝐼𝐼𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟]
𝑛𝑛𝑑𝑑

=  𝑘𝑘𝐴𝐴𝐴𝐴[𝐼𝐼𝑀𝑀𝑜𝑜𝑜𝑜] − 𝑘𝑘𝑜𝑜𝑜𝑜𝐴𝐴[𝐼𝐼𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟][𝑂𝑂𝑂𝑂𝑐𝑐𝑜𝑜𝑜𝑜]    (2) 

The electron transfer through the biofilm was also assumed to be much faster than the rate 

transfer between cytochromes because of the high biofilm conductivity of G. sulfurreducens. 

This assumption allows us to simplify the change in [𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟] from equation 3 & 4: 
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𝑛𝑛�𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟
𝑟𝑟=𝑟𝑟0�

𝑛𝑛𝑑𝑑
= −𝑘𝑘𝐴𝐴𝑜𝑜𝑐𝑐𝑟𝑟[𝑂𝑂𝑂𝑂𝑐𝑐𝑜𝑜𝑜𝑜𝑟𝑟=0]�𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟

𝑟𝑟=𝑟𝑟0� + 𝑘𝑘𝑜𝑜𝑜𝑜𝐴𝐴[𝐼𝐼𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟]�𝑂𝑂𝑂𝑂𝑐𝑐𝑜𝑜𝑜𝑜
𝑟𝑟=𝑟𝑟0� (3) 

𝑛𝑛�𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟=0�
𝑛𝑛𝑑𝑑

=  +𝑘𝑘𝐴𝐴𝑜𝑜𝑐𝑐𝑟𝑟[𝑂𝑂𝑂𝑂𝑐𝑐𝑜𝑜𝑜𝑜𝑟𝑟=0]�𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟
𝑟𝑟=𝑟𝑟0�  − 𝑘𝑘𝑖𝑖∗�𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟=0�  (4) 

to equation 5. This essentially implies that the electron transfer though the biofilm is fast 

enough that the availability of reduced external mediators at the surface of the anode 

(�𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟=0�) is the same as the availability of reduced external mediators at the cell surface 

(�𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟
𝑟𝑟=𝑟𝑟0�). 

𝑛𝑛[𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟]
𝑛𝑛𝑑𝑑

= 𝑘𝑘𝑜𝑜𝑜𝑜𝐴𝐴[𝐼𝐼𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟][𝑂𝑂𝑂𝑂𝑐𝑐𝑜𝑜𝑜𝑜] − 𝑘𝑘𝑖𝑖∗[𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟]    (5) 

Since the interfacial rate constant (ki) is only a factor of the poised voltage (From the Butler-

Volmer expression, equation 1) and the poised voltage is constant before and after the stepped 

increase, ki was fitted using the rate before and after the change in poised potential:  

𝒌𝒌𝒊𝒊∗ = �
𝒌𝒌𝒊𝒊
𝒃𝒃𝒓𝒓𝒔𝒔, 𝒆𝒆 < 𝒆𝒆𝒔𝒔𝒔𝒔𝒊𝒊𝒆𝒆𝒄𝒄𝒔𝒔
𝒌𝒌𝒊𝒊
𝒔𝒔𝒔𝒔𝒆𝒆, 𝒆𝒆 ≥ 𝒆𝒆𝒔𝒔𝒔𝒔𝒊𝒊𝒆𝒆𝒄𝒄𝒔𝒔

       (𝟔𝟔) 

This results in a total of six variables that need to be fitted to the current data, 

namely 𝑘𝑘𝐴𝐴𝐴𝐴 ,𝑘𝑘𝑜𝑜𝑜𝑜𝐴𝐴,𝑘𝑘𝑖𝑖
𝑏𝑏𝑟𝑟𝑏𝑏and 𝑘𝑘𝑖𝑖

𝑎𝑎𝑏𝑏𝑎𝑎, and the total mediator concentrations [𝑂𝑂𝑂𝑂𝑐𝑐]𝑎𝑎𝑜𝑜𝑎𝑎 and [𝐼𝐼𝑀𝑀]𝑎𝑎𝑜𝑜𝑎𝑎 

respectively). 

The current density per electrode was then calculated according to equation 7: 

i = 𝐹𝐹 (𝑘𝑘𝑖𝑖𝐶𝐶𝑜𝑜𝑜𝑜𝐴𝐴
𝑟𝑟𝑟𝑟𝑟𝑟 ) 1

𝐴𝐴
.       (11). 
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3 Summary of results 

3.1 Paper I: Sorghum as MFC feedstock 

The effectiveness of dried sorghum stalks and sorghum hydrolysate as a raw material for 

direct electricity generation was evaluated in anaerobic sludge inoculated MFCs. This was 

followed by a metabolic study to analyze how the sugars are metabolized and how this affect 

the electricity generation. 

3.1.1 General performance of the MFCs 

After the initial start-up process using glucose (3 g/L), and all the glucose had been 

consumed, the evaluated substrate was added (glucose (3 g/L), dry sorghum stalks or dry 

sorghum stalk hydrolysate). The reaction of the MFCs were similar for all substrates: A rapid 

increase in voltage (10-30 min) until a maximum was reached (520-580 mV) followed by 

steady electricity production, Figure 3-1. The rapid response implies a stable electroactive 

consortium had been formed. The electrode was also rinsed and placed in a new MFC, 

confirming the presence of an electroactive biofilm, since the voltage increased to 560mV 

within 30 minutes. 

 

 

Figure 3-1: Representative voltage versus time graphs for the addition of glucose (3 g/L) followed by 
three consecutive additions of (A) sorghum hydrolysate (0.73 g/L) and (B) dry sorghum stalks (0.73 
g/L) .  

 

Although different substrate concentrations were used, it has been shown that the power 

generations is independent of the substrate concentration as long as the concentration is above 

a minimum value (for example 141 mg/L for acetate was found by Liu et al. (2005) (Liu, 
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Cheng, and Logan 2005). Since the MFCs obtained similar maximum voltages, it was 

assumed that the substrate concentrations were high enough to operating at their maximum 

power level. Although it is expected that the coulombic efficiencies (CE) decreases with more 

complex substrates the CE of all the runs were quite low This is likely due to significant 

losses caused by biogas producing methanogens in the inoculum. This could however, be 

limited via physical, chemical & biological pretreatment methods (Jadhav et al. 2019). The 

total electrical energy generated was slightly higher for the sorghum hydrolysate (42±8 J/g) 

compared to the dried stalks (36±3 J/g) and close to glucose (39±5 J/g). This would however 

be significantly higher if only the soluble sugars were considered (104 J/g and 91 J/g for the 

hydrolysate and dried stalks respectively), which would suggest that the microbial consortia 

could make use of other compounds in the sorghum material.  

Table 3-1: Summary of performance data for the MFCs, recorded with a 1000 Ω resistor. The mean 
± standard deviation is presented from at least two individual experiments. 

Substrate Initial 
total 
soluble 
sugarsa 

(mg/L) 

Mean 
voltage 
(mV)c 

Max 
power 
density 
(mW/m2) 

Max 
current 
density 
(mA/m2) 

Coulombic 
efficiency 
 (%) 

Internal 
resistance 
(Ohm)d 

Dry sorghum 
stalks (0.73 g/L) 

289±13 546±10 131±8 543±29 2.2±0.5 182±17 

Sorghum stalk- 
hydrolysate (0.73 
g/L)b 

294±12 541±7 128±5 561±42 2.5±0.4 184±13 

Glucose 3000 566±0.7 136±16 602±29 5.3±0.7 199±8 
a) For the sorghum material this refers to sucrose, fructose and glucose. 
b) The sorghum hydrolysate was added in an amount equivalent to 0.73 g/L dry sorghum stalks.  
c) The mean voltage for each run was calculated as the mean between the start and end voltage during the 
high part of the voltage graph. 
d)The internal resistance was calculated from the slope of the voltage versus current graph with variable 
resistances ranging from 100 000-50 Ohms. 

 

3.1.2 Metabolic study 

The voltages were therefore normalized relative to acetate, since a lower medium 

conductivity caused the MFCs to operate at a slightly lower performance during the 

metabolic studies. Sorghum hydrolysate, Figure 3-2, was compared to pure glucose and 

sucrose, Figure 3-3, (the main sugars present in the hydrolysate). The sugars were consumed 

first, in all the MFCs, within 4-6 hours, coupled with a simultaneous production of formate, 

acetate, lactate and butyrate, likely due to organic matter degradation by methanogens (Stams 
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1994). The main VFAs produced, (acetate and butyrate), were also tested in an MFC, since 

they contributed heavily to the electricity generation, Figure 3-4. 

 
Figure 3-2: Sugar utilization and organic acids produced during an experiment with sorghum 
hydrolysate 1.2 g/L and the normalized voltage versus time. (♦ sucrose, ■ glucose, Δ fructose, ● 
acetate,◊ propionate, ▲ butyrate, * formate, + lactate, ־ voltage). From (Sjöblom et al. 2017). 

 

Figure 3-3: Acid production and the normalized voltage versus time for A) glucose and B) sucrose. 
(■ glucose, ♦ sucrose, ● acetate, ▲ butyrate, * formate, + lactate,  ־ voltage). From (Sjöblom et al. 
2017). 

Formate and lactate were produced and consumed early in the run, yet the current was 

typically slightly higher during this time. Thermodynamically, formate could generate higher 

voltages but studies have shown that formate tends to generated lower power densities (Kiely 

et al. 2010).  

The sorghum hydrolysate MFCs also produced propionate, which seemed to cause a long 

secondary plateau at a slightly lower voltage, for 50-90 hours. Glucose MFCs displayed a 

similar plateau, albeit for a much shorter duration and with no detectable VFAs. This 

secondary plateau was only observed when sugars were used and could reflect the 

consumption of dead lysed cells grown on the sugars after the exhaustion of the major 

substrates. 
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Acetate was present at approximately twice the concentration of butyrate with the use of 

sorghum; however, the opposite was true for runs using only glucose or sucrose. This is likely 

caused by a metabolic shift favoring butyric acid production, caused by the higher sugar 

concentration (Rabaey et al. 2003). The MFCs using acetate and a mix of acetate and butyrate 

behaved similarly to each other, yet the maximum voltages were slightly higher than the 

sugar substrates.  

 

Figure 3-4: Normalized voltage and acid concentrations versus time for A) acetate and B) a mix of 
0.8 g/L acetate and 0.4 g/L butyric acid. From (Sjöblom et al. 2017). 

3.2 Paper II & IV: Resonance Raman spectroscopy 

The resonance Raman measurements were done in a series of successively steps shown in 

Paper II & V (Krige et al. 2019; Krige, Ramser, et al. 2020). Preliminary measurements were 

done on suspended cultures, first batch samples, followed by chemostat samples. This was 

then followed by steady-state, on-line measurements of a biofilm in a continuous, stack MFC. 

Finally, a detailed dynamic study was done using resonance Raman measurements with short 

integration times during stepped chronoamperometry measurements. Four strains were used 

throughout the resonance Raman studies, namely the wild type PCA, an enhanced strain 

KN400, (which have been shown to have more abundant pili and lower levels of cyt-C (Yi 

et al. 2009)) and 2 deficient strains, ΔpilA and ΔOmcS. 

3.2.1 Serum bottle and Chemostat suspended cultures 

Initial tests were done on suspended batch cultures, using KN400, PCA and ΔpilA strains. 

Figure 3-5 shows the metabolite concentrations, absorbance (i.e., OD600) and the integrated 

resonance Raman peak areas (of the 3 Raman peaks connected to cytochrome oxidation state, 

i.e. 1314 cm−1, 1130 cm−1, 749 cm−1) for the strains ΔpilA and KN400. The results showed a 

sharp drop in the peak area (4.1 ± 0.83-fold) after stationary phase was reached (i.e., ±70 h 
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in this case) and that the peaks for ΔpilA were 61% lower than the peaks for PCA. This 

showed that the Raman peak area (and therefore the cyt-C oxidation state as well) is strongly 

related to the metabolism and not merely the biomass concentration. This is connected to the 

hypothesis that cyt-C can act as a capacitor, since when the fumarate is exhausted the primary 

metabolism stops and the cytochromes are no longer constantly reduced via acetate 

metabolism, resulting in a “discharge” of the cytochromes (Esteve-Núñez et al. 2008). This 

metabolic relation was further illustrated by adding additional fumarate to samples where the 

fumarate was nearly depleted (the 1-6% of initial concentration), which resulted in an 

increase in Raman peak area of more than 50% (Krige et al. 2019). 

The results also showed that the 749 cm−1 peak is far stronger than the others, and that they 

react in the same way, so it is sufficient to only use the 749 cm−1 peak. KN400 also had a far 

smaller peak during the exponential phase since cyt-C is much less abundant than PCA (Yi 

et al. 2009). 

 
Figure 3-5: Typical Raman peak areas (Raman peak areas: 1314 cm−1 ○, 1130 cm−1 □, 749 cm−1 
◇), metabolite concentrations (Fumarate ▲, Succinate ■ and Acetate ●) and OD600 (Absorbance 
◆) of ΔpilA and KN400 (KN400 is shown with a solid line and ΔpilA with dotted line). From (Krige 
et al. 2019). 

The chemostat cultures of PCA and ΔpilA grown in a chemostat, was used to test the EET to 

an insoluble and a soluble electron acceptor (Fe(III)oxide and fumarate respectively), without 

the presence of acetate. Figure 3-6 shows that PilA was not required for EET to an insoluble 

electron acceptor, most likely due to direct transfer via OmcZ (Richter et al. 2009). The 

results also show that PCA has a higher capacity for electron transport, compared to ΔpilA, 

showing that the conductive pili lacking in ΔpilA is important for the reduction of external 

electron acceptors.  
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Figure 3-6: Normalized Raman peak areas of PCA and ΔpilA samples grown in a chemostat, 
suspended in a wash buffer (W.B.) and the same samples after the sequential addition of Fe(III)oxide 
and fumarate. (The error bars show the standard deviation of 6–9 Raman measurements). From 
(Krige et al. 2019). 

3.2.2 Steady state on-line biofilm spectroscopy 

For continuous biofilm studies ΔOmcS was used alongside PCA instead of ΔpilA, since 

ΔpilA does not form electroactive biofilms. The on-line resonance Raman measurements 

served as an effective characterization method to monitor the changing cytochrome redox 

state caused by applying different poise voltages to the electrodes. Figure 3-7 shows that the 

Raman measurements (related to the total reduced cytochromes) correlated with the current 

transferred to the electrode. As the voltage was decreased the resistance to electron transfer 

was increased, making it more difficult to oxidize cytochromes, causing a build-up of reduced 

cytochromes and increasing the raman peak area. The fact that the raman peak returned to 

very similar values when reversed also showed that the PCA biofilm was not damaged by 

relatively long exposure times (at least 10 measurements with 120s integration time needed 

to be recorded at a single spot to compare data). 

The peak area of the ΔOmcS biofilm decreased drastically around the 6th measurement 

(Figure 3-8), and while the current also showed a decrease, this was not nearly as drastic as 

the decrease in Raman peak. This change in Raman intensity is likely due to localized 

inactivation of the biofilm caused by the Raman laser, since the biofilm was visually much 

thinner than that of the PCA biofilms. However, even with this decline, once can see that the 

ΔOmcS MFC follows a similar trend. This means that OmcS is not required for direct EET, 

unlike previously believed (Qian et al. 2011). In ΔOmcS it is most likely OmcZ that facilitates 

electron transfer from the biofilm matrix to the anode (Lovley 2011). 
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Figure 3-7: The Raman peak area at 745 cm−1 of PCA biofilm in a microbial fuel cell (MFC) stack, 
average of two measurements along with the current produced at the different poised level(vs 
Ag/AgCl). The current is inversely related to the peak area. From. (Krige et al. 2019). 

 
Figure 3-8: The Raman peak area at 745 cm−1 of ∆OmcS biofilm in an MFC stack, average of two 
measurements, as well as the current produced at the different poised levels (vs Ag/AgCl). The current 
is inversely related to the peak area. A decrease in expected current as well as the expected peak 
areas can be seen at the last three poise levels. From (Krige et al. 2019). 

3.2.3 Modelling EET dynamics 

Using the same resonance Raman system (as used for the steady-state biofilm study) coupled 

to a Raman time series with short integration times (0.5-1s) it was possible to observe the 

dynamic cytochrome response during a stepped chronoamperometry measurement. The 

chronoamperometry data was then used to fit a dynamic model, including the cytochrome 

redox states, allowing for the for the verification of the model using the resonance Raman 

data. When the anode is poised at a sufficiently negative value, a capacitor-like build-up of 

reduced cytochromes occurs, as seen previously in Figure 3-7. When this poised voltage is 

suddenly and significantly increased there is a sudden release of electrons, followed by a 
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slower decline in current until a steady state value is achieved as observed in Figure 3-9. This 

response is highly dependent on the rate of electron transfer in the cell and biofilm matrix, as 

well as the poised voltage (which is related to the interfacial electron transfer rate as described 

by the Butler-Volmer expression (Bard and Faulkner 2002)). Two poised ranges were used 

for the wild type (i.e. 𝛥𝛥𝐸𝐸1 & 𝛥𝛥𝐸𝐸2 from -101mV to 499 mV, and from -251mV to 649 mV 

respectively). The difference can be seen in Figure 3-9 and Figure 3-10. Since 𝛥𝛥𝐸𝐸2 has both 

a lower initial voltage this leads to a lower initial steady state current since the interfacial 

electron transfer rate (with rate constant ki) is the limiting factor. There is also a significantly 

larger initial increase current released (see Figure 3-10) which is caused by two factors. First 

is that a larger fraction of the cytochromes was initially reduced, due to the lower initial 

voltage, and secondly a larger final interfacial electron transfer rate due to the higher poised 

voltage. 

 
Figure 3-9: The fitted response of Current density per electrode surface area of wild type G. 
sulfurreducens biofilm, during 2 step changes of poised voltage ( 𝛥𝛥𝐸𝐸1, from -101mV to 499 mV, 
𝛥𝛥𝐸𝐸2, from -251mV to 649 mV) From. (Krige, Ramser, et al. 2020). 

𝛥𝛥𝐸𝐸2 

𝛥𝛥𝐸𝐸1 
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When expanding the x-axis (Figure 3-10) it is also possible to see a strange 

oscillation/decrease in the current of the 𝛥𝛥𝐸𝐸1 measurements. This is an extremely fast change 

and happens over only 3 samples (0.3s); this might only be an artifact caused by the sampling 

rate, so it was not specifically accounted for, but a high sample rate potentiostat could be 

used to test this phenomenon specifically.  

 

Figure 3-10: Detailed view of the response of Current density per electrode surface area of G. 
sulfurreducens biofilm, during 2 step changes of poised voltage; the timing was adjusted to align the 
change in potential (WT 𝛥𝛥𝐸𝐸1, from -101mV to 499 mV, WT 𝛥𝛥𝐸𝐸2, from -251mV to 649 mV). From 
(Krige, Ramser, et al. 2020). 

The dynamic model described in Section 2.5 was then fitted to the current data of the wild 

type strain and ΔOmcS as shown in Figure 3-9 and Figure 3-15 respectively. The model fit 

the wild type data well, the fitted rate constants are given in Table 3-2. Because 𝑘𝑘𝑂𝑂𝑜𝑜𝐴𝐴 is part 

of a second order reaction it has different units than the other rates (nmol/s), 𝑘𝑘𝑂𝑂𝑜𝑜𝐴𝐴 x [𝑂𝑂𝑂𝑂𝑐𝑐]𝑎𝑎𝑜𝑜𝑎𝑎 

is used in order to compare the results.  

The ki values are expected to differ according to the poised voltage, since ki is related to 

𝑒𝑒𝑒𝑒𝑒𝑒 �𝑘𝑘(𝐸𝐸 − 𝐸𝐸0)� according to the anodic Butler-Volmer expression. Here  𝑘𝑘𝑖𝑖,𝛥𝛥𝛥𝛥2
𝑏𝑏𝑟𝑟𝑏𝑏 , was more 

than 100 times smaller than 𝑘𝑘𝑖𝑖,𝛥𝛥𝛥𝛥1
𝑏𝑏𝑟𝑟𝑏𝑏 . This is partially due to the lower poised value; however, 

this is likely lower than expected due to cathodic reactions at such a low voltage. In contrast 

𝑘𝑘𝑖𝑖,𝛥𝛥𝛥𝛥2
𝑎𝑎𝑏𝑏𝑎𝑎  is only 80% higher than 𝑘𝑘𝑖𝑖,𝛥𝛥𝛥𝛥1

𝑎𝑎𝑏𝑏𝑎𝑎 . The relationship of 𝑘𝑘𝑖𝑖 and E is visualized later in Figure 

3-11 where  𝑘𝑘𝑖𝑖 is fitted to the Butler-Volmer equation. 

When comparing the rate constants after the voltage change, 𝑘𝑘𝐴𝐴𝐴𝐴 is consistently the lowest 

rate constant, which confirms that acetate metabolism is often the rate limiting factor during 

optimal conditions. 

𝛥𝛥𝐸𝐸1 

𝛥𝛥𝐸𝐸2 
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Table 3-2: Best fit constant values for the response of G. sulfurreducens at different voltages as well 
as that of a OmcS deficient mutant (WT 𝛥𝛥𝐸𝐸1, WT 𝛥𝛥𝐸𝐸2 and ΔOmcS respectively) . From (Krige, 
Ramser, et al. 2020). .  

Strain WT 𝜟𝜟𝜟𝜟𝟏𝟏 WT 𝜟𝜟𝜟𝜟𝟐𝟐 ΔOmcS 

Voltage min [mV] -101 -251 -251 

Voltage max [mV] 499 649 649 

[𝑰𝑰𝑴𝑴]𝒆𝒆𝒐𝒐𝒆𝒆 [nmol] 2555 2216 2908 

[𝑶𝑶𝑶𝑶𝒄𝒄]𝒆𝒆𝒐𝒐𝒆𝒆 [nmol] 814 723 611 

𝒌𝒌𝑨𝑨𝒄𝒄 [1/s] 1,33E-02 2,17E-02 2,11E-02 

𝒌𝒌𝑶𝑶𝑶𝑶𝒄𝒄 [nmol/s] 4,99E-05 4,58E-05 5,01E-05 

𝒌𝒌𝑶𝑶𝑶𝑶𝒄𝒄 x [𝑶𝑶𝑶𝑶𝒄𝒄]𝒆𝒆𝒐𝒐𝒆𝒆 [1/s] 4,06E-02 3,31E-02 3,06E-02 

𝒌𝒌𝒊𝒊
𝒃𝒃𝒓𝒓𝒔𝒔 [1/s] 1,89E-02 2,26E-04 4,61E-03 

𝒌𝒌𝒊𝒊
𝒔𝒔𝒔𝒔𝒆𝒆 [1/s] 2,06E-01 3,72E-01 3,16E-01 

 

 

Figure 3-11:A fitting of the Butler-Volmer equation to the experimentally obtained interfacial rate 
constant 𝑘𝑘𝑖𝑖. From (Krige, Ramser, et al. 2020).  

From the four 𝑘𝑘𝑖𝑖 it is possible to estimate the formal potential of the ET mediator (𝐸𝐸0′) in the 

final electron transfer step. This is done by fitting 𝑘𝑘0,𝛼𝛼 𝑎𝑎𝑛𝑛𝑛𝑛 𝐸𝐸0 in the Butler-Volmer 

equation to the calculated 𝑘𝑘𝑖𝑖 values, seen in Table 3-3. The estimated formal potential of -

193mV was close to the expected value, only slightly higher than the standard potential of 

OmcZ and OmcS, at −220 mV and -212 mV respectively, believed to be important for EET. 

It was also observed that the ki value at -251mV was lower than estimated, which is likely 

due to excessive cathodic reactions. 
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Table 3-3: Best fit constants of the Butler-Volmer equation of wild type G. sulfurreducens. From 
(Krige, Ramser, et al. 2020). 

Variable Butler-Volmer constants 
𝜶𝜶 0.897 
𝜟𝜟𝟎𝟎 -0.193V 
𝒌𝒌𝟎𝟎 0.0131 s-1 

 

The model also allows us to compare the resonance Raman results to the sum of the reduced 

mediators (i.e. [𝐼𝐼𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟] + [𝑂𝑂𝑂𝑂𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟]). The sum is used since resonance Raman spectroscopy 

cannot distinguish between the extracellular and intracellular cytochromes. The Raman data 

is not quantitative, since only one spot is used per measurement, so the data is normalized. 

The Raman data can be seen alongside the fitting in Figure 3-12. The modelled reduced 

mediators matched the shape of the resonance Raman data well, for both poised ranges.  

The change in Raman signal, and therefore also the change in concentration of reduced 

mediators, is directly related to the integral of the current signal. This is clearer when one 

considers the units of the current and reduced mediator graphs. The change in current reflects 

electrons lost per second (C/s/m2), whereas the change in the reduced mediator concentration 

reflects total electrons lost (C/m2). Therefore, no sharp peak is observed in the Raman data, 

but rather a sharp change in slope, which increases slowly as the MFC returns to a steady 

state.  

  

Figure 3-12:The normalized Raman peak intensity response of an MFC cell, during 2 step changes 
of poised (A: WT 𝛥𝛥𝐸𝐸1, from -101mV to 499 mV, B: WT 𝛥𝛥𝐸𝐸2, from -251mV to 649 mV) with the total 
reduced cytochromes from the model. From (Krige, Ramser, et al. 2020).  

The cytochrome response looks similar in Figure 3-12, however, when one splits the inner 

and outer mediators, and look at the reduced fraction of the total cytochromes there is a far 

larger difference. In both cases the [𝑂𝑂𝑂𝑂𝑐𝑐]red are oxidized faster than [𝐼𝐼𝑀𝑀]red, since they 

require fewer steps. However, at -251mV, almost all the mediators are reduced, yet at -

B A 
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101mV only 65-82% of the cytochromes were reduced. There is also a larger difference 

between 𝑘𝑘𝑖𝑖,𝛥𝛥2
𝑎𝑎𝑏𝑏𝑎𝑎  and 𝑘𝑘𝑂𝑂𝑜𝑜𝐴𝐴,𝛥𝛥𝛥𝛥2 x [𝑂𝑂𝑂𝑂𝑐𝑐]𝑎𝑎𝑜𝑜𝑎𝑎,𝛥𝛥𝛥𝛥2 than with 𝛥𝛥𝐸𝐸1, resulting in the larger difference 

in reduced fraction of [𝑂𝑂𝑂𝑂𝑐𝑐]red,𝛥𝛥𝛥𝛥2 and [𝐼𝐼𝑀𝑀]red,𝛥𝛥𝛥𝛥2. 

 

Figure 3-13: Modelled mediator concentrations, displayed as a fraction of the total available. (A: 
WT 𝛥𝛥𝐸𝐸1, from -101mV to 499 mV, B: WT 𝛥𝛥𝐸𝐸2, from -251mV to 649 mV). From (Krige, Ramser, et 
al. 2020).  

One of the additional benefits of such a model is that one can calculate metabolite 

consumption/production rates, such as the NADH and acetate consumption rate, seen in 

Figure 3-14. Here it is clear that the NADH consumption rate is the [𝐼𝐼𝑂𝑂𝑐𝑐]𝑟𝑟𝑟𝑟𝑟𝑟 oxidation rate 

plus the acetate consumption rate, eventually equaling the acetate consumption rate as the 

mediator concentrations reach steady state. 

 

 Figure 3-14: The NADH and acetate consumption rate alongside mediator oxidation rates (A: WT 
𝛥𝛥𝐸𝐸1, from -101mV to 499 mV, B: WT 𝛥𝛥𝐸𝐸2, from -251mV to 649 mV). From (Krige, Ramser, et al. 
2020).  

Finally, the most interesting results are when the wild type results are compared to that of an 

OmcS deficient strain, with the same poised values as the wild type 𝛥𝛥𝐸𝐸2, shown in Figure 

3-15. The fit of the current was very similar to that of the wild type, but the model did not fit 

the Raman data well. The fitted variables were very similar to that of the wild type data (WT 

B A 

A B
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𝛥𝛥𝐸𝐸2), except for 𝑘𝑘𝑖𝑖,𝑂𝑂𝑜𝑜𝐴𝐴𝑂𝑂
𝑏𝑏𝑟𝑟𝑏𝑏  which was more than 20 time larger at the same voltage. This implies 

that an alternative pathway is being utilized with a different rate limiting step. 

 

 

Figure 3-15: The fitted response of Current density per electrode surface area (A) and Raman peak 
intensity (B) of an OmcS deficient biofilm, during a step change of poised voltage (from -251mV to 
649 mV). From (Krige, Ramser, et al. 2020).  

The initial sharp decrease in the slope of the Raman data was similar to that of the wild type, 

yet it seems slightly more pronounced. There has been evidence that the deletion of OmcS 

can actually increase biofilm conductivity in G. sulfurreducens biofilms, which could explain 

the sharper initial decrease (Malvankar, Tuominen, and Lovley 2012a; Lovley and Walker 

2019). 

The electron transfer is, however, still hindered by the lack of OmcS, as shown by the slower, 

near-linear oxidation of the cytochromes. This is likely due to the transfer of electrons to the 

outer cell membrane being slowed down. It has been proposed that OmcS might be involved 

in the electron transfer between cytochromes, meaning ΔOmcS would use a different 

pathway for EET, which could explain the slower decline (Lovley and Walker 2019). The 

linear decline implies a pseudo-zero-order reaction, i.e. the concentration of the reduced 

mediators does not affect the 𝐼𝐼𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟  oxidation rate. This is common in enzyme kinetics where 

the substrate is high causing the enzymes to become saturated, and the activity is only a 

function of enzyme concentration. Identifying the limited mediator and overexpressing it, 

could lead to a significant rate increase. By assuming an empirical zero-order rate equation 

for [𝐼𝐼𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟], it is possible to create model that better fits the ΔOmcS Raman data, as seen in 

Figure 3-16. This was modified slightly (Equation 2) in order to decrease the rate once an 

equilibrium point is reached.  

𝒓𝒓[𝑰𝑰𝑴𝑴𝒓𝒓𝒓𝒓𝒓𝒓]
𝒓𝒓𝒆𝒆

=  𝒌𝒌𝑨𝑨𝒄𝒄[𝑰𝑰𝑴𝑴𝒐𝒐𝒐𝒐] −
𝒌𝒌𝒐𝒐𝑶𝑶𝒄𝒄 

𝟏𝟏 + 𝒓𝒓𝒐𝒐𝒆𝒆(−[𝑰𝑰𝑴𝑴𝒓𝒓𝒓𝒓𝒓𝒓] + 𝟏𝟏𝟏𝟏𝟎𝟎𝟎𝟎)  (𝟐𝟐) 

A B 
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Figure 3-16: The fitted response of a modified model of the Current density per electrode surface 
area (A) and Raman peak intensity (B) of an OmcS biofilm, during a step change of poised voltage 
(from -251mV to 649 mV). From (Krige, Ramser, et al. 2020).  

Using in-situ resonance Raman microscopy coupled with chronoamperometry was shown to 

be effective in evaluating the dynamics of EET in a biofilm. It also highlighted the impact of 

genetic changes to the dynamics, a key factor for the development of a chassis organism. 

OmcS was also shown to be of import in the EET in G. sulfurreducens by the reduced 

mediator oxidation rate. The usefulness of a separate verification method, whenever a 

complex system is modelled, was also shown.  

3.3 Paper III&VI: Sonication of Geobacter sulfurreducens 

3.3.1 Validation of the sonobioreactor model 

The results of the model of the sonobioreactor can be seen in Figure 3-17, showing the 

modelled pressure distribution in the bottles and the optimal position of the sonotrode 

allowing for an even pressure distribution along the symmetry line of the bottle. 

 

Figure 3-17 (A) Vibration pattern of the sonobioreactor and sonotrodes at 39.8 Hz. (B) Acoustic 
pressure distribution in the sonobioreactor at 39.8 kHz; from (Najjarzadeh et al. 2020). 
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Calorimetric measurements were also taken, in order to further characterize the true energy 

input into the sonobioreactor media Figure 3-18. The sonobioreactors were filled with 220 

mL deionized water and allowed to reach room temperature before being insulated. 

Temperature measurements were then taken during sonication and the true power input is 

calculated from the slope. Figure 3-18 also shows that the power output can vary depending 

on how well the resonance frequency of the specific bottle is matched. 

 

Figure 3-18: Calorimetric measurements of different bottles, showing the linear relationship between 
temperature increase and power level. Adapted from (Najjarzadeh et al. 2020). 

 

3.3.2 Increased malate concentration 

To determine the effect of sonication on G. sulfurreducens, cultures were grown in a 

sonobioreactor and sonicated at different power levels (4-14 W at 40 kHz). However, the 

growth rate of G. sulfurreducens was not significantly affected by the US, even at the highest 

power levels. Figure 3-19 shows how similar the OD600 of the sonicated runs were compared 

to the control. However, at high power levels the sonicated cultures produced significantly 

higher malate concentrations (11 mmol vs 5 mmol). The reason for this increase is unclear at 

the moment. The succinate concentration was found to be very similar. However, the acetate 

and especially the fumarate consumption was found to be higher in the first 5h of the 

fermentation.  

The increased malate concentration is likely caused by one of three factors, increased 

fumarase activity (either due to enhanced expression or mass transfer), increased membrane 

permeability (malate efflux or fumarate influx) or a decrease in malate consumption. 
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There have been studies showing an increase in the permeability of cells, for example 

increasing fermentation efficiency or increasing the efficacy of antibacterial substances 

(Moghimi et al. 2016; Dong et al. 2017; Dai et al. 2017). 

 

Figure 3-19: Metabolites profile and growth of G. sulfurreducens, grown with ultrasound at 
14W power input (dashed lines) and without ultrasound (solid lines). Error bars represent 
the standard deviation of the samples. From (Najjarzadeh et al. 2020). 

 

Figure 3-20: Malate profile of G. sulfurreducens, grown with ultrasound at 14W (Malate_ 
ultrasound) power input and without ultrasound (Malate_NS). Error bars represent the 
standard deviation of the samples. From (Najjarzadeh et al. 2020). 

3.3.3 Transcriptomics results 

When the sonication experiments were redone in order to extract RNA for the transcriptomic 

study, a similar increase in malate production as in Figure 3-20 was observed, with the malate 
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concentration during exponential phase being 13,5±2,9 mmol and 4,3±1,27 mmol for 

sonicated and control samples, respectively. The samples taken during the early stationary 

phase had no genes that were significantly differentially expressed when comparing the 

control and sonicated samples.  

When looking at the samples taken during the exponential phase, there was a significant 

difference in the variance, with the sonicated replicates grouping well together, compared to 

the non-sound treated controls. This might be due to sampling variability caused by the lag 

time between sampling and analysis introduced by the need for HPLC analysis. This 

variability is also somewhat reflected in the standard deviation of the final malate 

concentration, with a ±30% standard deviation in the control samples, compared to a ±21% 

standard deviation in the sonicated samples. However, the better grouping of sonicated 

samples might be due to the external stress caused.  

The variance in the control samples does makes it unfeasible to compare the sonicated data 

to all three control samples. It was however possible to compare these to specific, non-

sonicated exponential samples (i.e. sample 1 & 2). When compared to sample 2 of the 

exponential phase control samples, several genes were significantly downregulated, 

including various tRNA and translation related genes, Table 3-4. 

Table 3-4: Downregulated genes during Sonication when compared to sample 2 
Gene Log2 fold-

change 
Product eggnog product 

 
AKAKELBM_01180 -1,01 hypothetical protein #N/A 

map -1,01 Methionine 
aminopeptidase 1 

Metallopeptidase family M24 

rplU -1,02 50S ribosomal protein L21 This protein binds to 23S rRNA in the presence of protein 
L20 

AKAKELBM_02726 -1,07 hypothetical protein 0,00 

pagR -1,09 Transcriptional repressor 
PagR 

PFAM regulatory protein, ArsR 

gatC -1,11 Glutamyl-tRNA(Gln) 
amidotransferase subunit C 

Allows the formation of correctly charged Asn-tRNA(Asn) or 
Gln-tRNA(Gln) through the transamidation of misacylated 
Asp- tRNA(Asn) or Glu-tRNA(Gln) in organisms which lack 
either or both of asparaginyl-tRNA or glutaminyl-tRNA 
synthetases. The reaction takes place in the presence of 
glutamine and ATP through an activated phospho-Asp-
tRNA(Asn) or phospho-Glu-tRNA(Gln) 

AKAKELBM_00041 -1,11 hypothetical protein Uncharacterized protein conserved in bacteria (DUF2155) 

serS -1,18 Serine--tRNA ligase Catalyzes the attachment of serine to tRNA(Ser). Is also able 
to aminoacylate tRNA(Sec) with serine, to form the 
misacylated tRNA L-seryl-tRNA(Sec), which will be further 
converted into selenocysteinyl-tRNA(Sec) 

murD -1,21 UDP-N-
acetylmuramoylalanine--
D-glutamate ligase 

Cell wall formation. Catalyzes the addition of glutamate to 
the nucleotide precursor UDP-N-acetylmuramoyl-L-alanine 
(UMA) 

AKAKELBM_00876 -1,23 hypothetical protein 0,00 

cspLA_2 -1,25 Cold shock-like protein 
CspLA 

'Cold-shock' DNA-binding domain 
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smpB -1,30 SsrA-binding protein Required for rescue of stalled ribosomes mediated by trans-
translation. Binds to transfer-messenger RNA (tmRNA), 
required for stable association of tmRNA with ribosomes. 
tmRNA and SmpB together mimic tRNA shape, replacing the 
anticodon stem-loop with SmpB. tmRNA is encoded by the 
ssrA gene 

AKAKELBM_01795 -1,31 hypothetical protein Catalyzes the ferredoxin-dependent oxidative decarboxylation 
of arylpyruvates 

ispB -1,35 Octaprenyl diphosphate 
synthase 

Belongs to the FPP GGPP synthase family 

fdxA -1,35 4Fe-4S ferredoxin FdxA 4Fe-4S binding domain 

On the other hand, when compared to sample 1 of the exponential phase control samples 

several genes were upregulated in the sonicated samples, Table 3-5. This included 7 

glycosyltransferase (4 of which are predicted) genes which might offer a possible reason for 

the enhanced malate concentrations. Gylocosyltransferases play a role in both membrane 

stability as well as binding to malate (Albesa-Jové et al. 2014; Parsonage et al. 2010). 

Theoretically this could enhance the membrane permeability and increase the malate 

retention, resulting in the observed increase in malate concentration. 

Table 3-5: Upregulated genes during Sonication when compared to sample 1 
Gene Log2 fold-

change 
Product eggnog product 

 
AKAKELBM_01920 2,59 hypothetical protein polysaccharide biosynthetic process 

mshA_5 2,54 D-inositol-3-phosphate 
glycosyltransferase 

Glycosyl transferase 4-like domain 

tarA 2,27 N-acetylglucosaminyl-
diphosphoundecaprenol N-
acetyl-beta-D-
mannosaminyltransferase 

Belongs to the glycosyltransferase 26 family 

AKAKELBM_01559 1,87 hypothetical protein Glycosyltransferase like family 2 

wecC 1,72 UDP-N-acetyl-D-
mannosamine 
dehydrogenase 

UDP binding domain 

AKAKELBM_01924 1,62 hypothetical protein methyltransferase 

AKAKELBM_01413 1,48 hypothetical protein competence protein 

AKAKELBM_01558 1,45 hypothetical protein Glycosyltransferase WbsX 

AKAKELBM_01915 1,37 hypothetical protein Sugar transferase 

AKAKELBM_00602 1,34 hypothetical protein p-loop domain protein 

mshA_4 1,25 D-inositol-3-phosphate 
glycosyltransferase 

PFAM Glycosyl transferases group 1 

AKAKELBM_01414 1,24 hypothetical protein RNA-directed DNA polymerase 

AKAKELBM_01922 1,16 hypothetical protein PFAM lipopolysaccharide biosynthesis 

AKAKELBM_01561 1,14 hypothetical protein PFAM Glycosyl transferase family 2 

AKAKELBM_01562 1,09 hypothetical protein Glycosyltransferase like family 2 

AKAKELBM_02671 1,08 hypothetical protein Tetratricopeptide repeat 

AKAKELBM_01548 1,07 hypothetical protein protein conserved in bacteria 

AKAKELBM_02514 1,06 hypothetical protein Region found in RelA / SpoT proteins 

AKAKELBM_00206 1,06 hypothetical protein AAA ATPase domain 

esiB_1 1,05 Secretory immunoglobulin 
A-binding protein EsiB 

Sel1-like repeats. 

AKAKELBM_02666 1,03 hypothetical protein Restriction endonuclease 
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infA 1,02 Translation initiation factor 
IF-1 

One of the essential components for the initiation of protein 
synthesis. Stabilizes the binding of IF-2 and IF-3 on the 
30S subunit to which N-formylmethionyl-tRNA(fMet) 
subsequently binds. Helps modulate mRNA selection, 
yielding the 30S pre- initiation complex (PIC).  

AKAKELBM_02672 1,01 hypothetical protein Protein conserved in bacteria 

rpsH 0,96 30S ribosomal protein S8 One of the primary rRNA binding proteins, it binds directly 
to 16S rRNA central domain where it helps coordinate 
assembly of the platform of the 30S subunit 

AKAKELBM_01557 0,93 hypothetical protein Glycosyltransferase family 9 (heptosyltransferase) 

3.4 Paper V Bioprinter design  

3.4.1 Bioprinter design and build 

The completed bioprinter modification can be seen in Figure 3-21. Two 3D printed gel 

extruders were fitted to the printer’s stand and connected with tubing to the plastic extruder 

head. An electronic control box containing an Arduino was then added to control the system.  

  

Figure 3-21: Gel printer model, and final assembly, from (Krige, Haluška, et al. 2020) 

The modification was kept as simple as possible, in order to make it easy to reproduce. 

Therefore, there were no changes made to the electronics of the printer itself. Signals from 

the printer was sent to the Arduino via an extra pin that was available on the printer control 

board. An RGB LED was added to the control box to relay the status of the printer to the 

user. The Arduino was connected to several limit switches to abort the print and prevent the 

extruders from damaging themselves.  

The extruder control system in the original printer was maintained by simply adding a switch 

to change from the plastic extruders to the gel extruders. A relay was then connected in order 

to switch between the two gel extruders automatically. This allows the user to use traditional 

3D printing software (Prusa Slicer was used, but any open source slicer would work) by 
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simply modifying the print parameters. Custom G-code (available at 

https://data.mendeley.com/datasets/3kfmsz4n28/1) is added to the model when slicing and 

the print is started as normal. 

Finally, two switches were added to the extremes of the X and Y axis, which allows the user 

to trigger additional features by adding a simple command in the G-code of the print. The 

functionality of these switches can be changed to fit the desired use, yet in this case it allowed 

the user to switch on an UV LED light that was fitted onto the bottom of the printer head, as 

well as trigger the switch of materials. A schematic of the control system is shown in Figure 

3-22 

 

Figure 3-22: Diagram of the Printer and gel Extruders control setup. The blue lines represent data 
lines, with the arrow signalizing the flow of the data. The red lines are the power lines of the stepper 
motors; from (Krige, Haluška, et al. 2020). 

All the design files as well as sample G-code and code for the Arduino control unit were 

made available in an open source dataset: 

 https://data.mendeley.com/datasets/3kfmsz4n28/1 

3.4.2 Print procedure 

Detailed operating instructions are given in Paper V, but a short description of the steps 

required to set up a 3D-bioprint is given below: 

Generating G-code 
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First, the specific printer parameters are set, and the custom G-code is copied into the “custom 

G-code” section of the software. The optimal parameters should be found for each hydrogel 

before loading the final model. The Z-offset is set each time depending on the height of the 

printing surface. The model is then loaded into the slicer software and “sliced”, generating 

G-code. The custom G-codes can be changed depending on the requirements of the model, 

such as UV curing steps or to enable multiple materials. 

Loading of syringe  

A biogel-containing syringe is connected to a sterile PTFE tubing via a Luer-lock fitting with 

an attached tip. The syringe is then primed and loaded into the extruder before tightening the 

securing screws. The extruder can either be moved into place by manually by rotating the 

gear until the piston slides into place or by using the G-code “Gelstruder-loading.gcode” as 

if printing a file. And finally, the tube and printing tip is fitted onto the extruder head. 

Printing 

It is a good principle to run the G-code without any gel first, to ensure no mistakes occurred 

when slicing the model using the custom G-codes. After loading the correct files all that is 

required is to place the appropriate printing surface on the printing plate, (eg. A Petri dish) 

and start the print, making sure to monitor the progress while printing. 

The printing parameters of the bioprinter were optimized using a biocompatible, hyaluronic 

acid based hydrogel. Simple single layer prints were used to test each parameter; Figure 3-23 

shows the optimization tests done for the extrusion multiplier and layer height parameters.  

The tested parameters and their optimized values are: print speed of 20 mm/s, extrusion 

multiplier of 0,11 and layer height (18G nozzle) of 1 mm.  

 

Figure 3-23: Flow rate and layer-height parameter test 

After the correct parameters were found, a small rocket test model was printed using first a 

single gel and later in a two gel setup, interchanging the gel each layer, seen in Figure 3-24. 
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After each layer, the tip was purged of the previous gel by moving slightly to the side and 

extruding some material. This could be limited by using a tip and T-piece adapter with less 

volume. However, one could also not purge the system, which would just result in a slight 

lag of the material. 

 
 

Figure 3-24: A)Hydrogel test print and B) dual material test print in process; from (Krige, Haluška, 
et al. 2020). 

The printer modification was able to print simple structures, using hydrogel, and maintained 

the properties of the original printer. This means that the theoretical accuracy of the printer 

is the same as at the original plastic printer, approximately 0.3 mm in the X and Y axis and 

0.1mm in the Z-axis. The resolution of the print does, however depend, on the diameter of 

the tip used (about 1 mm using a 18G nozzle) as well as the rheological properties of the gel 

used. Taking these into account, the overall accuracy of the print can be somewhere in 0,5-

1mm range depending on the specific gel and tip used. 

The printer functioned best when the model could be printed stopping or hopping to other 

points, since there was a slight delay in the flow of the gel. 

3.4.3 Artificial biofilm using G. sulfurreducens (Unpublished) 

An MFC was started using an electrode with the 3D printed biofilm. The MFC started 

producing current within the first ten hours (Figure 3-25,C) reaching 1.25 A.m-2 after 35 

hours (>3 mA for an electrode of 0.0024m2). The gel held its shape and integrity for the 

duration of the test (more than three days in an MFC), and a pink coloration could be seen in 

the gel, due to the cytochromes in the growing G. sulfurreducens (Figure 3-25,A). After the 

acetate in the media was depleted, the electrode was removed and stained using a fluorescent 

protein stain, left for a day in distilled water, and imaged under UV light (Figure 3-25,B). 

The biofilm fluoresced clearly, whereas the control electrode (suspended cells with no 

artificial biofilm) showed almost no fluorescence i.e. no cell retention. The artificial biofilm 

A B 
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had a well-established biofilm after a much shorter duration than is typical for wild type G. 

sulfurreducens.  

 

Figure 3-25: Image of the printed biofilm electrode (top) and a control (bottom). B) UV imaging of 
the same electrodes after staining and washing with distilled water. C) Current produced using a 
3D-printed synthetic biofilm. 

  

A B 

C 
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4 Conclusions and considerations for the future 

The use of dried sorghum stalks served as an efficient feedstock for electricity production in 

MFCs using an anaerobic sludge inoculum, resulting in a similar performance as glucose or 

sucrose. A maximum voltage of approximately 550 mV was obtained, as well as a power- 

and current density of about 130 mW/m2 and 550 mA/m2, respectively. The sugars were 

quickly converted to VFAs, which served as the electron donor for electricity production. 

The voltages obtained with various VFAs at various concentrations were essentially the 

same, which means that the MFC status cannot be monitored using metabolites. Therefore, 

Raman microscopy was chosen as an on-line measurement technique.  

Using suspended cultures, it was shown the Raman peak area can be used as an indicator of 

the cytochrome redox state of the cells. Using a continuous, anaerobic MFC for on-line 

Raman measurements, it was shown that Raman can be used to monitor and characterize G. 

sulfurreducens biofilms during electricity generation. By monitoring the Raman peak area, it 

was shown that the redox state of the cytochromes could be modulated by applying voltage 

to the electrodes and was indirectly proportional to the current produced by the MFC.  

It was shown that in-situ resonance Raman microscopy combined with chronoamperometry 

can be effectively used, together with a dynamic model, to evaluate the dynamics of EET in 

a biofilm. This also worked to show the impact of the deletion of OmcS on the biofilm’s EET 

dynamics. Rate constants could be estimated using a simplified EET model, fitted onto 

current data, and could be used to predict the redox state of cytochromes in the wild type G. 

sulfurreducens biofilms. It was also shown that a ΔOmcS biofilm could not be effectively 

modeled using this simplified model, likely due to another pathway being used. A linear trend 

was seen in the cytochrome oxidation concentration, which is most likely due to a zeroth 

order reaction caused by the saturation of a limiting mediator. This stresses the benefits of 

using a separate verification method, not relying simply on the current.  

The effect of US on G. sulfurreducens was also studies in a well-defined sonobioreactor. This 

resulted in a more than two-fold increase in malate concentration, likely due to enhanced 

malate excretion. Transcriptomics data revealed a possible link to gylocosyltransferase 

expression, which play a role in both membrane stability and bind malate. 

Finally, a low cost 3D bioprinter modification was developed, allowing for the printing and 

UV curing of hydrogels, at a cost of approximately 300 USD. This was then used to print an 
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artificial biofilm of G. sulfurreducens using a photocurable, conductive hydrogel, reducing 

the time required to establish a thick biofilm. 

Consideration for future work: 

To obtain more reliable results for the transcriptomics study, the exponential phase control 

samples have been redone, with a more controlled timing and will be sequenced soon.  

The use of 3D bioprinting can be used to produce artificial biofilm in an MES cell, using 

bacteria that do not readily form biofilms. This can be coupled with systems for high 

throughput MES tests, using something like multi-channel potentiostats coupled with a 

printed PCB chip. 

Further research in the use of sonobioreactors for regulatory processes within cells to 

increase the production of a certain metabolite (use of reactor engineering to achieve 

metabolic engineering results).  

Resonance Raman spectroscopy can also be employed in the online, dynamic control of 

MES. This can offer a direct indication of the degree of reduction of the biofilm, hopefully 

giving information not obtainable from the current alone. Measurements can also be done in 

much shorter durations than CV, reducing the disruption caused to the biofilm. 

 

There might also be a possibility to utilize a three-dimensional holographic stimulated Raman 

microscopy to observe the same kinetics. This should provide several benefits above the 

standard setup, including the ability of observing of a 3D section of biofilm, exposure times 

orders of magnitude smaller, and a high signal to noise ratio due to the stimulated nature of 

the signal. This will allow one to observe the redox change over the thickness of the biofilm 

and will likely allow for the separation of the external and internal mediator redox states. 

https://en.wikipedia.org/wiki/Cell_(biology)


47 

5 References 
Aggio, Raphael Bastos Mereschi, Victor Obolonkin, and Silas Granato Villas-Bôas. 2012. “Sonic Vibration Affects the 

Metabolism of Yeast Cells Growing in Liquid Culture: A Metabolomic Study.” Metabolomics 8 (4): 670–78. 
https://doi.org/10.1007/s11306-011-0360-x. 

Albesa-Jové, David, David Giganti, Mary Jackson, Pedro M. Alzari, and Marcelo E. Guerin. 2014. “Structure-Function 
Relationships of Membrane-Associated GT-B Glycosyltransferases.” Glycobiology 24 (2): 108–24. 
https://doi.org/10.1093/glycob/cwt101. 

Almasi, A., A. Mosavi, M. Mohammadi, S. Azemnia, K. Godini, A. Zarei, S. Mohammadi, and E. Saleh. 2016. “Efficiency 
of Integrated Ultrasonic and Anaerobic Digestion of Oil Refinery Wastewater Sludge.” Global Nest Journal 18 (4): 
771–77. 

Amer, Maher S. 2010. Raman Spectroscopy, Fullerenes and Nanotechnology. RSC Nanoscience and Nanotechnology. 
Royal Society of Chemistry. http://www.amazon.com/exec/obidos/redirect?tag=citeulike07-
20&path=ASIN/1847552404. 

Antonopoulou, Georgia, Katerina Stamatelatou, Symeon Bebelis, and Gerasimos Lyberatos. 2010. “Electricity Generation 
from Synthetic Substrates and Cheese Whey Using a Two Chamber Microbial Fuel Cell.” Biochemical Engineering 
Journal 50 (1–2): 10–15. https://doi.org/10.1016/j.bej.2010.02.008. 

Avhad, Devchand N., and Virendra K. Rathod. 2014. “Ultrasound Stimulated Production of a Fibrinolytic Enzyme.” 
Ultrasonics Sonochemistry 21 (1): 182–88. https://doi.org/10.1016/j.ultsonch.2013.05.013. 

Bard, a, and L Faulkner. 2002. Allen J. Bard and Larry R. Faulkner, Electrochemical Methods: Fundamentals and 
Applications, New York: Wiley, 2001. Russian Journal of Electrochemistry. 2nd ed. Vol. 38. New York. 
https://doi.org/10.1023/A:1021637209564. 

Boot-Handford, Matthew E., Juan C. Abanades, Edward J. Anthony, Martin J. Blunt, Stefano Brandani, Niall Mac Dowell, 
José R. Fernández, et al. 2014. “Carbon Capture and Storage Update.” Energy and Environmental Science 7 (1): 130–
89. https://doi.org/10.1039/c3ee42350f. 

Burke, Madeline, Benjamin M Carter, and Adam W Perriman. 2017. “Bioprinting: Uncovering the Utility Layer-by-Layer.” 
Journal of 3D Printing in Medicine 1 (3): 165–79. https://doi.org/10.2217/3dp-2017-0006. 

Butler, Jessica E., Richard H. Glaven, Abraham Esteve-Núñez, Cinthia Núñez, Evgenya S. Shelobolina, Daniel R. Bond, 
and Derek R. Lovley. 2006. “Genetic Characterization of a Single Bifunctional Enzyme for Fumarate Reduction and 
Succinate Oxidation in Geobacter sulfurreducens and Engineering of Fumarate Reduction in Geobacter 
Metallireducens.” Journal of Bacteriology 188 (2): 450–55. https://doi.org/10.1128/JB.188.2.450-455.2006. 

Caccavo, F., D. J. Lonergan, D. R. Lovley, M. Davis, J. F. Stolz, and M. J. McInerney. 1994. “Geobacter sulfurreducens 
Sp. Nov., a Hydrogen- and Acetate-Oxidizing Dissimilatory Metal-Reducing Microorganism.” Applied and 
Environmental Microbiology 60 (10): 3752–59. https://doi.org/10.1128/aem.60.10.3752-3759.1994. 

Castro, Cynthia J., Joseph E. Goodwill, Brad Rogers, Mark Henderson, and Caitlyn S. Butler. 2014. “Deployment of the 
Microbial Fuel Cell Latrine in Ghana for Decentralized Sanitation.” Journal of Water Sanitation and Hygiene for 
Development 4 (4): 663–71. https://doi.org/10.2166/washdev.2014.020. 

Chakraborty, Indrajit, Sovik Das, B. K. Dubey, and M. M. Ghangrekar. 2020. “Novel Low Cost Proton Exchange Membrane 
Made from Sulphonated Biochar for Application in Microbial Fuel Cells.” Materials Chemistry and Physics 239 
(January): 122025. https://doi.org/10.1016/j.matchemphys.2019.122025. 

Chen, Leifeng, Pier Luc Tremblay, Soumyaranjan Mohanty, Kai Xu, and Tian Zhang. 2016. “Electrosynthesis of Acetate 
from CO2 by a Highly Structured Biofilm Assembled with Reduced Graphene Oxide-Tetraethylene Pentamine.” 
Journal of Materials Chemistry A 4 (21): 8395–8401. https://doi.org/10.1039/c6ta02036d. 

Chisti, Yusuf. 2003. “Sonobioreactors: Using Ultrasound for Enhanced Microbial Productivity.” Trends in Biotechnology 
21 (2): 89–93. https://doi.org/10.1016/S0167-7799(02)00033-1. 

Coma, M., S. Puig, N. Pous, M. D. Balaguer, and J. Colprim. 2013. “Biocatalysed Sulphate Removal in a BES Cathode.” 
Bioresource Technology 130 (February): 218–23. https://doi.org/10.1016/j.biortech.2012.12.050. 

Dai, Chunhua, Feng Xiong, Ronghai He, Weiwei Zhang, and Haile Ma. 2017. “Effects of Low-Intensity Ultrasound on the 
Growth, Cell Membrane Permeability and Ethanol Tolerance of Saccharomyces Cerevisiae.” Ultrasonics 
Sonochemistry 36 (May): 191–97. https://doi.org/10.1016/j.ultsonch.2016.11.035. 

Desbois, A. 1994. “Resonance Raman Spectroscopy of C-Type Cytochromes.” Biochimie 76 (7): 693–707. 
https://doi.org/10.1016/0300-9084(94)90145-7. 

Dong, Yu, Hang Su, Hexun Jiang, Huimin Zheng, Yonghong Du, Junru Wu, and Dairong Li. 2017. “Experimental Study 
on the Influence of Low-Frequency and Low-Intensity Ultrasound on the Permeability of the Mycobacterium 
Smegmatis Cytoderm and Potentiation with Levofloxacin.” Ultrasonics Sonochemistry 37 (July): 1–8. 



48 

https://doi.org/10.1016/j.ultsonch.2016.12.024. 

Duan, Xiumei, Jiti Zhou, Sen Qiao, and Haifeng Wei. 2011. “Application of Low Intensity Ultrasound to Enhance the 
Activity of Anammox Microbial Consortium for Nitrogen Removal.” Bioresource Technology 102 (5): 4290–93. 
https://doi.org/10.1016/j.biortech.2010.12.050. 

ElMekawy, A., H. M. Hegab, D. Pant, and C. P. Saint. 2018. “Bio-Analytical Applications of Microbial Fuel Cell–Based 
Biosensors for Onsite Water Quality Monitoring.” Journal of Applied Microbiology 124 (1): 302–13. 
https://doi.org/10.1111/jam.13631. 

Erriu, Matteo, Cornelio Blus, Serge Szmukler-Moncler, Silvano Buogo, Raffaello Levi, Giulio Barbato, Daniele 
Madonnaripa, Gloria Denotti, Vincenzo Piras, and Germano Orrù. 2014. “Microbial Biofilm Modulation by 
Ultrasound: Current Concepts and Controversies.” Ultrasonics Sonochemistry 21 (1): 15–22. 
https://doi.org/10.1016/j.ultsonch.2013.05.011. 

Esteve-Núñez, Abraham, Mary Rothermich, Manju Sharma, and Derek Lovley. 2005. “Growth of Geobacter sulfurreducens 
under Nutrient-Limiting Conditions in Continuous Culture.” Environmental Microbiology 7 (5): 641–48. 
https://doi.org/10.1111/j.1462-2920.2005.00731.x. 

Esteve-Núñez, Abraham, Julian Sosnik, Pablo Visconti, and Derek R. Lovley. 2008. “Fluorescent Properties of C-Type 
Cytochromes Reveal Their Potential Role as an Extracytoplasmic Electron Sink in Geobacter sulfurreducens.” 
Environmental Microbiology 10 (2): 497–505. https://doi.org/10.1111/j.1462-2920.2007.01470.x. 

Farber, Peter, Jens Gräbel, Norman Kroppen, Liesa Pötschke, Dirk Roos, Miriam Rosenbaum, Georg Stegschuster, and Peer 
Ueberholz. 2019. “Electricity Generation in a Microbial Fuel Cell with Textile Carbon Fibre Anodes.” Computers 
and Mathematics with Applications, December. https://doi.org/10.1016/j.camwa.2019.11.019. 

Feng, Yujie, Xin Wang, Bruce E. Logan, and He Lee. 2008. “Brewery Wastewater Treatment Using Air-Cathode Microbial 
Fuel Cells.” Applied Microbiology and Biotechnology 78 (5): 873–80. https://doi.org/10.1007/s00253-008-1360-2. 

Filman, David J., Stephen F. Marino, Joy E. Ward, Lu Yang, Zoltán Mester, Esther Bullitt, Derek R. Lovley, and Mike 
Strauss. 2019. “Cryo-EM Reveals the Structural Basis of Long-Range Electron Transport in a Cytochrome-Based 
Bacterial Nanowire.” Communications Biology 2 (1): 1–6. https://doi.org/10.1038/s42003-019-0448-9. 

Francko, D. A., S. Al-Hamdani, and G. J. Joo. 1994. “Enhancement of Nitrogen Fixation in Anabaena Flos-Aquae 
(Cyanobacteria) via Low-Dose Ultrasonic Treatment.” Journal of Applied Phycology. Vol. 6. Kluwer Academic 
Publishers. https://doi.org/10.1007/BF02182398. 

Francko, D A, SR Taylor, BJ Thomas, D SR Mclntosh Taylor, and S Kaw. 1990. “Kffectoflow-Dose Ultrasonic Treatment 
on Physiological Variab[~S in Anabaena Flos-Aquae and Selenastrum Capricornutum.” Biotechnology Letters. Vol. 
12. https://link.springer.com/content/pdf/10.1007%2FBF01026803. 

Franks, Ashley E., and Kelly P. Nevin. 2010. “Microbial Fuel Cells, A Current Review.” Energies 3 (5): 899–919. 
https://doi.org/10.3390/en3050899. 

Galushko, Alexander S., and Bernhard Schink. 2000. “Oxidation of Acetate through Reactions of the Citric Acid Cycle by 
Geobacter sulfurreducens in Pure Culture and in Syntrophic Coculture.” Archives of Microbiology 174 (5): 314–21. 
https://doi.org/10.1007/s002030000208. 

Gregory, Kelvin B., Daniel R. Bond, and Derek R. Lovley. 2004. “Graphite Electrodes as Electron Donors for Anaerobic 
Respiration.” Environmental Microbiology 6 (6): 596–604. https://doi.org/10.1111/j.1462-2920.2004.00593.x. 

Huang, Guoping, Suwan Chen, Chunhua Dai, Ling Sun, Wenli Sun, Yingxiu Tang, Feng Xiong, Ronghai He, and Haile 
Ma. 2017. “Effects of Ultrasound on Microbial Growth and Enzyme Activity.” Ultrasonics Sonochemistry 37: 144–
49. https://doi.org/10.1016/j.ultsonch.2016.12.018. 

Huerta-Cepas, Jaime, Kristoffer Forslund, Luis Pedro Coelho, Damian Szklarczyk, Lars Juhl Jensen, Christian Von Mering, 
and Peer Bork. 2017. “Fast Genome-Wide Functional Annotation through Orthology Assignment by EggNOG-
Mapper.” Molecular Biology and Evolution 34 (8): 2115–22. https://doi.org/10.1093/molbev/msx148. 

Huerta-Cepas, Jaime, Damian Szklarczyk, Davide Heller, Ana Hernández-Plaza, Sofia K Forslund, Helen Cook, Daniel R 
Mende, et al. 2019. “EggNOG 5.0: A Hierarchical, Functionally and Phylogenetically Annotated Orthology Resource 
Based on 5090 Organisms and 2502 Viruses.” Nucleic Acids Research 47 (D1): D309–14. 
https://doi.org/10.1093/nar/gky1085. 

Inoue, Kengo, Ching Leang, Ashley E. Franks, Trevor L. Woodard, Kelly P. Nevin, and Derek R. Lovley. 2011. “Specific 
Localization of the C-Type Cytochrome OmcZ at the Anode Surface in Current-Producing Biofilms of Geobacter 
sulfurreducens.” Environmental Microbiology Reports 3 (2): 211–17. https://doi.org/10.1111/j.1758-
2229.2010.00210.x. 

Inoue, Kengo, Xinlci Qian, Leonor Morgado, Byoung Chan Kim, Tünde Mester, Mounir Izallalen, Carlos A. Salgueiro, and 
Derek R. Lovley. 2010. “Purification and Characterization of OmcZ, an Outer-Surface, Octaheme c-Type 
Cytochrome Essential for Optimal Current Production by Geobacter sulfurreducens.” Applied and Environmental 
Microbiology 76 (12): 3999–4007. https://doi.org/10.1128/AEM.00027-10. 



49 

Ishii, Shun’ichi, Shino Suzuki, Aaron Tenney, Trina M Norden-Krichmar, Kenneth H Nealson, and Orianna Bretschger. 
2015. “Microbial Metabolic Networks in a Complex Electrogenic Biofilm Recovered from a Stimulus-Induced 
Metatranscriptomics Approach.” Scientific Reports 5 (October): 14840. https://doi.org/10.1038/srep14840. 

Jadhav, Dipak A., Ashvini D. Chendake, Andrea Schievano, and Deepak Pant. 2019. “Suppressing Methanogens and 
Enriching Electrogens in Bioelectrochemical Systems.” Bioresource Technology 277 (April): 148–56. 
https://doi.org/10.1016/j.biortech.2018.12.098. 

Jourdin, Ludovic, Stefano Freguia, Victoria Flexer, and Jurg Keller. 2016. “Bringing High-Rate, CO2-Based Microbial 
Electrosynthesis Closer to Practical Implementation through Improved Electrode Design and Operating Conditions.” 
Environmental Science and Technology 50 (4): 1982–89. https://doi.org/10.1021/acs.est.5b04431. 

Kakita, Minoru, Masanari Okuno, and Hiro O. Hamaguchi. 2013. “Quantitative Analysis of the Redox States of 
Cytochromes in a Living L929 (NCTC) Cell by Resonance Raman Microspectroscopy.” Journal of Biophotonics 6 
(3): 256–59. https://doi.org/10.1002/jbio.201200042. 

Katakis, Ioanis, and Adam Heller. 1992. “L-α-Glycerophosphate and L-Lactate Electrodes Based on the 
Electrochemical‘Wiring’ of Oxidases.” Analytical Chemistry 64 (9): 1008–13. https://doi.org/10.1021/ac00033a009. 

Kaur, Manpreet, Manoj Kumar, Sarita Sachdeva, and S. K. Puri. 2018. “Aquatic Weeds as the next Generation Feedstock 
for Sustainable Bioenergy Production.” Bioresource Technology 251 (March): 390–402. 
https://doi.org/10.1016/j.biortech.2017.11.082. 

Kiely, Patrick D., Douglas F. Call, Matthew D. Yates, John M. Regan, and Bruce E. Logan. 2010. “Anodic Biofilms in 
Microbial Fuel Cells Harbor Low Numbers of Higher-Power-Producing Bacteria than Abundant Genera.” Applied 
Microbiology and Biotechnology 88 (1): 371–80. https://doi.org/10.1007/s00253-010-2757-2. 

Kim, Byoung Chan, Bradley L. Postier, Raymond J. DiDonato, Swades K. Chaudhuri, Kelly P. Nevin, and Derek R. Lovley. 
2008. “Insights into Genes Involved in Electricity Generation in Geobacter sulfurreducens via Whole Genome 
Microarray Analysis of the OmcF-Deficient Mutant.” Bioelectrochemistry 73 (1): 70–75. 
https://doi.org/10.1016/j.bioelechem.2008.04.023. 

Koch, Christin, and Falk Harnisch. 2016. “Is There a Specific Ecological Niche for Electroactive Microorganisms?” 
ChemElectroChem 3 (9): 1282–95. https://doi.org/10.1002/celc.201600079. 

Korth, Benjamin, and Falk Harnisch. 2019. “Spotlight on the Energy Harvest of Electroactive Microorganisms: The Impact 
of the Applied Anode Potential.” Frontiers in Microbiology 10 (JUN): 1–9. 
https://doi.org/10.3389/fmicb.2019.01352. 

Krige, Adolf, Jakub Haluška, Ulrika Rova, and Paul Christakopoulos. 2020. “Design and Implementation of a Low Cost 
Bio-Printer Modification, Allowing for Switching between Plastic and Gel Extrusion.” Submitted to HardwareX. 

Krige, Adolf, Kerstin Ramser, Magnus Sjöblom, Paul Christakopoulos, and Ulrika Rova. 2020. “A New Approach for 
Evaluating Electron Transfer Dynamics by Using In-Situ Resonance Raman Microscopy and Chronoamperometry in 
Conjunction with a Dynamic Model.” Applied and Environmental Microbiology. 

Krige, Adolf, Magnus Sjöblom, Kerstin Ramser, Paul Christakopoulos, and Ulrika Rova. 2019. “On-Line Raman 
Spectroscopic Study of Cytochromes’ Redox State of Biofilms in Microbial Fuel Cells.” Molecules 24 (3): 646. 
https://doi.org/10.3390/molecules24030646. 

Kudelski, Andrzej. 2009. “Raman Spectroscopy of Surfaces.” Surface Science 603 (10–12): 1328–34. 
https://doi.org/10.1016/j.susc.2008.11.039. 

Kulkarni, Vrushali M., and Virendra K. Rathod. 2014. “Mapping of an Ultrasonic Bath for Ultrasound Assisted Extraction 
of Mangiferin from Mangifera Indica Leaves.” Ultrasonics Sonochemistry 21 (2): 606–11. 
https://doi.org/10.1016/j.ultsonch.2013.08.021. 

LaBarge, Nicole, Yasemin Dilsad Yilmazel, Pei Ying Hong, and Bruce E. Logan. 2017. “Effect of Pre-Acclimation of 
Granular Activated Carbon on Microbial Electrolysis Cell Startup and Performance.” Bioelectrochemistry 113: 20–
25. https://doi.org/10.1016/j.bioelechem.2016.08.003. 

Leang, Ching, Xinlei Qian, Tünde Mester, and Derek R. Lovley. 2010. “Alignment of the C-Type Cytochrome OmcS along 
Pili of Geobacter sulfurreducens.” Applied and Environmental Microbiology 76 (12): 4080–84. 
https://doi.org/10.1128/AEM.00023-10. 

Lehner, Benjamin A. E., Dominik T. Schmieden, and Anne S. Meyer. 2017. “A Straightforward Approach for 3D Bacterial 
Printing.” ACS Synthetic Biology 6 (7): 1124–30. https://doi.org/10.1021/acssynbio.6b00395. 

Li, Muyang, Guilong Yan, Aditya Bhalla, Lisaura Maldonado-Pereira, Petria R. Russell, Shi You Ding, John E. Mullet, and 
David B. Hodge. 2018. “Physical Fractionation of Sweet Sorghum and Forage/Energy Sorghum for Optimal 
Processing in a Biorefinery.” Industrial Crops and Products 124 (November): 607–16. 
https://doi.org/10.1016/j.indcrop.2018.07.002. 

Liang, Peng, Rui Duan, Yong Jiang, Xiaoyuan Zhang, Yong Qiu, and Xia Huang. 2018. “One-Year Operation of 1000-L 
Modularized Microbial Fuel Cell for Municipal Wastewater Treatment.” Water Research 141 (September): 1–8. 



50 

https://doi.org/10.1016/j.watres.2018.04.066. 

Liu, Hong, Shaoan Cheng, and Bruce E. Logan. 2005. “Production of Electricity from Acetate or Butyrate Using a Single-
Chamber Microbial Fuel Cell.” Environmental Science and Technology 39 (2): 658–62. 
https://doi.org/10.1021/es048927c. 

Logan, Bruce E., and John M. Regan. 2006. “Electricity-Producing Bacterial Communities in Microbial Fuel Cells.” Trends 
in Microbiology. Elsevier Current Trends. https://doi.org/10.1016/j.tim.2006.10.003. 

Logan, Bruce E., Ruggero Rossi, Ala’a Ragab, and Pascal E. Saikaly. 2019. “Electroactive Microorganisms in 
Bioelectrochemical Systems.” Nature Reviews Microbiology 17 (5): 307–19. https://doi.org/10.1038/s41579-019-
0173-x. 

Love, Michael I, Wolfgang Huber, and Simon Anders. 2014. “Moderated Estimation of Fold Change and Dispersion for 
RNA-Seq Data with DESeq2.” Genome Biology 15 (12): 550. https://doi.org/10.1186/s13059-014-0550-8. 

Lovley, Derek R. 2008. “The Microbe Electric: Conversion of Organic Matter to Electricity.” Current Opinion in 
Biotechnology 19 (6): 564–71. https://doi.org/10.1016/j.copbio.2008.10.005. 

Lovley, Derek R. 2011. “Live Wires: Direct Extracellular Electron Exchange for Bioenergy and the Bioremediation of 
Energy-Related Contamination.” Energy and Environmental Science 4 (12): 4896–4906. 
https://doi.org/10.1039/c1ee02229f. 

Lovley, Derek R. 2012. “Long-Range Electron Transport to Fe(III) Oxide via Pili with Metallic-like Conductivity.” 
Biochemical Society Transactions 40 (6): 1186–90. https://doi.org/10.1042/BST20120131. 

Lovley, Derek R., and David J.F. Walker. 2019. “Geobacter Protein Nanowires.” Frontiers in Microbiology. Frontiers 
Media S.A. https://doi.org/10.3389/fmicb.2019.02078. 

Lovley, Derek R. 2006. “Microbial Fuel Cells: Novel Microbial Physiologies and Engineering Approaches.” Current 
Opinion in Biotechnology 17 (3): 327–32. https://doi.org/10.1016/j.copbio.2006.04.006. 

Mahadevan, R., D. R. Bond, J. E. Butler, A. Esteve-Nuñez, M. V. Coppi, B. O. Palsson, C. H. Schilling, and D. R. Lovley. 
2006. “Characterization of Metabolism in the Fe(III)-Reducing Organism Geobacter sulfurreducens by Constraint-
Based Modeling.” Applied and Environmental Microbiology 72 (2): 1558–68. 
https://doi.org/10.1128/AEM.72.2.1558-1568.2006. 

Malvankar, Nikhil S., Mark T. Tuominen, and Derek R. Lovley. 2012a. “Biofilm Conductivity Is a Decisive Variable for 
High-Current-Density Geobacter sulfurreducens Microbial Fuel Cells.” Energy and Environmental Science 5 (2): 
5790–97. https://doi.org/10.1039/c2ee03388g. 

Malvankar, Nikhil S., Mark T. Tuominen, and Derek R. Lovley. 2012b. “Lack of Cytochrome Involvement in Long-Range 
Electron Transport through Conductive Biofilms and Nanowires of Geobacter sulfurreducens.” Energy and 
Environmental Science 5 (9): 8651–59. https://doi.org/10.1039/c2ee22330a. 

Martini, Silvana, and Silvana Martini. 2013. “Sonocrystallization of Fats.” In Sonocrystallization of Fats, 41–62. New York, 
NY: Springer New York. https://doi.org/10.1007/978-1-4614-7693-1_6. 

Matsakas, Leonidas, and Paul Christakopoulos. 2013. “Optimization of Ethanol Production from High Dry Matter Liquefied 
Dry Sweet Sorghum Stalks.” Biomass and Bioenergy 51 (0): 91–98. https://doi.org/10.1016/j.biombioe.2013.01.007. 

Mehta, T, M V Coppi, S E Childers, and D R Lovley. 2005. “Outer Membrane C-Type Cytochromes Required for Fe(III) 
and Mn(IV) Oxide Reduction in Geobacter sulfurreducens.” Applied and Environmental Microbiology 71 (12): 
8634–41. https://doi.org/10.1128/AEM.71.12.8634-8641.2005. 

Methé, B. A., K. E. Nelson, J. A. Eisen, I. T. Paulsen, W. Nelson, J. F. Heidelberg, D. Wu, et al. 2003. “Genome of 
Geobacter sulfurreducens: Metal Reduction in Subsurface Environments.” Science 302 (5652): 1967–69. 
https://doi.org/10.1126/science.1088727. 

Mett, Helmut, Barbara Schacher, and Lukas Wegmann. 1988. “Ultrasonic Disintegration of Bacteria May Lead to 
Irreversible Inactivation of β-Lactamase.” Journal of Antimicrobial Chemotherapy 22 (3): 293–98. 
https://doi.org/10.1093/jac/22.3.293. 

Millo, Diego, Falk Harnisch, Sunil A Patil, Hoang K Ly, Uwe Schröder, and Peter Hildebrandt. 2011. “In Situ 
Spectroelectrochemical Investigation of Electrocatalytic Microbial Biofilms by Surface-Enhanced Resonance Raman 
Spectroscopy.” Angewandte Chemie - International Edition 50 (11): 2625–27. 
https://doi.org/10.1002/anie.201006046. 

Moghimi, Roya, Lida Ghaderi, Hasan Rafati, Atousa Aliahmadi, and David Julian Mcclements. 2016. “Superior 
Antibacterial Activity of Nanoemulsion of Thymus Daenensis Essential Oil against E. Coli.” Food Chemistry 194 
(March): 410–15. https://doi.org/10.1016/j.foodchem.2015.07.139. 

Moholkar, Vijayanand S., Sander Rekveld, and Marijn M.C.G. Warmoeskerken. 2000. “Modeling of the Acoustic Pressure 
Fields and the Distribution of the Cavitation Phenomena in a Dual Frequency Sonic Processor.” Ultrasonics 38 (1): 
666–70. https://doi.org/10.1016/S0041-624X(99)00204-8. 



51 

Mougin, Patricia, Derek Wilkinson, Kevin J. Roberts, and Richard Tweedie. 2001. “Characterization of Particle Size and 
Its Distribution during the Crystallization of Organic Fine Chemical Products as Measured in Situ Using Ultrasonic 
Attenuation Spectroscopy.” The Journal of the Acoustical Society of America 109 (1): 274–82. 
https://doi.org/10.1121/1.1331113. 

Najjarzadeh, Nasim, Adolf Krige, Taraka R.K. Pamidi, Örjan Johansson, Josefine Enman, Leonidas Matsakas, Ulrika Rova, 
and Paul Christakopoulos. 2020. “Numerical Modeling and Verification of a Sonobioreactor and Its Application on 
Two Model Microorganisms.” Edited by Vijai Gupta. PLoS ONE 15 (3): e0229738. 
https://doi.org/10.1371/journal.pone.0229738. 

Pagnossa, Jorge Pamplona, Gabriele Rocchetti, Ana Cristina Ribeiro, Roberta Hilsdorf Piccoli, and Luigi Lucini. 2020. 
“Ultrasound: Beneficial Biotechnological Aspects on Microorganisms-Mediated Processes: Ultrasound: Beneficial 
Aspects on Microorganisms Processes.” Current Opinion in Food Science 31: 24–30. 
https://doi.org/10.1016/j.cofs.2019.10.006. 

Palanisamy, Gowthami, Ho-Young Young Jung, T. Sadhasivam, Mahaveer D. Kurkuri, Sang Chai Kim, and Sung-Hee Hee 
Roh. 2019. A Comprehensive Review on Microbial Fuel Cell Technologies: Processes, Utilization, and Advanced 
Developments in Electrodes and Membranes. Journal of Cleaner Production. Vol. 221. Elsevier Ltd. 
https://doi.org/10.1016/j.jclepro.2019.02.172. 

Parsonage, Derek, Gerald L. Newton, Robert C. Holder, Bret D. Wallace, Carleitta Paige, Chris J. Hamilton, Patricia C. Dos 
Santos, Matthew R. Redinbo, Sean D. Reid, and Al Claiborne. 2010. “Characterization of the N-Acetyl-α-D-
Glucosaminyl L-Malate Synthase and Deacetylase Functions for Bacillithiol Biosynthesis in Bacillus Anthracis.” 
Biochemistry 49 (38): 8398–8414. https://doi.org/10.1021/bi100698n. 

Peng, Luo, and Yong Zhang. 2017. “Cytochrome OmcZ Is Essential for the Current Generation by Geobacter 
sulfurreducens under Low Electrode Potential.” Electrochimica Acta 228 (February): 447–52. 
https://doi.org/10.1016/j.electacta.2017.01.091. 

Pepper, Matthew E., Cheryl A. Parzel, Timothy Burg, Thomas Boland, Karen J.L. Burg, and Richard E. Groff. 2009. 
“Design and Implementation of a Two-Dimensional Inkjet Bioprinter.” In Proceedings of the 31st Annual 
International Conference of the IEEE Engineering in Medicine and Biology Society: Engineering the Future of 
Biomedicine, EMBC 2009, 6001–5. IEEE. https://doi.org/10.1109/IEMBS.2009.5332513. 

Potter, M. C. 1911. Electrical Effects Accompanying the Decomposition of Organic Compounds. Proceedings of the Royal 
Society B: Biological Sciences. Vol. 84. https://doi.org/10.1098/rspb.1911.0073. 

Puig, Sebastià, Marc Serra, Marta Coma, Marina Cabré, M. Dolors Balaguer, and Jesús Colprim. 2011. “Microbial Fuel 
Cell Application in Landfill Leachate Treatment.” Journal of Hazardous Materials 185 (2–3): 763–67. 
https://doi.org/10.1016/j.jhazmat.2010.09.086. 

Qian, Xinlei, Tünde Mester, Leonor Morgado, Tsutomu Arakawa, Manju L. Sharma, Kengo Inoue, Crisjoe Joseph, Carlos 
A. Salgueiro, Michael J. Maroney, and Derek R. Lovley. 2011. “Biochemical Characterization of Purified OmcS, a 
c-Type Cytochrome Required for Insoluble Fe(III) Reduction in Geobacter sulfurreducens.” Biochimica et 
Biophysica Acta - Bioenergetics 1807 (4): 404–12. https://doi.org/10.1016/j.bbabio.2011.01.003. 

Rabaey, Korneel, Geert Lissens, Steven D. Siciliano, and Willy Verstraete. 2003. “A Microbial Fuel Cell Capable of 
Converting Glucose to Electricity at High Rate and Efficiency.” Biotechnology Letters 25 (18): 1531–35. 

Raskar, Hanumant D., Devchand N. Avhad, and Virendra K. Rathod. 2014. “Ultrasound Assisted Production of 
Daunorubicin: Process Intensification Approach.” Chemical Engineering and Processing: Process Intensification 77: 
7–12. https://doi.org/10.1016/j.cep.2013.12.008. 

Richter, Hanno, Kelly P. Nevin, Hongfei Jia, Daniel A. Lowy, Derek R. Lovley, and Leonard M. Tender. 2009. “Cyclic 
Voltammetry of Biofilms of Wild Type and Mutant Geobacter sulfurreducens on Fuel Cell Anodes Indicates Possible 
Roles of OmcB, OmcZ, Type IV Pili, and Protons in Extracellular Electron Transfer.” Energy and Environmental 
Science 2 (5): 506–16. https://doi.org/10.1039/b816647a. 

Rodrigo, M.A., P. Cañizares, J. Lobato, R. Paz, C. Sáez, and J.J. Linares. 2007. “Production of Electricity from the 
Treatment of Urban Waste Water Using a Microbial Fuel Cell.” Journal of Power Sources 169 (1): 198–204. 
https://doi.org/10.1016/j.jpowsour.2007.01.054. 

Rooney, William L., Jürg Blumenthal, Brent Bean, and John E. Mullet. 2007. “Designing Sorghum as a Dedicated 
Bioenergy Feedstock.” Biofuels, Bioproducts and Biorefining 1 (2): 147–57. https://doi.org/10.1002/bbb.15. 

Rosenbaum, Miriam A., Carola Berger, Simone Schmitz, and Ronny Uhlig. 2017. “Microbial Electrosynthesis i: Pure and 
Defined Mixed Culture Engineering.” In Advances in Biochemical Engineering/Biotechnology, 167:181–202. 
Springer Science and Business Media Deutschland GmbH. https://doi.org/10.1007/10_2017_17. 

Rosenbaum, Miriam a., and Ashley E. Franks. 2014. “Microbial Catalysis in Bioelectrochemical Technologies: Status Quo, 
Challenges and Perspectives.” Applied Microbiology and Biotechnology 98 (2): 509–18. 
https://doi.org/10.1007/s00253-013-5396-6. 

Saveant, J. M., and E. Vianello. 1965. “Potential-Sweep Chronoamperometry: Kinetic Currents for First-Order Chemical 



52 

Reaction Parallel to Electron-Transfer Process (Catalytic Currents).” Electrochimica Acta 10 (9): 905–20. 
https://doi.org/10.1016/0013-4686(65)80003-2. 

Schaffner, Manuel, Patrick A. Rühs, Fergal Coulter, Samuel Kilcher, and André R. Studart. 2017. “3D Printing of Bacteria 
into Functional Complex Materials.” Science Advances 3 (12): eaao6804. https://doi.org/10.1126/sciadv.aao6804. 

Semenec, L, S Aracic, E R. Mathews, and Ashley E. Franks. 2017. “Electron Transfer between Bacteria and Electrodes.” 
In Functional Electrodes for Enzymatic and Microbial Electrochemical Systems, 93–120. 

Sevda, Surajbhan, T. R. Sreekishnan, Narcís Pous, Sebastià Puig, and Deepak Pant. 2018. “Bioelectroremediation of 
Perchlorate and Nitrate Contaminated Water: A Review.” Bioresource Technology. Elsevier Ltd. 
https://doi.org/10.1016/j.biortech.2018.02.005. 

Shu, Chuanjun, Qiang Zhu, Ke Xiao, Yue Hou, Haibo Ma, Jing Ma, and Xiao Sun. 2019. “Direct Extracellular Electron 
Transfer of the Geobacter sulfurreducens Pili Relevant to Interaromatic Distances.” 
https://doi.org/10.1155/2019/6151587. 

Sjöblom, Magnus, Leonidas Matsakas, Adolf Krige, Ulrika Rova, and Paul Christakopoulos. 2017. “Direct Electricity 
Generation from Sweet Sorghum Stalks and Anaerobic Sludge.” Industrial Crops and Products 108 (December): 
505–11. https://doi.org/10.1016/j.indcrop.2017.06.062. 

Sleutels, Tom H.J.A., Annemiek Ter Heijne, Cees J.N. Buisman, and Hubertus V.M. Hamelers. 2012. “Bioelectrochemical 
Systems: An Outlook for Practical Applications.” ChemSusChem 5 (6): 1012–19. 
https://doi.org/10.1002/cssc.201100732. 

Stams, Alfons J.M. 1994. “Metabolic Interactions between Anaerobic Bacteria in Methanogenic Environments.” Antonie 
van Leeuwenhoek 66 (1–3): 271–94. https://doi.org/10.1007/BF00871644. 

Strycharz-Glaven, Sarah M., Rachel M. Snider, Anthony Guiseppi-Elie, and Leonard M. Tender. 2011. “On the Electrical 
Conductivity of Microbial Nanowires and Biofilms.” Energy and Environmental Science. Royal Society of 
Chemistry. https://doi.org/10.1039/c1ee01753e. 

Teravest, Michaela A., Zhongjian Li, and Largus T. Angenent. 2011. “Bacteria-Based Biocomputing with Cellular 
Computing Circuits to Sense, Decide, Signal, and Act.” Energy and Environmental Science. Royal Society of 
Chemistry. https://doi.org/10.1039/c1ee02455h. 

Thygesen, Anders, Finn Willy Poulsen, Booki Min, Irini Angelidaki, and Anne Belinda Thomsen. 2009. “The Effect of 
Different Substrates and Humic Acid on Power Generation in Microbial Fuel Cell Operation.” Bioresource 
Technology 100 (3): 1186–91. https://doi.org/10.1016/j.biortech.2008.07.067. 

Umakanth, A. V., A. Ashok Kumar, Wilfred Vermerris, and V. A. Tonapi. 2018. “Sweet Sorghum for Biofuel Industry.” 
Breeding Sorghum for Diverse End Uses, January, 255–70. https://doi.org/10.1016/B978-0-08-101879-8.00016-4. 

Vassilev, Igor, Paula A. Hernandez, Pau Batlle-Vilanova, Stefano Freguia, Jens O. Krömer, Jürg Keller, Pablo Ledezma, 
and Bernardino Virdis. 2018. “Microbial Electrosynthesis of Isobutyric, Butyric, Caproic Acids, and Corresponding 
Alcohols from Carbon Dioxide.” ACS Sustainable Chemistry and Engineering 6 (7): 8485–93. 
https://doi.org/10.1021/acssuschemeng.8b00739. 

Virdis, Bernardino, Diego Millo, Bogdan C. Donose, and Damien J. Batstone. 2014. “Real-Time Measurements of the 
Redox States of c-Type Cytochromes in Electroactive Biofilms: A Confocal Resonance Raman Microscopy Study.” 
PLoS ONE 9 (2): 8908–18. https://doi.org/10.1371/journal.pone.0089918. 

Virdis, Bernardino, Diego Millo, Bogdan C. Donose, Yang Lu, Damien J. Batstone, and Jens O. Krömer. 2016. “Analysis 
of Electron Transfer Dynamics in Mixed Community Electroactive Microbial Biofilms.” RSC Advances 6 (5): 3650–
60. https://doi.org/10.1039/c5ra15676a. 

Vulfson, Evgeni N., Douglas B. Sarney, and Barry A. Law. 1991. “Enhancement of Subtilisin-Catalysed Interesterification 
in Organic Solvents by Ultrasound Irradiation.” Enzyme and Microbial Technology 13 (2): 123–26. 
https://doi.org/10.1016/0141-0229(91)90166-8. 

Wang, Heming, and Zhiyong Jason Ren. 2013. “A Comprehensive Review of Microbial Electrochemical Systems as a 
Platform Technology.” Biotechnology Advances. https://doi.org/10.1016/j.biotechadv.2013.10.001. 

Wenzel, Jorge, Erika Fiset, Pau Batlle-Vilanova, Angela Cabezas, Claudia Etchebehere, María D. Balaguer, Jesús Colprim, 
and Sebastià Puig. 2018. “Microbial Community Pathways for the Production of Volatile Fatty Acids from CO2 and 
Electricity.” Frontiers in Energy Research 6 (APR): 15. https://doi.org/10.3389/fenrg.2018.00015. 

Wu, J., and L. Lin. 2002. “Elicitor-like Effects of Low-Energy Ultrasound on Plant (Panax Ginseng) Cells: Induction of 
Plant Defense Responses and Secondary Metabolite Production.” Applied Microbiology and Biotechnology 59 (1): 
51–57. https://doi.org/10.1007/s00253-002-0971-2. 

Yates, Matthew D., Brian J. Eddie, Nikolai Lebedev, Nicholas J. Kotloski, Sarah M. Strycharz-Glaven, and Leonard M. 
Tender. 2018. “On the Relationship between Long-Distance and Heterogeneous Electron Transfer in Electrode-
Grown Geobacter sulfurreducens Biofilms.” Bioelectrochemistry 119 (February): 111–18. 
https://doi.org/10.1016/j.bioelechem.2017.09.007. 



53 

Yi, Hana, Kelly P. Nevin, Byoung-Chan Kim, Ashely E. Franks, Anna Klimes, Leonard M. Tender, and Derek R. Lovley. 
2009. “Selection of a Variant of Geobacter sulfurreducens with Enhanced Capacity for Current Production in 
Microbial Fuel Cells.” Biosensors and Bioelectronics 24 (12): 3498–3503. 
https://doi.org/10.1016/j.bios.2009.05.004. 

Yousefi, Vajihe, Davod Mohebbi-Kalhori, and Abdolreza Samimi. 2017. “Ceramic-Based Microbial Fuel Cells (MFCs): A 
Review.” International Journal of Hydrogen Energy 42 (3): 1672–90. 
https://doi.org/10.1016/j.ijhydene.2016.06.054. 

Zhang, Jingyi, Heyang Yuan, Yelin Deng, Yuanchun Zha, Ibrahim M. Abu-Reesh, Zhen He, and Chris Yuan. 2018. “Life 
Cycle Assessment of a Microbial Desalination Cell for Sustainable Wastewater Treatment and Saline Water 
Desalination.” Journal of Cleaner Production 200 (November): 900–910. 
https://doi.org/10.1016/j.jclepro.2018.07.197. 

Zhang, Xiaoyuan, Qiuying Wang, Cheng Tang, Hao Fan Wang, Peng Liang, Xia Huang, and Qiang Zhang. 2020. “High-
Power Microbial Fuel Cells Based on a Carbon–Carbon Composite Air Cathode.” Small 16 (15): 1905240. 
https://doi.org/10.1002/smll.201905240. 

Zhuwei, Du, Li Haoran, and Gu Tingyue. 2007. “A State of the Art Review on Microbial Fuel Cells: A Promising 
Technology for Wastewater Treatment and Bioenergy.” Biotechnology Advances 25 (5): 464–82. 
https://doi.org/10.1016/j.biotechadv.2007.05.004. 

Zoski, Cynthia G., Alan M. Bond, Christa L. Colyer, Jan C. Myland, and Keith B. Oldham. 1989. “Near-Steady-State Cyclic 
Voltammetry at Microelectrodes.” Journal of Electroanalytical Chemistry 263 (1): 1–21. 
https://doi.org/10.1016/0022-0728(89)80120-2. 

 



DOCTORA L  T H E S I S

A
dolf K

rige   Sound, Light and E
lectricity  

Department of Civil, Environmental and Natural Resources Engineering
Division of Chemical Engineering

ISSN 1402-1544
ISBN 978-91-7790-628-5 (print)
ISBN 978-91-7790-629-2 (pdf)

Luleå University of Technology 2020

Sound, Light and Electricity
as applications and analysis techniques to study metabolic effect and

biofilm characterization of Geobacter sulfurreducens

Biochemical Process Engineering

Adolf Krige

129232-LTU Avhandling (G5).indd   Alla sidor129232-LTU Avhandling (G5).indd   Alla sidor 2020-08-26   10:582020-08-26   10:58


	129232_Krige_20200903_Full_thesis.pdf
	Sound_Light_Electricity_v17
	Abstract
	Acknowledgements
	Contents
	Acronyms
	Symbols
	Symbols
	List of tables
	List of Figures
	List of attached papers
	1 Introduction
	1.1 Electricity: Bio-electrochemical systems
	1.1.1 Microbial fuel cells
	1.1.2 Microorganisms used for MFCs
	1.1.3 MFC feedstocks, including sweet sorghum

	1.2 Geobacter sulfurreducens
	1.2.1 G. sulfurreducens electron transport chain
	1.2.2 Electron transport chain dynamics and modelling
	1.2.3 Electrochemical analysis of MFC dynamics

	1.3 Light: Raman Spectroscopy
	1.4 Sound: Sonobioreactors
	1.4.1 Effect of ultrasound on microbes
	1.4.2 Equipment used for sonobioreactors

	1.5 Bioprinting
	1.6 Thesis objectives

	2 Experimental
	2.1 Microorganisms, inoculums and media
	2.2 Microbial fuel cell design and setup
	2.2.1 MFC setup for Sorghum evaluation
	2.2.2 3D-printed cuvette for suspended culture spectroscopy
	2.2.3 Continuous small-scale fuel cell for spectroscopy

	2.3 Sonobioreactor design and setup
	2.3.1 Transcriptomic sampling and processing

	2.4 Low cost bio-printer modification
	2.4.1 Bio-gels
	2.4.2 MFC setup

	2.5 Raman dynamic model development

	3 Summary of results
	3.1 Paper I: Sorghum as MFC feedstock
	3.1.1 General performance of the MFCs
	3.1.2 Metabolic study

	3.2 Paper II & IV: Resonance Raman spectroscopy
	3.2.1 Serum bottle and Chemostat suspended cultures
	3.2.2 Steady state on-line biofilm spectroscopy
	3.2.3 Modelling EET dynamics

	3.3 Paper III&VI: Sonication of Geobacter sulfurreducens
	3.3.1 Validation of the sonobioreactor model
	3.3.2 Increased malate concentration
	3.3.3 Transcriptomics results

	3.4 Paper V Bioprinter design
	3.4.1 Bioprinter design and build
	3.4.2 Print procedure
	3.4.3 Artificial biofilm using G. sulfurreducens (Unpublished)


	4 Conclusions and considerations for the future
	5 References

	Paper1_cover2
	Paper I_sorghum
	Direct electricity generation from sweet sorghum stalks and anaerobic sludge
	Introduction
	Materials and methods
	Microbial fuel cell set up
	Inoculation and operation
	Analytical methods
	Calculations

	Results and discussion
	General performance of the MFCs
	Coulombic efficiency
	Electrical energy per gram substrate
	Metabolic study
	Sorghum hydrolysate
	Glucose and sucrose
	Acetate and a mix of acetate and butyrate
	Relative power densities


	Conclusion
	Acknowledgement
	References


	Paper2_cover2
	Paper II_online raman
	Introduction 
	Results and Discussion 
	Suspended Cells Raman Measurements 
	Chemostat Grown Biomass Raman Measurements 
	Stack-MFC Raman Measurements 

	Materials and Methods 
	Preparation of Measurement Cells 
	Microbes, Media and Inoculation 
	3-D printed Cuvette Suspended Cell Raman Measurements 
	Microbial Fuel Cell Set Up and Raman Measurements 
	Analytical Methods 

	Conclusions 
	References

	Paper3_cover2
	Paper III_US
	Paper4_cover2
	Paper IV_ model_cut
	Paper5_cover2
	Paper V_Bioprinter
	Gelstruder assembly
	Changing the firmware
	Electrical connections

	Paper6_cover2
	Paper VI_Transcriptomics2
	Transcriptomic analysis of G. sulfurreducens to reveal the mechanism causing increased malate production as a response to ultrasound
	Abstract
	1. Introduction
	2. Material and methods
	2.1 Sonobioreactor construction and operation
	2.2 Microbes, media, and growth conditions
	2.3 Sampling, RNA extraction and treatment
	2.4 RNA-seq analysis


	3. Results and Discussion





