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ABSTRACT OF THE DISSERTATION 

 

Study of Electron Transfer Mechanism in Biofilms 

by 

 

Hui-Ying Shiu 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2018 

Professor Yu Huang, Chair 

 

Microbial fuel cell (MFC) is a major type of bioelectrochemically systems (BESs) that 

focus on the direct electricity production from biodegradable materials. Furthermore, 

applications have been developed through utilizing this electrical current to produce H2 

(microbial electrolysis cells, MECs), or driving water desalination (microbial 

desalination cells, MDCs). However, one major challenge for widespread integration 

of MFCs or BESs is the low amount of electricity generated.  

Instead of optimizing of the fuel cell design or scaling–up electrode area to enhance the 

output energy of MFCs, the key factor for improving the electricity production in MFCs 

is to understand the extracellular electron transfer (EET) mechanism, metabolic 

activities and metabolism of the microbes used in such MFCs and BESs.  
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Chapter 2 introduces dissimilatory metal-reducing bacteria, such as Shewanella 

oneidensis MR-1 and Geobacter spp harness energy from metabolism. We demonstrate 

an on-chip electrochemical system to study the EET pathway on both Shewanella 

oneidensis MR-1 and Geobacter spp under aerobic and anaerobic conditions.      

 

Chapter 3-4 explores electron transfer from an electrochemically active bacteria (EAB) 

to an insoluble substrate such as Fe(III), Mn(IV) and U(VI) can occur by direct or 

mediated electron transfer pathway. However, it is critical to understand the EET 

mechanisms and metabolism of the microbes in biofilms which used in MFC.  

 

By exploring the specific interaction between Shewanella oneidensis MR-1 and 

insoluble substrate, the remarkable chemical factor has been discovered to influence 

the recognition, motion attachment/detachment and colonization between Shewanella 

oneidensis MR-1 and Fe2O3 substrate. We also developed a method for studying  the 

EET pathway, metabolic activities status and behavior of microbes for maximal current 

production in the microfluidic flow system. The dissimilatory metal-reducing bacteria 

(DMRB) Shewanella oneidensis MR-1 wild type (WT), ∆mtrC∆omcA and ∆bfe mutant 

cells are the model organisms for in-situ real time electrochemical current measurement. 

Our goal is to develop a novel bioelectronic device to study the EET mechanism, 

bacteria behavior in single cell level, metabolic activities status, bacteria behavior for 

maximal electricity production without artificial modification or coloration process.  
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Chapter 1 General Introduction 

Introduction of Microbial Fuel Cell 

Microbial fuel cells (MFCs) represent a promising approach to sustainable energy 

harnessing by using microorganism metabolic activity to convert the chemical energy 

into electrical energy. A typical MFC consists of anodic and cathodic chambers 

separated by a proton exchange membrane (PEM) (Fig 1. shows a schematic diagram 

of a typical MFC for electricity production). Microbes in the anodic chamber of a MFC 

decompose the substrates, such as glucose, acetate, lactate and wastewater, and 

generate electrons and protons during metabolic reaction. Carbon dioxide is produced 

during the metabolic reaction. The electrons are transported from anode to the cathode 

through an external circuit and protons overcome the PEM to the cathode where the 

electrons and protons combine with oxygen to produce water1–6.  Typical electrode 

reactions at the anode and cathode5: 

 

At the anode: 

(CH2O)n + nH2O→nCO2 + 4ne− + 4nH+ 

 

At the cathode: 

O2 +4ne− + 4nH+ → 2H2O 
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Fig 1.1 Schematic diagram of typical microbial fuel cell. 

 

However, the primary challenge for applying MFCs or BESs in real-world practice is 

its low power output. In stand of considerable progress in optimizing fuel cell design 

or scale –up electrode area, the key element for improving the power output and 

metabolic activities is a well understanding of the extracellular electron transfer (EET) 

mechanism and metabolism of the microbes used in such MFCs and BESs. 
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Microbial fuel cell applications 

Apart from its potential application as renewable energy sources, the microbial fuel cell 

also has various other applications (Fig 1.2)7–9. The microorganisms could attach and 

grow to form biofilms which could be used as biofilters for detoxing wastewater, 

nuclear waste or heavy metal contamination. When the waste components or organic 

matter diffuse into the biofilms, the waste treatment would occur by metabolism of 

microorganisms.   

 

Instead of applying an external source of energy, the microbial desalination cell (MDC) 

can be placed in the middle of chamber filled with sea water resulting in desalination.  

The microorganisms form a biofilm at anode chamber and produce electrical current by 

releasing protons into anode chamber during their metabolism. Because the protons 

cannot pass through the AEM, the positive charge will drive the negative charges (i.e. 

Cl-) to diffuse into the anode chamber and the positive charges (i.e. Na+) diffuse into 

cathode chamber in order to maintain charge balance5,7,9. 

 

Anodic reaction: 

CH3COO- + 2H2O → 2CO2 + 7H+ + 8e-  

Cathodic reaction: 

O2 + 4e- + 4H+ → 2H2O 

 

The other new promising MFC technology is a combination of the wastewater treatment 
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and hydrogen production called Microbial electrolysis cell (MEC). In typical MFC, the 

reduction reaction of oxygen has higher redox potential at the cathode, so the free 

electrons could flow from the anode to the cathode spontaneously. On the contrary, the 

redox potential of H+ ion to H2 at the cathode is lower than the anode, but by applying 

additional voltage the free electrons could flow through the circuit. The hydrogen 

production is directly converted from organic materials to hydrogen8,10.   

 

Anodic reaction: 

CH3COO- + 2H2O → 2CO2 + 7H+ + 8e-  

Cathodic reaction: 

 2H+ + 2e- → H2 

 

 

Fig 1.2 Microbial fuel cell applications. 

Appication Microbial Remediation Cells  (MRC) Microbial Desalination Cells  (MDC) Microbial electrolysis cell (MEC)

Function waste / underground water treatment Water Desalination Hydrogen Production 

System Single or an array of electrodes w/o using 
enclosed containers

Desalination chamber is separated by an anion 
exchange membrane (AEM) and a cation-

exchange membrane (CEM)

An additional voltage must be applied in order 
for the reaction to proceed

Anodic 
Reaction _ CH3COO- + 2H2O → 2CO2 + 7H+ + 8e- CH3COO- + 2H2O → 2CO2 + 7H+ + 8e-

Cathodic 
Reaction U6+ + 2e- → U4+ O2 + 4e- + 4H+ → 2H2O 2H+ + 2e- → H2

Fig.
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Metabolism of metal reducing bacteria 

Fig1.2 shows when metal reducing bacteria, such as Shewanella oneidensis MR-1, 

which is grown under anaerobic condition and can decompose the organic matter and 

generate two free electrons and protons during metabolism. The two free electrons 

produced by Lactate dehydrogenase from Lactate to pyruvate are directed to the 

menaquinol pool and transferred to the inner membrane. Eventually, the free electrons 

go through the inner membrane to either c-type Cytochrome or free electron shuttle 

(Flavin mononucleotide (FMN) or riboflavin (RF))11,12.     

 

 

Fig 1.3 Anaerobic metabolism of Shewanella oneidensis MR-1. 
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On-chip nanoelectronic investigation of both Shewanella and Geobacter spp 

The electrons transfer from Shewanella and Geobacter spp. to solid state minerals or 

electrodes outside the cell, referred to as extracellular electron transport (EET), plays 

an important role in global biogeochemical cycles13 and also serves as the fundamental 

working principle for the microbial fuel cell (MFC) technologies3,14. Despite 

considerable interest, the exact mechanism for EET remains elusive, with various 

possible pathways proposed in literatures15,16. In particular, there is considerable debate 

regarding the origin of the apparent electrical conductivity reported in microbial cellular 

structures17–22 , which is essential to decipher the EET mechanism. Here we report a 

systematic on-chip nanoelectronic investigation of both Shewanella and Geobacter spp. 

under physiological condition, to elucidate the origin of electron conductivity of 

individual microbial cell or biofilm. (Fig 1.3 shows a schematic diagram of In-situ 

electrochemical living cell device measurement) The concurrent electrical transport and 

electrochemical measurements of living Shewanella at few-cell or biofilm level indicate 

that the electrical conductivity is originated from electrochemical-based electron 

transfer at the cell/electrode interface. We further show that similar results and 

conclusions apply to the Geobacter spp., which offers important insight on the 

previously proposed models. Together, our studies point to the favor of “bound-flavin 

cofactor” mechanism that provides a unified explanation for the EET in both 

Shewanella and Geobacter spp.  
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Fig 1.4 Schematic diagram of process flow of In-situ electrochemical living cell 

device measurement.  
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Single Cell Array Patterning 

An understanding of the nature of bacterial-mineral interaction is essential for 

unraveling the extracellular electron transfer mechanism in biofilms and providing 

guiding principles for designing next generation bioenergy device. Yet the 

chemical/physiological details of the cell-substrate interaction remain elusive. Some of 

the previous studies focused on the surface modification and others explored the 

microfluidic flow parameters in microfluidic wells or geometry effect of nanostructures 

on affecting the attachment and growth of cells (See Fig 1.5) 24–27. In our study, by 

investigating the interactions between Fe2O3 microarrays and Shewanella oneidensis 

MR-1, we identified an important chemical factor that significantly influence the 

behavior of the recognition, motion, attachment and colonization of the MR-1 cells to 

the mineral substrate. Based on the real-time imaging of the bacterial behavior and 

detailed (experimental and mathematical) analysis of the Fe(III) profile in the system, 

we propose a model that the MR-1 cells can remotely recognize the Fe2O3 substrate by 

sensing the Fe(III) concentration profile, and their swimming patterns and colonized 

locations are strongly affected by the Fe(III) diffusion. The trajectory analysis of the 

bacterial movement reveals that the MR-1 cells could be navigated by Fe2O3 

microarrays and show preferential colonization upon the Fe2O3 microarrays. without 

any substrate modification. These results elucidate the origin of the bacteria-inorganic 

substance interactions and offer important insight for the fundamental understanding of 

microorganisms and optimization guidelines towards the next-generation bioenergy 

and biomedical devices. Further, our on-chip approach defines a new set of tools for 
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future systematic study of bacteria-surface interactions at the single-cell and 

microbiome level. 

 

 

Fig 1.5 State of art of single cell array patterning. 
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Extracellular electron transport pathway in biofilms  

Extracellular electron transport (EET) is the respiration process through which 

microorganisms decompose the organic matter and exchange the electrons with mineral 

surface or electrodes. Understanding the electron transfer pathway at interface of the 

microbes and insoluble substrate is the key factor to ultimately improve the electricity 

production in MFCs and also discover the fundamental limitation of MFCs. Currently, 

there are two possibly EET mechanisms being reported15. 

(i) Direct electron transfer (DET) 

Two DET mechanisms have been discussed in biofims. One of the major DET 

mechanism is electron transfer through c-type cytochrome such as mtrC and omcA 

which involves in insoluble substrate reduction. Fig 1.6 shows that the mtrC and omcA 

located on outer membrane are the terminal for electron transfer from microbes to 

insoluble substrate15,28–30. Previous studies also demonstrated the other DET 

mechanism is through nanowires. Most of the studies focused on the conductivity 

measurement of single dry nanowire by using conducting probe atomic force 

microscope or FET. Also, some studies explored the conductivity in biofilm through 

biological nanowires (See Fig 1.8)31–37 However, recently the nanowire structure also 

has been reported being similar as the outer membrane (See Fig 1.7) which indicates 

the same EET pathway through c-type cytochrome in nanowires.  
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Fig 1.6 Schematic illustration of DET pathway in MR-1 through c-type cytochrome  

 

 

Fig 1.7 Schematic illustration of DET pathway in MR-1 through nanowire  
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Fig 1.8 State of art of EET pathway through nanowire in MR-1  

 

(ii) Mediated electron transfer (MET) 

The MR-1 also secretes flavin molecules such as flavin mononucleotide (FMN) and 

riboflavin (RF) which serve as the electron shuttles to carry the free electron between 

cells and insoluble substrate. Fig 1.9 illuminates two different types of MET pathways. 

One is free electron shuttles which is related to two free electrons shuttling between the 

c-type cytochrome on outer membrane. The second pathway is when flavin bounds to 

c-type cytochrome which free electrons transfer from cell to electrode via an electron 

redox reaction16,38–40. 
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Fig 1.9 Schematic illustration of MET pathway in MR-1 through FMN and RF.  
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Chapter 2 Nanoelectronic investigation reveals the electrochemical origin of the 

electrical conductivity in Shewanella and Geobacter 

Introduction 

Dissimilatory metal-reducing bacteria, such as Shewanella and Geobacter spp., harness 

energy through the metabolic oxidation of electron donors (organic sources/fuels) and 

subsequent electron transfer to insoluble electron acceptors (minerals)1-3. The electrical 

conductivity measured in Shewanella (individual cell) and Geobacter (biofilm) spp. is 

an intriguing physical property that is the fundamental basis for one possible EET 

pathway. To date, studies of the conductive mechanism of Shewanella have been 

inconclusive as most measurements were carried out under ex situ non-physiological 

conditions4,5. For Geobacter, the electrical measurements have been performed in living 

biofilms, although the accuracy and interpretation of the data is a matter of on-going 

debate6. Two conflicting models have been suggested to explain the measured electrical 

conductivity in Geobacter nanowires and biofilms. One hypothesis suggests that the 

nature of electron conduction is redox conduction (also referred as multistep electron 

hopping or super-exchange mechanism), which occurs through the electron hopping 

between the adjacent redox cofactors in the form of a series of redox exchange reactions, 

and is often accompanied with a redox gradient (a concentration gradient of oxidized 

or reduced cofactors)7,8. Another hypothesis claims an intrinsic metallic-like 

conductivity of Geobacter biofilms. In this model electron transport occurs through 

delocalized electronic states along microbial nanowires, nanofilaments made of pilin 
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proteins, which is enabled by possible π-π stacking of aligned aromatic moieties in pili9. 

These two models imply very different EET mechanisms and entail distinct 

composition and structural architecture of microbial nanowires and extracellular matrix 

involved in the long-range electron transport. Therefore, a comprehensive 

understanding of the charge transport characteristics is crucial for elucidating the 

functional and structural details and the fundamental conductive mechanism of long-

range electron transport in these electrogenic microbial systems.  

In order to address this issue and to decipher the origin of the apparent electrical 

conductivity observed in the Shewanella and Geobacter systems, extracellular electron 

transport has to be investigated in more detail at nanoscale under physiologically 

relevant conditions. Standard on-chip nanoelectronic testing approach offers an idea 

platform for such purpose. However, the implementations of micro/nano-electrode 

arrays to date have mostly focused on the measurement of either microbial nanowires 

in dry (non-physiological) conditions4,5 or electrochemical activities of actively 

respiring microbial systems10,11. Finger electrode arrays have been employed for the 

electrical measurement of living Geobacter biofilms, but with an indirect 

electrochemical bi-potentiostat measurement setup6-7. Here we report a systematic on-

chip electrical transport study of Shewanella oneidensis MR-1 and Geobacter 

sulfurreducens DL-1 under physiological conditions using standard nanoelectronic 

approaches along with concurrent on-chip electrochemical measurements and reveal 

the electrochemical origin of the apparent conductivity in Shewanella and Geobacter. 
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Results and Discussions 

Figures 1a and b schematically illustrate the measurement setup and electrode layout 

used for probing the electrical transport in microbial cells and biofilms. Electrode pairs 

(source and drain) were pre-patterned on a Si/SiO2 wafer, and a PDMS chamber was 

employed to allow controlled exposure of electrodes to the microbial samples in the 

appropriate medium. To obtain a better control of the local environment during 

measurements and to enable independent current recordings from multiple electrodes, 

an insulating and electrochemically inert polymer layer was employed to define a 

testing window through a secondary step of e-beam lithography. The confined window 

also allows for the precise control of the exact electrode area exposed to the microbial 

samples, an important parameter that has not been thoroughly investigated in previous 

studies. The gap between the electrode pairs was set to be 1 μm, which is smaller than 

the typical length of a MR-1 or DL-1 bacterium. This allows for the measurement of 

the electron transport at the single cell level, where individual cell bridges the electrode 

pairs. We have also used relatively long electrode pairs (up to 3000 μm) to maximize 

the number of bridging cells and thus amplify the relatively small current signals. An 

overview of the measurement schematic is illustrated in Fig. 1a, and details of device 

fabrication and measurement setup are described in Methods. 

 

The measurement of S. oneidensis MR-1 was conducted under both aerobic (in ambient) 

and anaerobic (in anaerobic hood) conditions. Typically, the MR-1 cell culture was 

injected into the PDMS chamber after a stable baseline was established in medium 
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solution. Source-drain current (Isd) was continuously recorded at the rate of 2 Hz with 

a constant bias voltage (Vsd) of 50 mV. The current-time (I-t) characteristics of S. 

oneidensis MR-1 in aerobic and anaerobic conditions are shown in Fig. 1c. As expected, 

an increased Isd over time was observed under both conditions after introduction of the 

MR-1 culture. The I-t characteristics of MR-1 were slightly different in these two 

different environments. In the aerobic measurements, the current stayed negligible (as 

in medium background) for a certain period of time (ca. 40 to 60 min) before it started 

to increase gradually. In the anaerobic measurements, a jump in current was 

immediately observed, followed by a faster increase. In both conditions the current 

reached a relative stable level after about two hours of exposure, indicating a similar 

state of MR-1 cells attached onto the electrodes. This is further confirmed by the similar 

current-voltage (I-V) characteristics of MR-1 obtained after 2-hour exposure in both 

conditions (Fig. 1d). These I-V characteristics represent the first report of the electrical 

properties of actively respiring S. oneidensis MR-1. Furthermore, in situ dark-field 

optical imaging during the electrical measurements confirmed that the observed Isd is 

correlated with the attachment of MR-1 cells onto the electrodes (Fig. 1e). SEM image 

of the post-measurement device (Fig. 1f) also shows individual MR-1 cells attached 

onto the electrodes and bridging the gap. Bacterial nanowires were not observed during 

the measurements, as indicated by either in situ optical or ex situ SEM characterizations 

(Fig. 1 e and f). Together, our results indicate that electrical conductivity can be 

observed in the MR-1 cells even without bacterial nanowires that were previously 

suspected to be solely responsible for the electron conduction. When the device was 
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exposed to MR-1 for a longer period of time (12 to 24 hr), the Isd further increased to 

another plateau, while SEM confirmed the formation of a thin layer of biofilm (with a 

typical thickness between 1 to 3 μm). Similar I-V characteristic with larger amplitude 

(as compared to the 2-hour sample) was observed for Shewanella biofilm. 

 

 

Figure 2.1 Electrical Measurement of Shewanella oneidensis MR-1 under 

Physiological Conditions. a, b, Schematic illustration of the nanoelectronic 

measurement set-up with on-chip pair electrodes bridged by either individual MR-1 

cells or biofilms. c, Representative Source-Drain current (Isd) of living MR-1 as 
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function of incubation time on the device, under either aerobic or anaerobic conditions. 

d, Representative Isd-Vsd transport characteristics of individual MR-1 cells, acquired 

after 2hr of in-device incubation. e, In situ optical microscope (OM) image (dark-field 

mode) of MR-1 (indicated by white arrows) attached to the electrodes (indicated by red 

arrow) and bridging the gap. f, Ex situ scanning electron microscopy (SEM) image of 

MR-1 bridging the gap between pair electrodes (MR-1 cells are false colored for better 

visualization). Scale bars are 5 μm and 2 μm in e and f, respectively. 

 

The above electrical transport measurements show apparent electrical conductivity in 

S. oneidensis MR-1 similar to previous studies in electrogenic microbial systems4,5,7–9. 

To further gain mechanistic insight and elucidate the fundamental origin of such 

electrical conductivity, we have applied an electrical transport spectroscopy (ETS)11 

approach to probe the microbial system under physiological conditions. The ETS 

approach introduces an additional reference electrode (RE) and counter electrode (CE) 

into the nanoelectronic on-chip measurement platform (Fig 2a). Analogous to a 

conventional field effect transistor (FET), the counter electrode function as a gate 

electrode and the reference electrode (Ag/AgCl) is used to establish the electrochemical 

potentials of MR-1. This platform allows for concurrent measurements of the gate 

current (Ig) along with the electrical transport current (Isd) in microbial samples (see 

Methods).  

 

Our measurements show that the electrical transport current (Isd) (blue line in Fig. 2b) 
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and gate current (Ig) (red line in Fig. 2b) exhibit a comparable amplitude, but with the 

opposite polarity. While Isd is considered as electrical transport current, Ig is generally 

recognized as “leakage current” in a typical FET measurement. Such leakage current is 

undesired for either solid state FET or electrolyte-gated FET as the electrical transport 

(Isd) is expected to be altered only by the electrical field across a dielectric layer (for 

solid state FET) or an electrolyte double layer (for electrolyte-gated FET), and 

negligible current should be observed through the gating channel. The considerable Ig 

observed in MR-1 can be attributed to the faradic current (i.e., redox current) originated 

from the electron transfer at the cell/electrode interface11, which is also supported by 

the negligible Ig observed in the free medium control. The comparable Ig and Isd from 

living MR-1 indicates that electrochemical current (Ig) may contribute at least partly to 

the electrical conductive current (Isd). With an Ig of comparable amplitude, the measured 

Isd is convoluted with Ig. To this end, we have previously shown in our ETS studies that 

the contributions of Ig to Isd can be properly deducted by considering the equivalent 

circuit (see Methods for details) to obtain the accurate determination of Isd (green curve 

in Fig. 2b)11. Together, our results provide first example of direct and concurrent 

measurement of the electrochemical (Ig) and electrical transport (Isd) characteristics of 

S. oneidensis MR-1 under physiological conditions, allowing for a more comprehensive 

and conclusive analysis of the system.  

 

The above discussions indicate the electron transport within MR-1 is closely correlated 

to the electrochemical process. A more detailed analysis of the results further supports 
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such hypothesis. When the gate voltage is set in the negative region (vs. Ag/AgCl 

reference), the actual electrochemical potentials of MR-1 are more oxidizing, leading 

to enhanced digestion (oxidation) of electron donor substance and significantly 

increased Ig (absolute value) (Fig. 2c respiration “on” state). In the opposite case with 

a positive gate voltage (vs. Ag/AgCl), MR-1 cells are pinned to a more reducing 

electrochemical potential. This causes a suppressed metabolic oxidation and a 

significantly reduced Ig (Fig. 2c, respiration “off” state). 

 

The Isd-Vsd characteristics show similar trend to that of Ig (Fig. 2d). Specifically, when 

MR-1 is pinned to an oxidative potential, the device shows considerably increased Isd 

(larger slope in Isd-Vsd curve), demonstrating that the electrical conductive current 

highly depends on the electrochemical states of MR-1. In such case, a small change in 

Vsd can produce a large modulation in the Isd, and thus a large slope in Isd-Vsd curve. On 

the contrary, when the MR-1 is set at a reductive potential and respiration-off state, the 

modulation of Isd by Vsd is much smaller, and thus a smaller slope in Isd-Vsd curve (Fig. 

2d). Given that Vsd actually modulates the electrochemical potentials (Vg), this behavior 

further supports our hypothesis that the overall electron conductive current (Isd) is at 

least partially originated from the electrochemical current. 

 

It should be noted that electrochemically generated current has not been previously 

considered responsible (either neglected or ruled out) for the electrical transport current 

observed in similar microbial systems. A major reason is that it is relatively difficult to 
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clarify the electrochemical measurement separately from the electrical measurement, 

especially under physiological conditions. Our on-chip ETS approach enables separate 

and concurrent measurement of faradic current and electrical transport current from 

living MR-1, and is thus ideal for such investigation.  

 

 

Figure 2.2 On-chip ETS measurements of S. oneidensis MR-1. a, Schematic illustration 

of the concurrent measurements of electrochemical (Ig) and electrical transport (Isd) 

characteristics of MR-1. b, Representative Isd-Vsd (blue) and Ig (red) behavior of living 

MR-1 cells at 0 V gate voltage (vs. Ag/AgCl), green curve represents the Isd curve after 

gate current correction. c, d, Representative Ig (c) and Isd-Vsd (d) curves of living MR-

1 at different gate voltages (from -0.3 to 0.3 V vs Ag/AgCl). 
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To provide more conclusive and quantitative evidence to confirm our hypothesis 

inspired by the ETS measurement of actively respiring MR-1, we have investigated the 

dependence of electrical conduction behavior (Isd-Vsd) on the distance of the electrode 

gap and the area of the electrodes. These parameters often provide key insights into the 

conduction mechanism in typical nanoelectronic studies. In metallic or semiconducting 

based conductive pathways (as suggested in recent debates on the studies of 

Geobacter)5,8,9,11-13, the measured currents should be inversely proportional to the 

distance of the conducting channels and independent of the electrode area; whereas the 

electrochemically related currents are expected to follow opposite correlation: 

proportional to the electrode area and independent of electrode distance. Therefore, the 

Isd-Vsd dependence on the pair electrode distance and area can be used to directly probe 

the role of electrochemical current in the electron conduction measurement, and to 

unambiguously elucidate quantitative contribution from the electrochemical current in 

the overall electrical transport current. To this end, we have designed electrode arrays 

with varying electrode area and electrode distance (Fig. 3a) and conducted systematic 

electrical transport studies. Surprisingly, Isd from MR-1 (either individual cells or 

biofilms) exhibits no dependence on the pair electrode distance but shows strong 

correlation with the electrode area (Fig. 3c and d). This observation offers direct 

evidence proving that the electrical conduction current (Isd) from MR-1 is largely 

originated from the electrochemical current that is generated at the cell/electrode 

interface. 
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Due to the lack of documented electrical measurement of living Shewanella for 

reference point, we have conducted similar investigations on the biofilms of Geobacter 

sulfurreducens DL-1 (Fig. 3e). Therefore, previously reported results/models on the G. 

sulfurreducens can be used to cross-reference with the data and conclusions obtained 

in this study. Similarly, the DL-1 biofilms were in situ grown on the device by a 

previously developed anode growth method8,9 and studied under physiological 

conditions using the same approach described above. The Isd-Vsd measurement of 

Geobacter biofilms also shows that current is not dependent on the electrode distance 

but only related to electrode area (Fig. 3f and g), suggesting a similar interfacial 

electrochemistry model that we proposed for Shewanella. These results argue against 

the previously suggested super-exchange model or metallic/semiconducting model in 

which the current level should be inversely proportional to the distance of the two 

electrodes.  

 

The lack of distance dependence and strong area dependence demonstrate that the 

electrical conduction from either Shewanella or Geobacter is dominated by the 

electrochemical current generated at the cell/electrode interface. As similar 

nanoelectronic fabrication techniques and investigations have not been extensively 

employed for microbial studies, our study suggests that this approach can sufficiently 

reveal important factors and new insights that have been otherwise neglected. In 

particular, the area of electrodes exposed to the living bacteria/biofilm and/or medium 

environment should be carefully controlled in such investigations, and the current 
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dependence on the electrode distance should be carefully investigated for otherwise 

proposed transport mechanisms.  

 

 

Figure 2.3 Nanoelectronic investigation of the “electrical conduction” of Shewanella 

and Geobacter biofilms using pair electrodes with varying gap and area. a, Schematic 

illustration of the biofilm measurements using two sets of pair electrodes with either 

varying gaps (fixed area) or varying electrode areas (fixed gap). b, Representative 

scanning electron microscopy (SEM) image of Shewanella biofilm. c, d, Isd-Vsd 

behaviors of living Shewanella biofilm in correspondence with different pair electrode 

distances (c) and different electrode areas (d). e, Representative SEM image of 

Geobacter biofilm grown under anaerobic conditions. f, g, Isd-Vsd behaviors of living 
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Geobacter biofilm in correspondence with different pair electrode distances (f) and 

different electrode areas (g). Scale bars in b and e are 2 μm. 

 

Figure 4 schematically illustrates the interface electrochemistry model. The transport 

current is limited by the electron transfer at the bacteria/electrode interfaces 

(electrochemical current) and is probably coupled with ionic transport current in the 

lateral direction to form a complete electrochemical cycle. Once the nature of the 

conducting current from these microbiomes is clarified, its measurement can be better 

employed to elucidate the mechanism of the corresponding EET process. For instance, 

with the interface electrochemistry model, the lateral long-range electron transport 

across the electrical conductive biofilm has been put into question. Therefore, this 

model weighs in favor of two redox based EET mechanisms: direct contact or “electron 

shuttling”. It has been generally accepted that “electron shuttling” through cell-secreted 

flavins (such as riboflavin (RF) and flavin mononucleotide (FMN)) dominates the EET 

process in Shewanella, whereas direct transfer through membrane c-Cyts protein is 

responsible for the EET process in Geobacter. As Shewanella and Geobacter are 

structurally and functionally similar (i.e., they both have similar c-Cyts, and they are 

both model organisms for the EET process and current MFC technology), it is unclear 

why they are different in terms of EET pathway6. Recently, there has been effort to 

unify the EET mechanism for both microbes with a “bound-flavin cofactor” mode4,12,13. 

In this model, flavin acts as a redox cofactor that is bound to the outer membrane 

cytochromes to assist the EET process: 
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𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐹𝐹𝐹𝐹𝐹𝐹 ↔ 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐹𝐹𝐹𝐹𝐹𝐹(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)                                                                        

(1) 

𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐹𝐹𝐹𝐹𝐹𝐹(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) + 𝑒𝑒− + 𝐻𝐻+ ↔ 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐹𝐹𝐹𝐹𝐹𝐹𝐻𝐻(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)                                   

(2) 

and previously reported distinctions observed between Shewanella and Geobacter in 

the supernatant replacement experiments can be rationalized by a different dissociation 

constant (Kd) to the bounding reaction (1): 

𝐾𝐾𝑑𝑑 = [𝐶𝐶𝐶𝐶𝐶𝐶][𝐹𝐹𝐹𝐹𝐹𝐹]
[𝐶𝐶𝐶𝐶𝐶𝐶−𝐹𝐹𝐹𝐹𝐹𝐹(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑)]                                                                                               

(3) 

 

The estimated Kd value for Shewanella is significantly (~4 orders) larger than that of 

Geobacter, which explains the different current behavior of the two strains in 

supernatant exchange investigations (where the flavin concentrations vary for about 1 

order of magnitude)14. Analogous to the previous metabolic studies, the Shewanella and 

Geobacter systems show different I-V characteristics in this study (with or without 

diffusion controlled steady-state current) (see Figure 3c,f) even though they share 

similar nature of the conducting current (similar electrode distance/area dependence 

that fit in the electrochemistry model). In particular, the I-V characteristics observed 

from the Geobacter biofilm show sigmoidal shape (distinct from Shewanella) with a 

steady-state current at high voltages. Although a super-exchange hypothesis where 

current is driven by a redox-gradient has been previously suggested to explain the 

sigmoidal I-V characteristics from Geobacter biofilms6–8, it does not explain the 
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different I-V characteristics observed in Shewanella. Importantly, we show that the 

interfacial electrochemistry model can offer a unified theory not only to rationalize the 

sigmoidal I-V behavior of Geobacter biofilm but also account for the difference 

between Shewanella and Geobacter systems, as discussed in the following. 

  

Based on the interface electrochemistry model, the steady-state current observed from 

the living Geobacter should be diffusion controlled current rather than redox gradient 

limited current. Therefore, it is key to rationalize why the diffusion limit is reached in 

Geobacter but not in Shewanella. From the bound-flavin model, the electrochemical 

current generated at the cell/electrode interface is directly associated with the 

concentration of ligand-protein complex [𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐹𝐹𝐹𝐹𝐹𝐹], and the overall EET process 

is limited by the step of protein ligand binding (1). Geobacter has an estimated high Kd 

value of 3 nM, corresponding to a high affinity of its membrane Cyt proteins to the 

flavins6. Therefore, it can be assumed that the rate for the flavin binding (1), and hence 

the rate of overall EET process is sufficient enough to result in a depletion layer that 

limits the diffusion of flavins at the surface of membrane proteins when relatively high 

bias voltage is applied. For Shewanella, in contrast, the Kd value is estimated to be over 

10 μM14, and the much weaker binding affinity of the protein and flavin leads to limited 

rate of flavin consumption and therefore a depletion layer could not be formed under 

the measurement conditions. Therefore, the interface electrochemistry model and 

corresponding experimental observations favor the recently proposed “bound-flavin 

cofactor” for the mechanism of EET.  
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Figure 2.4 Schematic illustration of the interface electrochemistry model for the 

electrical conducting current in a typical pair electrode measurement. The transport 

current is determined by the vertical electron transfer (electrochemical/faradic current) 

at the bacteria/electrode interfaces. Ionic transport (current) towards the electrodes in 

the lateral direction forms a complete electrochemical cycle. At the cell/electrode 

interface, extracellular electron transfer (EET) occurs through flavins bound to the outer 

membrane protein (for example, c-type cytochromes) as redox cofactors. 
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Summary 

We have employed nanoelectronic fabrication and measurement to elucidate the origin 

of the electrical conducting current from two model microbial systems, S. oneidensis 

MR-1 and G. sulfurreducens DL-1. The electrical characteristics of each strain were 

obtained under physiological conditions together with in situ optical imaging and other 

on-chip measurement approaches. We have shown that the conductive current typically 

measured from these microbes is originated from the electrochemical electron transfer 

at the cell/electrode interface, and no lateral electron transport was observed. The 

experimental data reported in this study urges the community to revisit the results and 

the interpretations made in earlier experimental and theoretical studies. Our interface 

electrochemistry model provides valuable insights into the elucidation of EET 

mechanisms by providing experimental supports for the currently proposed “bound 

flavin cofactor” mechanism that unifies the EET mechanism for both S. oneidensis and 

G. sulfurreducens. 
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Experimental Details 

Growth of Shewanella oneidensis MR-1 and Geobacter sulfurreducens DL-1 

S. oneidensis strain MR-1 was grown aerobically in LB broth (20 g/L, 20 mL, Sigma-

Aldrich) with gentle shaking (200 rpm) at 30 °C for approximately 12 hr. The cells were 

then re-dispersed into fresh LB broth at a volume ratio of 1:100. The re-dispersed 

culture was shaken (200 rpm) aerobically for approximately 6 hr at 30 °C (up to an 

OD600 of 0.5) before measurements. G. sulfurreducens strain DL-1 was grown in a 

continuous flow bioreactor (BioFlo 110; New Brunswick Scientific) with a medium 

inflow rate of 0.4 mL/min and a working volume of 1 L. Sodium acetate (20 mM) was 

used as electron donor and sodium fumarate (480 mM) as electron acceptor. In addition, 

the growth medium contained the following chemicals as nutrients (in mg/L): NH4Cl, 

200; NaH2PO4·H2O, 69; KCl, 380; CaCl2·H2O, 40; MgSO4·7H2O, 200, nitrilotriacetic 

acid, 15; MnCl·4H2O, 10; FeSO4·7H2O, 5; CoCl2·6H2O, 2; ZnCl2, 1; CuSO4·5H2O, 0.3; 

AlK(SO4)2·12H2O, 0.05; H3BO3, 0.05; Na2MoO4, 0.9; NiCl2, 0.5; Na2WO4·2H2O, 0.2; 

Na2SeO4, 1. The culture media was maintained at 25 °C and at pH=7. A mixture of 

N2:CO2 (80:20) was constantly flowing into the reactor (0.4 mL/min) to remove any 

traces of oxygen and maintain a strictly anaerobic environment. The culture in the 

reactor was stirred at a constant speed of 50 rpm. The DL-1 cell culture in the flow 

reactor was kept at a steady state with a measured OD600 of 0.6 before measurements.  

 

Fabrication of the pair electrode device 

Pair electrodes (as source and drain) on the substrate (p++ silicon wafer with 300 nm 
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thermal oxide) were defined by e-beam lithography, followed by evaporation of 20 nm 

Ti and 50 nm Au. To eliminate the influence of electrolyte and to avoid electrochemical 

reactions on the metal electrodes, a passivation layer of poly(methyl methacrylate) 

(PMMA, ~500 nm thick, electrochemically inert) was spin-coated on the device. A 

window that only exposes desired area and electrodes to the samples was opened by e-

beam lithography. 

 

In-device cell measurement and in situ optical imaging 

Source-measure unit (SMU, Agilent B2902a) was used for all microbial measurements. 

For I-t measurement, source-drain current was recorded at a rate of 2 Hz, with a small 

bias voltage of 50 mV. Typically, the MR-1 cell culture was injected into the PDMS 

chamber after a stable baseline was established in medium solution. For I-V 

measurement, source-drain voltage was swept between -0.1 V to 0.1 V at a typical rate 

of 10 mV/s to minimize the capacitive charging current (appeared as hysteresis in I-V 

curve). All anaerobic measurements were carried out in an anaerobic hood (Coy 

Anaerobic Chamber, Type B, Vinyl) with an in-hood probe station. In situ optical 

imaging was carried out with an upright microscope (QImaging Retiga 2000R) 

operated under dark-field. 

 

Gating and ETS measurement 

 A two channel source-measure unit (SMU, Agilent B2902a) was used for the gate 

measurement (one as gate channel and one as source-drain channel). A four-probe 



38 

configuration was used in gate channel to function as a potentiostat19. The potential of 

drain electrode was controlled as to the reference electrode (Vg vs. Ag/AgCl), while the 

current (Ig) was collected and measured through the counter electrode. The source-

drain channel was used to either supply a small bias potential (50 mV) between Source 

and Drain electrodes and collecting the corresponding current (Isd) during a Vg sweep, 

or to sweep the source-drain voltage (Vsd) at an applied gate voltage (Vg) to obtain the 

Isd-Vsd curve.  
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Chapter 3 Bacterial recognition of iron oxide microarrays through remote sensing 

of Fe(III) profile  

Introduction 

Bioelectrochemical systems (BESs) represent a promising sustainable solution to clean 

energy conversion by harnessing power generation from metabolic activities of 

microorganism.1,2 Among tremendous BESs based technologies, including 

hydrogen/biofuel production, water treatment and chemical recovery3-7, microbial fuel 

cell (MFC) focuses on the direct electricity production from organic substance (even 

organic wastes or wastewater) and has thus attracted considerable research attentions5,8. 

To date, one major challenge that limits the application of MFCs is their generally low 

power output, due to either the low catalytic activity or insufficient bacteria loading on 

the electrode. Therefore, to enhance extracellular electron transfer (EET) efficiency and 

to optimize the bacteria loading on the electrode is critical for maximizing the power 

production from MFCs. To this end, a better understanding of how bacteria interact with 

the inorganic materials is essential for unraveling the underlying principles governing 

the EET process and bacterial colonization on electrode. 

 

Patterned bacteria growth that can precisely control the placement location have been 

previously reported, mostly through substrate surface modification.9,10 In addition, 

there are also studies exploring how microfluidic flow parameters or nanostructures of 

the substrate material can affect the attachment and growth of cell.11-15 However, the 
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substrate interaction/recognition of a single cell and macroscopic growth of the 

microbial biofilms have rarely been investigated in a correlated and systematic manner, 

and the nature of the cell-substrate interaction remains elusive. Here we systematically 

explore the interactions between periodic ferric oxide surfaces and a typical 

dissimilatory metal reducing bacteria (DMRB), Shewanella oneidensis MR-1. Spatially 

selective growth of MR-1 biofilms, along with the dynamic recognition and motion 

behavior of individual MR-1 in proximity to the ferric oxide surface are systematically 

investigated. Importantly, we find that the recognition, movement, and attachment of 

MR-1 cells to the ferric oxide pattern could be closely correlated to a long-range sensing 

of Fe(III) ionic profile. These results elucidate the origin of the bacteria-inorganic 

substance interactions and can significantly promote the design and fabrication of well-

patterned MFC electrodes with high current density, as confirmed by the on-chip 

electrochemical measurements. Our approach further provides insights into the study 

of EET mechanism, which could serve as a new set of tools for future systematic study 

of bacteria-surface interactions at the single-cell and microbiome level. 
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Results and Discussions 

MR-1 was first cultured in a microfluidic flow cell under aerobic conditions. Glass 

substrates with or without Fe2O3 thin film (20 nm) coating were used to study the 

microbial-inorganic interactions. Motions of MR-1 cells were closely monitored using 

upright microscopy. Interestingly, the majority of MR-1 cells attached selectively to the 

Fe2O3 thin films rather than the glass substrate. As shown in Figure 1, the real-time 

bright field optical images and their corresponding fluorescence images clearly show 

that the MR-1 bacteria are attracted attached preferentially to the Fe2O3 thin films. The 

superior bacteria-hosting capability of Fe2O3 thin film indicates the high affinity 

between the c-type cytochromes on the outer membrane of MR-1 and Fe (III) oxide.16 

A quantitative analysis gives the relative occupied ratio of S. oneidensis MR-1on Fe2O3 

thin film vs. glass substrate (Figure 1g). A strong preference of attachment to the Fe2O3 

thin films is clearly observed. Occasionally, MR-1 cells were also observed on the glass 

substrate. This may be caused by the high density occupied of MR-1 cells on the Fe2O3 

thin film, so that the MR-1 cells would be forced to randomly colonize on the glass side 

after 43 hrs.  
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Fig 3.1 Representative time-lapse images of Shewanella oneidensis MR-1 bacteria 

migrating within the CAM which are incubated with glass substrate in flow cell for (a) 

12 hr, (b) 24 hr, (c) 40 hr. Respectively, the images of Shewanella oneidensis MR-1 

bacteria are incubated with 20 nm Fe2O3 thin film in flow cell for (d) 12 hr, (e) 24 hr, 

(f) 40 hrThe relative occupied ratio of Shewanella oneidensis MR-1 bacteria (g) with 

glass substrate (black line) and 20 nm Fe2O3 thin film (blue line). Data were collected 

using a flow rate of 3 mL/hr and total flow time of 40 hours. Scale bar, 20 µm. 

 

To further probe preferential attachment of MR-1 cells to the Fe2O3 substrate, we 

performed real-time optical imaging of the MR-1 movements on the Fe2O3 periodic 

patterns. Fe2O3 periodic patterns with two different dimensions (25 um x 25 um with 

25 um gap and 10 um x 10 um with 10 um gap) were used in these experiments. 

Compared with prior approaches, Fe2O3 periodic patterns with different area and gap 

allows precise analysis of the interactions between MR-1 cells and Fe2O3 substrate, by 

tracking the dynamic cell motion characteristics at the single-cell level.  Similar to the 

Fe2O3 thin films, the MR-1 cells showed obvious preference to selectively colonize on 

or around the Fe2O3 periodic patterns. In addition, the mother cells divide to daughter 

cells after physical contact with the Fe2O3 pattern is established (Fig. 2a - d).  
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For more detailed analysis, we have further tracked the motion pathway of individual 

MR-1 cell. In particular, we have tracked the motion direction of each MR-1 cell with 

respect to the nearest Fe2O3 pattern (towards or away from) as function of their distance 

from the Fe2O3 pattern (Fig. 2e). By analyzing the motion characteristics of a large 

number of MR-1 cells, we have obtained a statistical plot of the number of cells 

traveling towards a given Fe2O3 pattern as a function of their distance from the Fe2O3 

pattern. Importantly, the plot clearly reveals a strong correlation between MR-1 

pathway and its distance to the Fe2O3 patterns (Fig. 2f). We further define MR-1 cells 

that could recognize, travel towards and attach to the closest Fe2O3 patterns as “in-line 

cells”, whereas MR-1 cells that occasionally travel to the opposite direction is defined 

as “out-line cells”. As shown in Fig. 2g, the in-line cell counts significantly exceed the 

out-line cells, consistent with our observation of their motion characteristics.  

 

 

Fig 3.2 The Shewanella oneidensis MR-1 bacteria grown on 20 nm periodic Fe2O3 

pattern. The area of periodic Fe2O3 pattern is 25 x 25 um and the gap between Fe2O3 
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patterns is 25 um. The Representative images of Shewanella oneidensis MR-1 bacteria 

grow in microfluidic flow cell for (a) 0 hr, (b) 36 hr, (c) 43 hr, (d) 46 hr. Representative 

bacteria tracks are shown on image (e) which is the first-step orientation and pathway 

of Shewanella oneidensis MR-1how to attach on the Fe2O3 pattern and their 

corresponding images which are (f) the sensing distance between Shewanella 

oneidensis MR-1 and Fe2O3 periodic pattern and (g) number of in-line and out of line 

bacteria. Data were collected using a flow rate of 3 mL/hr and total flow time of 46 

hours. Scale bar, 10 µm. 

 

To further probe preferential attachment of MR-1 cells to the Fe2O3 substrate, we 

performed real-time optical imaging of the MR-1 movements on the Fe2O3 periodic 

patterns. Fe2O3 periodic patterns with two different dimensions (25 um x 25 um with 

25 um gap and 10 um x 10 um with 10 um gap) were used in these experiments. 

Compared with prior approaches, Fe2O3 periodic patterns with different area and gap 

allows precise analysis of the interactions between MR-1 cells and Fe2O3 substrate, by 

tracking the dynamic cell motion characteristics at the single-cell level.  Similar to the 

Fe2O3 thin films, the MR-1 cells showed obvious preference to selectively colonize on 

or around the Fe2O3 periodic patterns. In addition, the mother cells divide to daughter 

cells after physical contact with the Fe2O3 pattern is established (Fig. 2a - d).  

 

For more detailed analysis, we have further tracked the motion pathway of individual 

MR-1 cell. In particular, we have tracked the motion direction of each MR-1 cell with 
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respect to the nearest Fe2O3 pattern (towards or away from) as function of their distance 

from the Fe2O3 pattern (Fig. 2e). By analyzing the motion characteristics of a large 

number of MR-1 cells, we have obtained a statistical plot of the number of cells 

traveling towards a given Fe2O3 pattern as a function of their distance from the Fe2O3 

pattern. Importantly, the plot clearly reveals a strong correlation between MR-1 

pathway and its distance to the Fe2O3 patterns (Fig. 2f). We further define MR-1 cells 

that could recognize, travel towards and attach to the closest Fe2O3 patterns as “in-line 

cells”, whereas MR-1 cells that occasionally travel to the opposite direction is defined 

as “out-line cells”. As shown in Fig. 2g, the in-line cell counts significantly exceed the 

out-line cells, consistent with our observation of their motion characteristics.  

 

The specific interactions between MR-1 cells and inorganic substance such as Fe2O3 

has been recently realized and utilized for enhanced electrochemical performance.17-19 

Here we demonstrate, to the best of our knowledge, the first use of Fe2O3 substrate to 

enhance the attachment and control the patterning of MR-1 cells. Our studies clearly 

demonstrate the MR-1 cells exhibit much stronger interactions and selectively attached 

to Fe2O3 area More importantly, the motion characteristics and the pathway of MR-1 

cells clearly indicate that the recognition and selectivity towards Fe2O3 initiates from a 

remote distance more than 10 µm away. Such remote recognition phenomena have not 

been reported before in other similar BES systems, yet it is extremely important for 

understanding the selective attachment, long range sensing and EET mechanisms. We 

hypothesize that the MR-1 cells sense the Fe2O3 substance from a long distance through 
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the concentration gradient of Fe (III), which leaches off from the Fe2O3 pattern in the 

liquid environment. This hypothesis is based on the current form of (inconclusive) EET 

mechanisms where MR-1 cells have been postulated to transfer electrons to mineral 

electron acceptors via extracellular electron shuttles, pili or c-type cytochromes. The c-

type cytochromes that have been found in the inner and outer membrane or MR-1 cells 

has been proposed to act as an “anchor” to target and contact inorganic substance and 

catalyze the terminal electron transfer reaction.   

 

The mechanistic details of how MR-1 cells remotely sense the Fe2O3 substance and 

directs the cell movement towards the patterns has not been previously studied, and 

little experimental evidence have been obtained for this matter. According to a long-

range EET mechanism, extracellular electron shuttles (metabolic redox molecules) can 

diffuse in the solution and thus travel long distance to reach the remote inorganic site. 

Similarly, we propose that a soluble chemical substance could play a key role in the 

remote sensing of Fe2O3 by MR-1. Specifically, Fe(III) ion is a possible electron 

acceptor that can be generated by leaching off from the Fe2O3 pattern, and can travel 

through ion diffusion and produce a gradient of Fe(III) ions that gradually decrease 

from the Fe2O3 pattern. The Fe(III) ions presumably interact with the c-type 

cytochromes in the MR-1 membrane, allowing cell to recognize the inorganic source 

from a long distance, with the MR-S cells moving towards regions with higher Fe(III) 

concentration.  
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To obtain experimental evidence and confirm such hypothesis, we have carefully 

measured the Fe(III) profiles in the proximity of Fe2O3 patterns and compared them 

with the recognition and motion behavior of MR-1 cells. In specific, Fe2O3 pattern was 

excited by visible light in mineral medium and the fluorescent image of Fe(III) was 

directly measured by using confocal fluorescent microscopy. The time dependence of 

the fluorescent intensity depth profile with Fe2O3 pattern is shown on Figure 3a-c, 

where time is set to 0 when the Fe2O3 pattern was first immersed in mineral medium. 

Fig. 3a demonstrates the fluorescent background of the mineral medium after three 

hours of exposure, where Fe2O3 patterns can be clearly distinguished with sharp edges. 

The fluorescent brightness of the whole area showed gradual but obvious increase with 

immersed time. As shown in Fig. 3b and Fig. 3c, inclining Fe(III) fluorescent intensities 

were observed at t = 3, 6, and 12 hr (Fig. 3a, b, and c, respectively). The increased 

fluorescence intensity is a clear indication that concentrations of Fe(III) gradually 

increase in the medium environment around the Fe2O3 patterns, probably as a result of 

Fe(III) dissolution and consequent diffusion. This experimental evidence can serve as 

the basis for remote sensing of Fe(III) source by MR-1: MR-1 could presumably sense 

the remote Fe(III) and follow their diffusion pathways back to the Fe2O3 site. Indeed 

the trajectory plot of MR-1 agrees well with the concentration (fluorescence intensity) 

profile of Fe(III) (Fig. 3d). For example, the attractive force is clearly stronger when 

the MR-1 is much closer to the Fe2O3 pattern (high Fe(III) concentration), in consistent 

with microscopic observations.  
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To further confirm and understand our mechanistic model, numerical analysis was 

conducted. An idealized numerical model of the two-dimensional diffusion of Fe(III) 

ion in a quiescent solution gives a qualitative insight of the distribution of Fe(III) 

concentration. In the simulation, we focus on the concentration at the bottom surface of 

Fe2O3 and the flow velocity is set to zero at the zero distance, the diffusion of Fe(III) 

ions is considered on a two-dimensional plane and there is no influence of the 

convection. In the patterning experiment, there is a dense array of 50 × 50 Fe2O3 

patterns, therefore it is sufficient to limit the simulation domain to the nearby area of 

one Fe2O3 pattern with four periodic boundaries. The simulation unit is a L by L square 

domain with a square Fe2O3 pattern right at the middle with the size of a by a.  

The governing diffusion equation is   
2

2
f fD
t x

∂ ∂
=

∂ ∂  

where f is the field of concentration distribution, and D is the diffusion coefficient. The 

boundary condition at the interface between the solution and Fe2O3 pattern in the 

middle is  

fD J
n
∂

− =
∂  

where n  is the normal vector at the interface and J is the diffusion flux at the interface. 

The continuous equations can be discretized using the finite difference method. The 

domain is discretized into mesh grids with uniform spacing ∂x in x and y directions. 

Time is discretized into steps with same size ∂t. The second order five-point stencil is 

chosen to deal with the Laplace operator, while the time derivative is discretized using 

the first-order backward Euler method. The discretized governing linear equations are 
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where the f stands for the concentration field on a mesh grid, its superscript k means at 

step k, its subscript i,j means the index of the mesh grid. On the four domain boundaries, 

the periodic boundary conditions are imposed. At the solution- Fe2O3 pattern interface, 

the flux is set to be a constant and time-invariant, and the second-order approximation 

of the spatial derivative is used. For example, the flux boundary condition on the left 

boundary of the Fe2O3 pattern can be written as     

1 1
1, ,b b

k k
i j i jf f J

x D

+ +
− −

= −
∆ . 

In the simulation, the diffusion coefficient is set to be 6.04×10-10 and the domain size 

is 5×10-5 (m) by 5×10-5 (m) with Fe2O3 pattern size 2.5×10-5(m) by 2.5×10-5 (m). 

The J is chosen to be 1.21×10-6 (mol·m−2·s−1). The domain is decomposed into 100 

by 100 mesh grids and the time step size is 4.14×10-4(s). Initially there is no Fe(III) ion 

in the solution. The only source of the Fe(III) comes from the flux at the solution- Fe2O3 

pattern interface. The concentration distribution in the simulation domain after 10 steps 

and100 steps are shown in the Fig. 3e. 
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Fig 3.3 The time dependence (a) 3 hr, (b) 6 hr and (c) 12 hr of Fe(III) fluorescent depth 

profile recorded with cross horizon as indicated by the white lines which is 

corresponding to the intensity confocal fluorescence microscopy image (d) which the 

blue line, green line and blue line are corresponding to 3 hr, 6 hr and 12 hr, respectively. 

(e) The solid and dashed curves represent the simulation of distribution along the line 

connecting centers of Fe2O3 pattern with 25 um × 25 um area in the gap between 

Fe2O3 patterns after 10 steps and 100 steps. The concentration distribution of Fe3+ ion 

after 10 steps (solid blue line) and 100 steps (dash pink line). Scale bar, 10 µm. 

 

The simulation model agrees well with experimentally observed Fe(III) diffusion 

pattern from fluorescent images, both showing a similar Fe(III) concentration profile 

(4c and 4e) with exponential decay from the iron pad source. Such agreement provides 

convincing evidence for the proposed profile of Fe(III) dissolution and diffusion. Thus, 

by combing previous trajectories of bacterial moving pattern in microfluidic flow cell 
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(Fig. 3f), we further explore the possible mechanism which the c-type cytochrome in 

outer member could be navigated Fe(III) gradient. Previous studies indicate that 

electrostatic force and direct bonding exist between c-type cytochrome protein in MR-

1 and Fe2O3 films.1 While the electrostatic force probably contributes to the interactions 

between MR-1and Fe2O3 film in direct contact, our results indicate that the c-type 

cytochrome protein and/or its corresponding complexes also play an important role in 

the navigation of MR-1 cells to their appropriate destinations. Like many other 

microorganisms, MR-1 is capable of mediating iron oxidation and reduction reactions, 

which could serve as basis for the cell-Fe(III) interaction. The c-type cytochromes are 

a type of membrane proteins in MR-1 that are important for the extracellular electron 

transfer in anaerobic respiration processes and various redox reactions. The c-type 

cytochromes are characterized to covalently bind through the thiol groups of cysteine 

in a characteristic CXXCH motif in heme prosthetic group and are assembled at the cell 

surface by cytochrome c maturation systems. During the anaerobic respiration process 

in MR-1, the electrons are transferred from the menaquinone to cytoplasmic membrane 

electron carrier CymA followed by passing to electron carriers in the periplasm. Two c-

type cytochromes in the periplasm have been identified so far as potential electron 

carriers necessary for Fe(III) reduction: MtrA and Cytc3. MtrA was thought to accept 

electrons from CymA, and transfer these electrons to an outer membrane protein OmcB. 

OmcB has the potential to reduce extracellular Fe(III) directly. This is supported by 

studies involving a mutation in OmcB that lead to a decreased ability to reduce Fe(III).20 

The experimental observations and theoretical analysis demonstrated in this work 
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confirms the interactions between c-type cytochrome and Fe(III) electron acceptors. 

Additionally, it adds evidence to the possible role of cytochrome in the navigation of 

the bacterial cell by sensing and tracking Fe(III), which could also be considered as a 

step in the overall EET process.  

 

The enhanced attachment and patterning of electrogenic bacteria such as MR-1 is 

expected to promote the current output of MFC devices. Here, we demonstrate such 

advantage with a electrical test in an on-chip MFC device. Microfluidic systems are 

still used for the incubation of MR-1 on the designed Fe2O3 electrode patterns. The 

bright field optical and corresponding fluorescent images of the device after 44 hrs of 

incubation with real-time electrochemical measurements are shown in Figure 4a and b, 

confirming that individual MR-1 cells are more likely to attach onto the Fe2O3 

electrodes of any custom design compared to metal (Au) electrodes. While the 

increased MR-1 density and optimized displacement will benefit the performance of 

the corresponding MFC devices, our results also indicate that individual MR-1 cell is 

more likely to bridge the micro gap between the two split electrodes, which on the other 

hand could potentially benefit the fabrication and measurement of bioelectronic devices 

and facilitate the corresponding research21. As discussed above, the majority of MR-1 

cells preferentially approached to the Fe2O3 electrodes based on the interactions 

between Fe(III) and c-type cytochrome of MT-1 cells. Similar to glass substrate, there 

is probably no attraction force between Au and MR-1 cells, and MR-1 cells are 

randomly “rested” onto the Au electrodes. The electrochemical measurement of MR-1 
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was conducted under anaerobic conditions in the microfluidic flow cell. Typically, the 

MR-1 cell culture was injected into the flow cell after a stable baseline was established 

in media solution. The current density was continuously recorded at the rate of 2 Hz 

with a constant bias voltage of 50 mV with both of pair of Au and Fe2O3 electrodes. 

The current density−time (I−t) characteristics of MR-1 with pair of Au and Fe2O3 

electrodes are shown in Figure 4c. As expected, increased electrochemical current 

density over time was observed with both Fe2O3 electrodes and Au electrodes after 

introduction of the MR-1 culture. The I−t characteristics of MR-1 were significant 

different in these two different electrode materials A rapid increase in electrochemical 

current was observed with Fe2O3 electrodes, followed by a considerably increasing 

current. For Au electrodes, the current was slightly increased and there was no sudden 

jump in current after the injection of the MR-1 culture. Compared to the 

electrochemical current between Fe2O3 and Au pattern, the current density is highly 

correlated to the number of MR-1 cells that were attached onto the electrodes. In 

addition, this result is also confirmed by the similar cyclic voltammetry (CV) 

characteristics of MR-1 on both Fe2O3 and Au electrodes (Figure 4d), where an obvious 

increase was observed in anodic current at about 0V (vs. Ag/AgCl, the electrochemical 

potential for the oxidation of general electron donors such as acetate) at Fe2O3 

electrodes. 
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Fig 3.4 Electrical measurements of Shewanella oneidensis MR-1 under physiological 

conditions. The Representative images of  Shewanella oneidensis MR-1 bacteria 

grow in microfluidic flow cell on pair of  (a) Au electrode and  (b) Fe2O3 electrode. 

(c) Representative electrochemical current density of living MR-1 as a function of 

incubation time on the device on Au electrode and Fe2O3 electrode. (d) Representative 

electrochemical current density-voltage transport characteristics of individual MR-1 

cells, acquired after 44 h on-chip incubation. Scale bar, 10 um. 
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Summary 

Our results demonstrate that single MR-1 cell could be navigated by interactions 

between c-type cytochrome proteins of MR-1 and remote Fe(III) ions, which originates 

from the dissolution and diffusion of the Fe2O3 substrate. The remote sensing and 

navigation model reported in this study indicate that the motion and attachment 

behaviors of MR-1 cells could be significantly affected and controlled by the use of 

appropriate mineral substance. With precise identification and understanding of 

chemical factors that affect the attachment behaviors at the single-cell level, our work 

provides a wealth of information for studying the fundamentals of microorganisms and 

designing next-generation bioenergy and biomedical devices. Our current on-chip 

approach that combines real-time single-cell imaging and pattern growth can be a 

powerful platform for developing the high-power density of microbial fuel cells and 

bioelectrochemically systems under varying chemical, physical, electrical, and optical 

conditions at the single-cell level and beyond. 
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Experimental Details 

Fe2O3 periodic pattern preparation 

The square was prepared by sputtering Fe (20 nm) upon the pattern was anneal at 400 

°C for 12 hrs in the air and slowly cooling down in air.  

    

Fabrication of the Fe2O3 and Au electrochemical device 

Typically, a PMMA (A8, MicroChem Corp.) film was prepared by spin coating on the 

substrate (heavy doping silicon wafer with 300nm thermal oxide) surface with pre-

patterned Au electrodes (Ti/Au, 50/50 nm) and pre-patterned Fe electrodes (Ti/Au/ 

Fe2O3, 50/50/300 nm).  E-beam lithography was then used to open windows on 

PMMA, which created desired patterns on the substrate. To eliminate the influence of 

electrolyte and to avoid electrochemical reactions on the metal electrodes, another layer 

of PMMA (~ 500-nm thick, electrochemically inert) was then deposited on the Fe2O3 

and Au pattern device with spin coating. A smaller window that only exposes Fe2O3 and 

Au electrode was opened by e-beam lithography. The final device, with exposed Fe2O3 

and Au electrode protected electrodes was used for in-device electrochemistry and in 

situ electrical transport spectroscopy measurement. 

 

In-device I-t measurement 

All electrochemical data were recorded using a SMU (Agilent B2902a) electrochemical 

workstation with a three-electrode electrochemical flow cell containing an Ti/Au and 

Ti/Au/ Fe2O3 pair working electrodes (both pair electrode grounded), a platinum-wire 
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counter electrode, and an Ag/AgCl reference electrode. The Ti/Au and Ti/Au/ Fe2O3 

pair electrodes (25 um x 50 um with 2 um gap) was prepared by thermal evaporation. 

In a typical in-device CV measurement, the scan rate is 50 mVs-1. The SMU channel 

was used to supply a small potential (50 mV) on working electrodes (working electrode 

is grounded) and collecting the corresponding electrochemical current.  

 

Strains and Growth Conditions 

Shewanella oneidensis MR-1 strains wild type (WT) with GFP-containing plasmid 

p519nGFP was used in this study. Strains were cultured in LB broth overnight to 

stationary phase under shaking at 30◦C. For cultures with the p519nGFP plasmid, the 

LB media was supplemented with 50 µg/mL kanamycin. The cells from this culture 

were pelleted via centrifugation at 2300×g for 5 minutes, washed twice, and finally 

resuspended in a chemically defined medium. This medium contained (per liter of 

deionized water) 15.1 g PIPES buffer, 3.4 g sodium hydroxide, 1.5 g ammonium 

chloride, 0.1 g potassium chloride, 0.6 g sodium phosphate monobasic monohydrate, 

18 mM of either sodium L-lactate or sodium DL-lactate as an electron donor, 10 mL of 

100× amino acids stock solution, 10 mL of 100× minerals stock solution, and 1 mL of 

1000× vitamins stock solution. The 100× amino acids stock solution contained (per liter 

of deionized water) 2 g L-glutamic acid, 2 g L-arginine, and 2 g DL-serine. The 100× 

minerals stock solution contained (per liter of deionized water) 1.5 g nitrilotriacetic acid, 

3 g magnesium sulfate heptahydrate, 0.5 g manganese sulfate monohydrate, 1 g sodium 

chloride, 0.1 g ferrous sulfate heptahydrate, 0.1 g calcium chloride dihydrate, 0.1 g 
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cobalt chloride hexahydrate, 0.13 g zinc chloride, 10 mg cupric sulfate pentahydrate, 

10 mg aluminum potassium disulfate dodecahydrate, 10 mg boric acid, 25 mg sodium 

molybdate dihydrate, 24 mg nickel chloride hexahydrate, and 25 mg sodium tungstate. 

The 1000× vitamins stock solution contained (per liter of deionized water) 20 mg biotin, 

20 mg folic acid, 100 mg pyridoxine hydrochloride, 50 mg riboflavin, 50 mg thiamine 

hydrochloride, 50 mg nicotinic acid, 50 mg D-pantothenic acid hemicalcium salt, 1 mg 

vitamin B12, 50 mg P-aminobenzoic acid, and 50 mg DL-α-lipoic acid. The medium 

was adjusted to an initial pH of 7.0. The culture in this chemically defined medium was 

grown again overnight to stationary phase (OD600 ∼ 1.0) under shaking at 30◦C. The 

culture was then diluted to OD600 ∼ 0.01 and injected into a sterile flow cell containing 

the same chemically defined medium. Flow Cell Experiments. Flow cells were 

purchased from ibidi (Product name: sticky–Slide VI0.4). A modified coverslip was 

pressed onto the flow cell adhesive to form the channels. The prepared flow cell was 

connected to a syringe and waste bottle using male Luer elbow connectors (ibidi), male 

Luer integral lock ring to 1.6 mm barb adapters (Value Plastics DBA Nordson Medical), 

an in-line Luer injection port (ibidi), female Luer to 1.6 mm barb adapters (Value 

Plastics DBA Nordson Medical), a 3-way stopcock valve (Value Plastics DBA Nordson 

Medical), a 0.22 µm filter (Fisher Scientific), and Silastic silicon tubing of inner 

diameter 1.57 mm and outer diameter 3.18 mm (Dow Corning). The flow cell system 

was sterilized by flowing 70% ethanol by hand and letting the system sit without flow 

for ∼ 15 minutes. The sterilized system was then flushed with autoclaved, deionized 

water at a flow rate of 5 mL/hr using a syringe pump (KD Scientific or Harvard 
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Apparatus) and allowed to sit overnight. Prior to inoculation of the bacteria into the 

flow cell, the flow cell system was flushed with flow cell media at 30 mL/hr. 1 mL of 

bacteria culture was injected into the flow cell and allowed to incubate for 10-20 

minutes on the heating stage at 30◦ C. Then, the flow cell was flushed with flow cell 

media at 30 mL/hr in order to wash away cells that had not adhered to the surface. For 

these experiments, data were collected using a flow rate of 3 mL/hr and total flow time 

of 10 ∼ 45 hours.  

 

Data Acquisition 

Time lapse movies were recorded every 5 seconds per frame using an Andor Neo 

sCMOS camera and IQ software, collecting bright-field images (image size of 67 × 67 

µm2 or 2048 × 2048 pixels2) with a 100× oil objective and a 2× multiplier lens on an 

Olympus IX83 microscope equipped with a Zero Drift Correction autofocus system. 

Fluorescent images were also taken every 5 minutes using a Lambda LS (Sutter 

Instrument) xenon arc lamp and a GFP filter (456-490 excitation, 500-539 emission). 

 

Fluorescence microscopy 

Confocal microscopy was performed on a Leica SP5-STED microscope. Excitation was 

done using one laser line at 548 nm. Fe2O3 sample is immersed in cell media which is 

3 ml cell media with 5 ul Fe(III) indicator (Ursa BioScince, Ferrum 430TM).     

 



62 

References 

1. Pant, D. et al. Bioelectrochemical systems (BES) for sustainable energy 

production and product recovery from organic wastes and industrial wastewaters. 

RSC Adv. 2, 1248–1263 (2012). 

2. Ghangrekar, M. M. & Chatterjee, P. A Systematic Review on Bioelectrochemical 

Systems Research. Curr. Pollut. Reports 1–8 (2017). doi:10.1007/s40726-017-

0071-7 

3. Liu, H., Hu, H., Chignell, J. & Fan, Y. Microbial electrolysis: novel technology 

for hydrogen production from biomass. Biofuels 1, 129–142 (2010). 

4. Kim, Y. & Logan, B. E. Simultaneous removal of organic matter and salt ions 

from saline wastewater in bioelectrochemical systems. Desalination 308, 115–

121 (2013). 

5. Du, Z., Li, H. & Gu, T. A state of the art review on microbial fuel cells: A 

promising technology for wastewater treatment and bioenergy. Biotechnol. Adv. 

25, 464–482 (2007). 

6. Cao, X. et al. A New Method for Water Desalination Using Microbial 

Desalination Cells. Environ. Sci. Technol. 43, 7148–7152 (2009). 

7. Saeed, H. M. et al. Microbial desalination cell technology: A review and a case 

study. Desalination 359, 1–13 (2015). 

8. Pant, D., Van Bogaert, G., Diels, L. & Vanbroekhoven, K. A review of the 

substrates used in microbial fuel cells (MFCs) for sustainable energy production. 

Bioresour. Technol. 101, 1533–1543 (2010). 



63 

9. Fink, J. et al. Comparative study and improvement of current cell micro-

patterning techniques. Lab Chip 7, 672–680 (2007). 

10. Nanoarrays, G., Manipulate, T., Zhu, M., Baffou, G. & Meyerbro, N. 

Micropatterning Thermoplasmonic Gold Nanoarrays To Manipulate Cell 

Adhesion. ACS Nano 7227–7233 (2012). 

11. Rettig, J. R. & Folch, A. Large-scale single-cell trapping and imaging using 

microwell arrays. Anal. Chem. 77, 5628–5634 (2005). 

12. Green, J. V. et al. Effect of channel geometry on cell adhesion in microfluidic 

devices. Lab Chip 9, 677–685 (2009). 

13. Chung, K., Rivet, C. A., Kemp, M. L. & Lu, H. Imaging single-cell signaling 

dynamics with a deterministic high-density single-cell trap array. Anal. Chem. 

83, 7044–7052 (2011). 

14. Jeong, H. E., Kim, I., Karam, P., Choi, H. J. & Yang, P. Bacterial recognition of 

silicon nanowire arrays. Nano Lett. 13, 2864–2869 (2013). 

15. Sakimoto, K. K., Liu, C., Lim, J. & Yang, P. Salt-induced self-assembly of 

bacteria on nanowire arrays. Nano Lett. 14, 5471–5476 (2014). 

16. Lower, B. H. et al. Specific bonds between an iron oxide surface and outer 

membrane cytochromes MtrC and OmcA from Shewanella oneidensis MR-1. J. 

Bacteriol. 189, 4944–4952 (2007). 

17. Qian, F. et al. Photoenhanced electrochemical interaction between shewanella 

and a hematite nanowire photoanode. Nano Lett. 14, 3688–3693 (2014). 

18. Pandit, S., Khilari, S., Roy, S., Pradhan, D. & Das, D. Improvement of power 



64 

generation using Shewanella putrefaciens mediated bioanode in a single 

chambered microbial fuel cell: Effect of different anodic operating conditions. 

Bioresour. Technol. 166, 451–457 (2014). 

19. Bretschger, O. et al. Current production and metal oxide reduction by 

Shewanella oneidensis MR-1 wild type and mutants. Appl. Environ. Microbiol. 

73, 7003–7012 (2007). 

20. Weber, K. A., Achenbach, L. A. & Coates, J. D. Microorganisms pumping iron: 

anaerobic microbial iron oxidation and reduction. Nat. Rev. Microbiol. 4, 752–

764 (2006). 

21. Ding, M. et al. Nanoelectronic Investigation Reveals the Electrochemical Basis 

of Electrical Conductivity in Shewanella and Geobacter. ACS Nano 10, 9919–

9926 (2016). 

 

 

 

 

 

 

 

 



65 

Chapter 4 Novel Methodology for the Study of Bacterial Extracellular Electron 

Transport Mechanism and Metabolic Activity Status 

Introduction 

Dissimilatory metal-reducing bacteria (DMRB) is of interest due to its ability to 

generate electricity in microbial fuel cells (MFCs).1–7 DMRB oxidizes organic matter 

and transfers the free electrons from microorganisms to mineral surface or electrodes 

during metabolism. The extracellular electron transport (EET) mechanisms of this 

bacteria has been explored by different methods, mostly through electricity production 

of biofilms in MFCs8. Although several studies trying to address the conductivity 

measurement by using conducting atomic force microscope (AFM) or semiconductor 

device with dead/dry cells9–15, those methods could only monitor the electricity 

production or conductivity in biofilms. The correlation between bacteria behaviors, 

metabolic activities and electricity production in biofilms remain unclear. In addition, 

cell staining is still the most widely used technique for bacteria behaviors investigation 

and cell growth observation under fluorescent microscope. However, the toxicity of the 

dye in cell staining is still a concern.16    

 

In this work, we developed and applied a novel methodology to study the EET, 

metabolic activity status and behaviors of microbes for maximal current production 

with real time in-situ microscope observation. The dissimilatory metal-reducing 

bacteria (DMRB) Shewanella oneidensis MR-1wild type (WT) and its mutant cells are 
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the model organisms we study to understand electrogenic biofilm growth, metabolism 

rate, and behavior for maximal current production. Our goal is to specify the various 

mechanisms of EET in MR-1and its mutant cells utilized by the bacteria under different 

conditions. 
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Results and Discussions 

Figure 4.1 schematically illustrates the in-situ electrochemical current measurement 

setup in the flow cell and electrode layout used for probing the electrical transport in 

microbial cells and biofilms. Au electrode was prepatterned on a cover slide glass using 

electron-beam lithography (EBL). A PMMA window was employed to define a testing 

window and exposure of electrodes to the microbial samples in the culture medium. 

The confined window also enables the precise control of the exact electrode area 

exposed to the microbial samples. This novel methodology provides us the ability to 

measure electron transport at the single-cell level, as well as to monitor bacterial 

behavior and correlation between the electrochemical current and metabolic activity.17  

 

Figure 4.1 Schematic illustration of in-situ Shewanella oneidensis MR-1 

electrochemical current measurements setup within flow cell. Scale bar is 10 µm. 

 

Here, we demonstrated an electrochemical current measurement system which 
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incubated living WT, a double-deletion mutant of mtrC and omcA (∆mtrC∆omcA) or a 

deletion mutant lacking the function of FMN secretion (∆bfe) on the designed Au 

electrodes with applying potential 50 mV (vs Ag/AgCl) in a microfluidic flow cell. As 

shown in Fig 4.2, the real-time bright field optical images clearly show the different 

cell growth rates between WT, ∆mtrC∆omcA and ∆bfe. Interestingly, the form 

∆mtrC∆omcA mutant cells were fully covered on designed Au electrode after 30 hr and 

started to form a biofilm.  

 

Figure 4.2 Representative time-lapse images of Shewanella oneidensis MR-1, 

∆mtrC∆omcA and ∆bfe are incubated with Au substrate in flow cell for 10 hr, 20 hr, 30 

hr and 40 hr. Scale bar is 10 µm.  

 

Fig 4.3a illustrates the surface cell density of WT, ∆mtrC∆omcA and ∆bfe on designed 

Au electrode. While the growth rate became stabilized on WT and ∆bfe after about 20 
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hr, it is remarkably to see the ∆bfe mutant cells kept growing and started to grow along 

z-axis after 34 hr. Since the designed Au electrode was totally covered by ∆bfe mutant 

cells after 34 hr, the surface cell density of ∆bfe mutant cells was stabilized after 34 hr. 

Interestingly, although the highest surface cell density were found on ∆mtrC∆omcA 

mutant cells, the current density of ∆mtrC∆omcA is ~ 5 x 20-6 nA/µm2 which is about 

2 to 3 orders lower than WT and ∆bfe (Fig 4.2b). Moreover, the WT and ∆bfe have 

similar surface cell density at 40 hr, but the current density ∆bfe is about 2 orders higher 

than WT. By comparing the observations between electrochemical current and surface 

cell density, it shows the protein c-type cytochromes mtrC and omcA are the major 

factors that significantly affect electricity production, while deletion of the MET 

pathway (FMN deletion) can enhance the electricity production. However, the MET 

pathway seems like limiting electron transfer, so the electrochemical current in WT is 

lower than ∆bfe. The in-situ real time electrochemical current measurement in 

microfluidic flow cell can also be used to investigate the electricity production from 

each single cell (See Fig 4.3c).       
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Figure 4.3 Electrochemical measurements of living MR-1, ∆mtrC∆omcA and ∆bfe in 

flow cell. Representative a, Surface cell density b, Current density and c, Single cell 

current density of living MR-1, ∆mtrC∆omcA and ∆bfe as function of incubation time 

on the device. 
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Fig 4.4 demonstrates the correlation between the current density and surface cell density 

in living WT (Fig 4.4a), ∆bfe (Fig 4.4b) and ∆mtrC∆omcA (Fig 4.4c) of as the function 

of incubation time. Interestingly, there are three different presentations shown at WT, 

∆bfe and ∆mtrC∆omcA. First of all, cell growth and electrochemical current generation 

shows on WT are similar. After cell growth of ∆bfe became stabilized, the 

electrochemical current started to increase rapidly. However, the cells kept growing and 

there was no electrochemical current shown on ∆mtrc∆omcA. Based on those results, 

the cell growth is highly correlation to electrochemical current generation. According 

to previously studies, the oxidation of formate- is limiting reactant for cell growth. The 

proton, pair of electrons and carbon dioxide are produced during the oxidation of 

formate-, it enhances cell growth rate and also consumes the free electrons to gain ATP 

for cell growing.18,19 There is no DET pathway and also probably the rate of MET is 

too slow in ∆mtrc∆omcA mutant cells, so the cell kept growing without electrochemical 

current generation. 
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Figure 4.4 Electrochemical measurements of living MR-1, ∆mtrC∆omcA and ∆bfe in 

flow cell. Representative current density and surface cell density of living a, MR-1 b, 

∆bfe and c, ∆mtrC∆omcA as function of incubation time on the device. 
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In addition, this result was also confirmed by the similar cyclic voltammetry (CV) 

characteristics of WT and its mutant cells on Au designed electrodes (Figure 4.5), where 

an obvious increase was observed in anodic current at about -0.035V (vs. Ag/AgCl, the 

electrochemical potential for the oxidation of general electron donors such as acetate) 

at ∆bfe which indicates the free electrons transfer through c-type cytochrome (DET 

pathway).20 It is also a good strategy to study the bacteria metabolic activities by CV 

measurement.  
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Fig 4.5 Electrochemical measurements of living WT, ∆mtrC∆omcA and ∆bfe in flow 

cell. Representative electrochemical current density-potential (vs Ag/AgCl) transport 

characteristics of living a, MR-1 b, ∆bfe and c, ∆mtrC∆omcA, acquired after 40 h on-

chip incubation.  



75 

Summary 

We have demonstrated nanoelectronic fabrication and measurement to elucidate the 

origin of the electrical conducting current from Shewanella oneidensis MR-1, 

∆mtrC∆omcA and ∆bfe. The electrical characteristics of living MR-1, ∆mtrC∆omcA 

and ∆bfe were obtained under physiological conditions together with in situ real time 

optical imaging and other on-chip measurement approaches without artificial coloration. 

Based on the electrochemical currents shown on MR-1, ∆mtrC∆omcA and ∆bfe, the 

different electron transport pathways were discussed. This methodology reported in this 

study could be used to explore more fundamental and theoretical studies on EET 

pathway and also metabolic activities status. Our electrochemistry model provides 

valuable insights into the elucidation of EET mechanisms by providing experimental 

supports for the currently proposed “direct electron transfer” mechanism is major factor 

that unifies the EET mechanism in Shewanella oneidensis MR-1. 
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Experimental Details 

Strains and growth conditions 

Shewanella oneidensis MR-1 strains wild type (WT), ΔomcA ΔmtrC (1), and Δbfe (2) 

were used in this study. All chemicals were purchased from Sigma-Aldrich unless 

otherwise stated. Strains were cultured in LB broth overnight to stationary phase under 

shaking at 30 °C. The cells from this culture were pelleted via centrifugation at 2300g 

for 5 minutes, washed twice, and finally resuspended in a chemically defined medium 

(“nanowire medium”). The culture in the final nanowire medium was grown again to 

mid-log phase (OD600 ~ 0.5-0.7) under shaking at 30 °C. The culture was then diluted 

to OD600 ~ 0.02 and injected into a sterile flow cell containing the same medium.  

The base nanowire medium contained (per liter of deionized water) 9.07 g of PIPES 

buffer, 3.4 g of sodium hydroxide, 1.5 g of ammonium chloride, 0.1 g of potassium 

chloride, 0.6 g of sodium phosphate monobasic monohydrate, 60 mM of 60% (v/v) 

sodium DL-lactate solution as an electron donor, 10 mL of 100× amino acids stock 

solution, and 10 mL of 100× minerals stock solution. This base medium was adjusted 

to an initial pH of 7.2 using HCl and NaOH and then sterile filtered using a 0.22 μm 

vacuum driven disposable bottle top filter (Millipore). Finally, before the medium was 

used, 0.5 mL of 100 mM ferric NTA stock solution was added per liter of medium. For 

media designated as “1× vitamins,” 1 mL of 1000× vitamins stock solution was added 

per liter of medium; for media designated as “0× vitamins,” the vitamins stock solution 

was not added. 1× vitamins nanowire medium was used for centrifugation, washing, 

resuspension, and regrowth steps, while both 1× and 0× vitamins nanowire media were 
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used for flow cell experiments, depending on the desired condition.  

 

The 100× amino acids stock solution contained (per liter of deionized water) 2 g of L-

glutamic acid, 2 g of L-arginine, and 2 g of DL-serine. The 100× minerals stock solution 

contained (per liter of deionized water) 1.5 g of nitrilotriacetic acid, 3 g of magnesium 

sulfate heptahydrate, 0.5 g of manganese sulfate monohydrate, 1 g of sodium chloride, 

0.1 g of ferrous sulfate heptahydrate, 0.1 g of calcium chloride dihydrate, 0.1 g of cobalt 

chloride hexahydrate, 0.13 g of zinc chloride, 10 mg of cupric sulfate pentahydrate, 10 

mg of aluminum potassium disulfate dodecahydrate, 10 mg of boric acid, 25 mg of 

sodium molybdate dihydrate, 24 mg of nickel chloride hexahydrate, and 25 mg of 

sodium tungstate. The 1000× vitamins stock solution contained (per liter of deionized 

water) 20 mg of biotin, 20 mg of folic acid, 100 mg of pyridoxine hydrochloride, 50 

mg of riboflavin, 50 mg of thiamine hydrochloride, 50 mg of nicotinic acid, 50 mg of 

D-pantothenic acid hemicalcium salt, 1 mg of vitamin B12, 50 mg of P-aminobenzoic 

acid, and 50 mg of DL-α-lipoic acid. The 100 mM ferric NTA stock solution contained 

(per 100 mL of deionized water) 1.64 g of sodium bicarbonate, 2.56 g of nitrilotriacetic 

acid (NTA) trisodium salt, and 2.7 g of ferric chloride hexahydrate. All stock solutions 

were sterile filtered prior to use.  

 

Flow cell experiments 

Flow cells were purchased from ibidi (Product name: sticky--Slide VI 0.4). A modified 

coverslip was pressed onto the flow cell adhesive to form the channels. The prepared 
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flow cell was connected to a syringe and waste container using male Luer elbow 

connectors (ibidi), male Luer integral lock ring to 1.6 mm barb adapters (Value Plastics 

DBA Nordson Medical), an in-line Luer injection port (ibidi), female Luer to 1.6 mm 

barb adapters (Value Plastics DBA Nordson Medical), and Silastic silicon tubing of 

inner diameter 1.57 mm and outer diameter 3.18 mm (Dow Corning). The flow cell 

system was sterilized by flowing 70% ethanol by hand and letting the system sit without 

flow for ~30 min. The sterilized system was then flushed with autoclaved, deionized 

water at a flow rate of 5 mL/h using a syringe pump (KD Scientific or Harvard 

Apparatus) and allowed to sit for ~2 h. Prior to inoculation of the bacteria into the flow 

cell, the flow cell system was flushed with flow cell media. 1 mL of bacteria culture 

was injected into the flow cell and allowed to incubate for 10 min on the heating stage 

at 30 °C. Then, the flow cell was flushed with flow cell media at 30 mL/h to wash away 

cells that had not adhered to the surface. For these experiments, data were collected 

using a flow rate of 3 mL/h and total flow time of ~45 h.  

 

Data acquisition 

Images were taken using two microscope systems. The first system was an Olympus 

IX81 microscope with an Andor iXon EMCCD camera (image size of 1024 × 1024 

pixels and pixel size of 0.13 μm/pixel). The second system was an Olympus IX83 

microscope with an Andor Neo sCMOS camera (image size of 2048 × 2048 pixels and 

pixel size of 0.065 μm/pixel). Both systems were controlled using IQ software (Andor) 

and were equipped with 100× oil objectives and Zero Drift Correction autofocus 
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systems. Bright field images were taken every 10 s (30 ms exposure time). Two 

fluorescence images were also taken every 5 min (either 100 ms or 250 ms exposure 

times) using a Lambda LS (Sutter Instrument) xenon arc lamp and either a GFP or 

TRITC filter. Acquisition continued for a total recording time of ~45 h.  

Prior to inoculation of bacteria, two types of background images were taken. The first 

type involved the in-focus surface (with varying degrees of focus) without bacteria, and 

the second type involved an out-of-focus image without the surface or bacteria. The 

first type of background image helped to reduce artifacts due to the surface patterns or 

defects, and the second type helped to reduce artifacts due to defects in the light path.  

For imaging nanowires, the lipophilic styryl dye FM 4-64 FX (Life Technologies), 

diluted to 0.25 μg/mL with nanowire media, was injected into the flow cell and 

incubated for 5~10 min. Then, a fluorescence (mCherry filter, 500 ms exposure time) 

Z-scan (±1.5 μm from the imaging plane every 0.1 μm) was taken to image the presence 

or absence of nanowires stained with FM 4-64 FX. This process was repeated several 

times to confirm the presence or absence of nanowires.  

 

Image and data analysis 

The image analysis algorithms and software are adapted from methods previously 

described (3-9) and written in MATLAB R2015a (MathWorks). First, all raw bright-

field images were processed using a sequence of background correction, intensity 

normalization, Gaussian and edge filters, and Otsu thresholding to generate binary 

images, which contained main features of bacteria. The background correction step 
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included cross-correlations of the raw images with images taken of the surface without 

bacteria; this allowed the surface patterns to be mostly ignored by subsequent analyses 

and the images to be corrected for spatial drift. The resulting binary images were used 

to calculate the area covered by bacteria on the surface (either on or off the pattern) 

over time. A linear interpolation step was then performed to ensure that the image and 

electrochemical data had the same time scale.  

 

Fabrication of the Au electrochemical device 

Typically, a PMMA (A8, MicroChem Corp.) film was prepared by spin coating on the 

substrate (glass cover slide) surface with pre-patterned Au electrodes (Ti/Au, 10/60 nm) 

and pre-patterned Au electrodes (Ti/Au, 5/10 nm).  E-beam lithography was then used 

to open windows on PMMA, which created desired patterns on the substrate. To 

eliminate the influence of electrolyte and to avoid electrochemical reactions on the 

metal electrodes, another layer of PMMA (~ 500-nm thick, electrochemically inert) was 

then deposited on the Au pattern device with spin coating. A smaller window that only 

exposes Au electrode was opened by e-beam lithography. The final device, with 

exposed Au electrode protected electrodes was used for in-device electrochemistry and 

in situ electrical transport spectroscopy measurement. 

 

In-device I-t measurement  

All electrochemical data were recorded using a SMU (Agilent B2902a) electrochemical 

workstation with a three-electrode electrochemical flow cell containing an Ti/Au 
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working electrode, a platinum-wire counter electrode, and an Ag/AgCl reference 

electrode. The Au square pattern (50 um x 60 um) was prepared by thermal evaporation. 

In a typical in-device CV measurement, the scan rate is 50 mVs-1. The SMU channel 

was used to supply a small potential (50 mV) on working electrodes (working electrode 

is grounded) and collecting the corresponding electrochemical current.  
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