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Abstract

Bioelectrochemical systems (BESs) offer attractive applications in environmental
remediation, energy harvesting, sensing, and organic and inorganic chemical synthesis.
Fundamental studies of BESs not only hold promise for better performance of BES
applications but are also crucial for the understanding of processes in nature. These
processes, mainly extracellular electron transfer (EET), alter and affect the
biogeochemical cycles.

In this Ph.D. project, S. oneidensis MR-1 (MR-1), an extensively investigated
electrochemically active bacterium (EAB), was chosen as a tool to probe the EET process,
which is essential in BESs. An opposite process of the outward EET, inward EET of MR-
1 was here discovered. In inward EET, MR-1 catalyzes specific electrooxidation of redox
molecules and exhibits asymmetric cyclic voltammograms. The electrocatalysis is highly
selective and efficient. Among twelve redox molecules studied, only molecules with high
midpoint potential and negative electrostatic charge(s) show electrocatalysis. [Fe(CN)g]*

as a representative of these molecules was chosen for deeper studies.

Further studies reveal that the formation of Pd nanoparticles (NPs) blocked the
electrocatalysis systematically. On the other hand, the depletion of MtrC and OmcA, two
crucial cytochromes ¢ for outward EET, and inactivation of MR-1 did not deprive the
ability of MR-1 of inward EET. A model coupling the oxidation of [Fe(CN)s]* and
[Fe(CN)g]*/3 as catalytic mediator is hence proposed.

MR-1 was also applied in the biosynthesis of nanomaterials. Biosynthesis of
nanomaterials can undertake a dual-task: bioremediation and biorecovery. To bridge the
current gaps between laboratory investigations and practical applications, the effects of
Cu(Il) and different media were explored. The pre-culture in Cu(Il) showed no critical
inhibition of the bioremediation of Pd(II), and relatively high removal efficiency was
achieved. However, pre-incubation of Cu(Il) apparently altered the morphologies of the
recovered nanomaterials. Inclusion of phosphate can increase the recovery efficiency of
Pd(II), but only with limited enhancement.

I11



Abstract-Danish

Bioelektrokemiske systemer (BESs) frembyder attraktive anvendelsesmuligheder inden
for miljegenopretning, energioptagelse, sensing, savel som 1 organisk og uorganisk
kemisk syntese. Basale studier af BESs har betydning ikke alene for mere effektive BES
anvendelser, men er ogsa afgerende for forstielsen af fundamentale naturprocesser.
Centrale processer er her iseer ekstracelluler elektrontransport (EET), der pa afgerende
vis kontrollerer de biogeokemiske cyklusser.

I det foreliggende ph.d. projekt er den bredt undersogte elektrokemisk aktive bakterie
(EAB), S. oneidensis MR-1 (MR-1),valgt som teststamme for essentielle BES EET
processer. Herunder er en modgaende process 1 forhold til normalt udadgaende EET,
indadgdende EET of MR-1, blevet opdaget. I indadgédende EET, katalyserer MR-1 specifik
electrooxidation af redoxmolekyler, afspejlet i asymmetriske cykliske voltammogrammer.
Elektrokatalysen er yderst effektiv og selektiv. Blandt tolv undersegte redoxmolekyler,
udviste alene molekyler med hgjt midpunktpotential og negativ elektrostatisk ladning

elektrokatalyse. Blandt disse udvalgtes [Fe(CN)s]* som repraesentant for videre studier.

Videre studier viste, at dannelse af Pd nanopartikler (NPer) systematisk blokerer
elektrokatalysen. Til gengzld forte hverken udfasning af de to centrale cytochromer c i
udadgdende EET, MtrC and OmcA, eller inaktivering af MR-1, til blokering af MR-1’s
evne til at medvirke i indadgdende EET. Dette har fort til opstilling af en model, der
kobler oxidation af [Fe(CN)e]* til [Fe(CN)s]4/3- som katalytisk mediator.

MR-1 blev ogsa anvendt i biosyntese af nanomaterialer. Biosyntese af nanomaterialer
kan udeve en dobbeltrolle: bioremediering og biologisk genudvingding. For bedre at
kunne sammenknytte laboratorieundersogelser med praktiske anvendelser, blev effekten
af tilsat Cu(Il) og af forskellige medier undersegt. Pree-kultivering i tilstedeveerelse af
Cu(I) wiste ikke kritisk inhibering 1 Pd(II) bioremediering, og forholdsvis hej
genoptagelseseffektivitet. Til gengeeld forte pree-inkubation med Cu(Il) tilsyneladende til
@ndret morfologi af de genoptagne nanomaterialer. Inklusion af fosfat kan oge

effektiviteten af Pd(IT) genoptagelse, om end kun i mindre grad.
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Motivation and project objectives

Motivation

The microbial activities between bacteria and minerals play an essential role in
biogeochemical cycling through metal mobilization, metal immobilization, and mineral
transformations, etc. One of these activities is extracellular electron transfer (EET), in
which microbes exchange electrons with external redox compounds, electrodes or even
other microorganisms. As an electrochemically active bacteria, Shewanella oneidensis
MR-1 (MR-1) transport electrons from the cells to extracellular electron acceptors, such
as thiosulfate, fumarate, nitrate, Mn(IV) oxides, and Fe(IIl) (hydro)oxides.

In addition to outward EET, the inward electron transfer, i.e., microbes take electrons
from electron donors in the environment and transport the electrons into cells, has been
reported. The outward electron transfer of MR-1 can be reversed in the OmcA-MtrCAB
pathway, i.e., OmcA-MtrCAB respiratory pathway can transport electrons from
electrodes into the cells. However, whether MR-1 can directly take electrons from
inorganic/organic compounds is unknown. There are more than 39 genes relevant to
cytochromes c¢ in the genome of MR-1, but only a small fraction of cytochromes ¢ has been
discovered in the outward EET.

The study of EET not only can help us to understand the role and function of MR-1 in the
environment but also optimize relevant applications, for example, the biosynthesis of
nanomaterials. The biosynthesis of nanomaterials by microbes can realize metal
remediation and recovery and numerous studies have been reported. However, more
efforts are needed to fill the gaps between the experiments in labs and practical
application in reality.

Project objectives

The project aims at studying the EET process of MR-1 and exploring the biosynthesis of
nanomaterial by MR-1. Different possible forms of EET of MR-1, including inward EET,
will be investigated using a number of methods in electrochemistry, advanced
microscopies, chemistry, and microbiology. The biosynthesis of various nanomaterials
also will be attempted. The results will provide useful information about the

electrocatalytic behavior of bacteria and broaden the synthesis of nanomaterials.



Synopsis

The main purpose this three-year Ph.D. project is to study the fundaments of the
extracellular electron transfer (EET) of S. oneidensis MR-1 (MR-1) and explore the
bioremediation and biorecovery of metals such as Pd(II).

The Ph.D. thesis consists of six chapters, including the introduction of research filed,
methodologies, experimental details, results and discussion, and conclusion and
perspectives.

Chapter 1 is a general introduction to bioelectrochemical system (BESs), including
concepts, theory, and typical applications. The overview of BESs is presented first,
including the function of microbial activity in the environment. The concept of EET is
then introduced and detailed. An important application of BESs, i.e., biosynthesis of

nanomaterials by microbes, was reviewed. The section 1.3 Biosynthesis of nanomaterials

by S. oneidensis MR-1 has been included in the book chapter Bacterially generated

nanocatalysts and their applications. in Novel catalyst materials for bioelectrochemical
systems: Fundamentals and applications. American Chemical Society, 2019 (in press).

Chapter 2 briefly introduces methodology and techniques applied in this Ph.D. project,
including electrochemical techniques, microscopic techniques, and microscopic
techniques. Fundamental principles of these applied methods and techniques are

presented to premise the discussions of the following chapters.

Chapter 3 describes the electrooxidation of certain redox molecules catalyzed by MR-1.
The role of extracellular polymeric substances, in vitro cytochrome c, and riboflavin are
explored. The dependence of the electrocatalysis on the scan rate of CV and [Fe(CN)e]*
concentration. Chapter 4 further studies the mechanism of electrocatalysis. The effect of
the formation of Pd nanoparticles, MtrC and OmcA, and cellular respiration are
investigated. A model of the electrocatalysis is proposed, which combines the catalytic
electrooxidation of [Fe(CN)e]* by MR-1, and a mediated EET process by [Fe(CN)s]+/3.
Notably, the mediated EET procced both with and without the outer membrane bound
cytochromes ¢ MtrA and OmcA. Chapter 3 and Chapter 4 are included in the article
Electrons selective uptake of a metal-reducing bacterium Shewanella oneidensis MR-1

from ferrocyanide published in Biosens. Bioelectron, 2019.

Chapter 5 studies the effect of Cu(II) on the bio-remediation of Pd(IT), and the influence
of Cu(Il) and media to the morphologies of the nanomaterials hybrids obtained are
discussed. The presence of Cu(Il) have only minor effect on the remove efficiency of Pd(II),
and a remove efficiency as high as 89.8% is achieved, although Cu(Il) is reported as a
inhibitor to microbes. Pd nanoparticles (Pd NPs) are observed in the presence and absence
of Cu(II), but the structure is clearly different. Relatively large Pd NPs accumulate in the
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periplasm and the outer membrane of MR-1 in the absence of Cu(Il), while smaller Pd
NPs accumulate only in the periplasm in the presence of Cu(Il) leading comparatively
smooth cellular surface. A mechanism for the inhibition of Cu(II) to the Pd(II) reduction
by MR-1 is suggested: Cu(Il) does not inhibit the sorption of Pd(II) by MR-1, but the
growth, accumulation, and transport of Pd NPs in the periplasm. The inclusion of
phosphate in medium is not essential, because resulting increase of Pd(II) recovery is

minor but with a potential precipitation of Cu(II), which is undesired for Cu(II) recovery.

Chapter 6 summarizes the conclusions of the entire Ph.D. thesis and give perspective of
the fundament and application of BESs.
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Chapter 1

Overview of bioelectrochemical systems

This chapter presents an introduction of bioelectrochemical systems, including principles
and applications. Half part of this chapter has been accepted as a book chapter in “Novel
Catalyst Materials for Bioelectrochemical Systems: Fundamentals and Applications” by
the American Chemical Society co-authored by Y. Xiao, F. Zhao, J. Ulstrup, and J. Zhang.

1.1 Bioelectrochemical systems

1.1.1 Microbes and the environment

Microbes, or microorganisms, are microscopic organisms that are too small to be seen by
naked eyes (I). Microbes include all single-celled organism, such as archaea, bacteria, and
protists, and some multicellular organisms, such as some fungi and some algae. Viruses
also belong to microbes (2). The size of microbe can range from 16 nm, a virus Circoviridae
(3), to as large as 300 um, Thiomargarita namibiensis (4). Microbes are often living in
microbial communities, which are groups of microorganisms that share a common living

space.

The soil community is crucial to the function of the earth (5). Life mainly consists of
carbon and is keeping alive by taking energy from the reactions related to carbon. Six
kingdoms are involved with the carbon cycle: plants, bacteria, archaea, protists, fungi,
and animals, as shown in Figure 1.1. Plants fix carbon from the atmosphere through
photosynthesis effect, and the other fives, i.e., heterotrophic soil organisms, are
responsible for the carbon turnover (5). Apparently, microbes, especially bacteria, are
playing a key role in the process and involved every soil functions except mechanical
shredding. The numerous species intake and release carbon and nutrients at every
moment and regulate every aspect of our planet including the evolution of multicellular
life forms. Plenty of key processes are proceeding exclusively by microbes, such as
methanotrophy, methanogenesis, nitrification, and nitrogen fixation, etc. (5, 6). Therefore,
it is expected the similar latitudinal trend between the soil organic carbon and the soil
microbial carbon in the terrestrial ecosystems (5) (Figure 1.2).



Soil functions Kingdoms

F Key soil organisms [ Carbon fixation Bacteria

. Carbon mineralization Nitrogen fixation Archaea

B Mechanical shredding [ Mycorrhizal association Protists
Wood decomposition Methanotrop hy Plants
Nitrification Methanogenesis Fungi
Denitrification Unknown or absent Animals

Figure 1.1. The function of soil biota. Soil organisms span all domains of life. The phylogenetic
distribution of 12 common functions that are performed by soil organisms. Colored blocks indicate the
performance of a particular function by at least one species in the respective taxonomic group. Colors
on the branches of the phylogenetic tree indicate the different kingdoms. From (5). Reprinted with
permission from AAAS. The S. oneidensis MR-1 studied in the Ph.D. thesis belongs to
gammaproteobacterial.
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Figure 1.2. Latitudinal trends in organic matter across terrestrial ecosystems. (4) The latitudinal
patterns of terrestrial carbon stocks, both aboveground plant biomass (green) and soil carbon stocks
(brown). (B) The same latitudinal trend in soil microbial biomass, revealing similar patterns to that
observed in soil carbon. Gt: gigaton, Mt: megaton, SOC: soil organic carbon, SMC: soil microbial
carbon. From (5). Reprinted with permission from AAAS

Apart from the terrestrial biosphere, microbes also influence the hydrosphere. The
essential source of dissolved organic matter, which is the overall majority in the pool of
organic matter in aquatic habitats, is the leakage from photosynthetic algae (6). The
turnover of organic matter (i.e., degradation or mineralization) is mainly done by free-

floating bacteria in the surface ocean (7).

As the first life forms on earth, microbes keep shaping this planet. In fact, about 80% of
life’s history on earth is occupied by microbes exclusively, as shown in Figure 1.3.
Microbes presented on earth about 4 billion years ago even if there is no oxygen existing
in the atmosphere (I). After that, microbes are laboring to conduct a series of
biogeochemical process to advance the revolution of the earth. For example, cyanobacteria
started the process of oxygenating at least 2.7 billion years ago (8). As a more efficient
greenhouse gas than COgz, the content of methane is regulated by methanogenesis and
methane oxidation which is carried by different microbes, for example, phylum
Euryarchaeota and Methylomirabilis oxyfera respectively (9, 10).

On the other hand, microbes respond to the changes in the environment. For example,
when soil was polluted by Cr(VI), the microbial diversity, which represents one of the key
indicators of microbial communities, decrease significantly compared to that of free of
Cr(VD) pollution (11). The nitrogen cycle has been interrupted and nitrogen was
accumulated caused by the agricultural practice by the human, as one of consequence,
coastal anoxia is predicted to increase to restore the nitrogen cycle (12).
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Figure 1.3. Life evolution on earth. In the beginning, no life form was on earth. Cellular life appeared
by 3.8 billion years ago (bya). Cyanobacteria started to produce oxygen about 3 bya, and current
oxygen levels in the atmosphere were reached 0.5 to 0.8 bya. reproduced from ref. (1). The image of
Earth is produced by M. Jentoft-Nilsen, F. Hasler, D. Chesters (NASA/Goddard) and T. Nielsen (Univ.
of Hawaii)./NASA Headquarters.

1.1.2 Cellular respiration and current

A proton-motive force is vital for microbes to grow and remain alive, and the generation
of proton motive force involves the cellular respiration of microbes (13). Cellular
respiration can be categorized into aerobic respiration and anaerobic respiration (I).
Briefly, for aerobes, they obtain energy by intaking and oxidizing biological fuels (e.g.,
glucose, lactate, acetate) and simultaneously respiring and reducing oxygen; For
anaerobes, the oxygen is replaced with other electron acceptors, such as NOs-, S2-, Fe(III)
compounds or Mn(IV) compounds; For facultative anaerobes, they behave as aerobes in
the presence of oxygen and anaerobes in the absence of oxygen. Note that, in anaerobic
respiration, some of the electron acceptors cannot be ingested by microbes due to big size,
poor solubility, or the lack of transport pathway, etc.

In certain circumstances, for example, at the bottom of the ocean, oxygen is limited while
Mn(IV) oxides and Fe(IIl) oxides are abundant, so facultative anaerobes and anaerobes
have to use these external electron acceptors. To do so, the microbes have to transport
intracellular electrons outside of the cells. Moreover, some microbes (e.g., chemoautotroph)
can take electrons from external electron donors. The flow of electrons creates current

between microbes and external redox partners.
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Microbes gain energy through this electron exchange behavior, and the magnitude of
energy is determined by the potential difference between the electron donor and acceptor.
Theoretically, the energy gain AG (kJ mol!) can be described by the equation (14) (1.1):

AG = -nFE,, (1.1)

Where n is the number of electrons transferred in the redox reaction; F'is the Faraday’s
constant (96485 C mol'); Eenms is the potential difference between the electron donor and
electron acceptor (V).

Different redox potentials (Eo) of aerobic and anaerobic respiration are listed in Figure
1.4. Microbes will try to maximum energy input by selecting the most electropositive
redox couple within their abilities. Note that the O2/H20 is the most electropositive redox
couple (+0.82 V vs. standard hydrogen electrode, SHE), therefore, facultative anaerobes
will prefer anaerobic respiration as long as oxygen is available (I). Because oxygen is an
outstanding candidate for electron acceptor, the competition for oxygen is also fierce and
it can be devoured quickly. Additionally, due to the poor solubility of oxygen in water, the
concentration of oxygen decreases with depth in the ocean. For example, oxygen can be
as low as 20 pmol kg'! in 1000 m in the North Pacific Ocean, in contrast, it is about 200
pmol kgl in the upper part of the ocean (15).

The electron transfer triggers redox reactions in nature. As shown in Figure 1.1, half of
the soil functions, i.e., nitrification, denitrification, nitrogen fixation, methanogenesis,
carbon fixation, methanotrophy, are actually redox reactions. Additionally, redox reaction
also involved in the sulfur cycle, iron cycle, manganese cycle, which are all critical cycles
in biogeochemistry. Therefore, microbes are playing a substantial role in these processes.

In summary, anoxic habitats are ubiquitous in nature, in which facultative anaerobes and
anaerobes create current between the cells and external redox partners by facilitating the
electron transfer from electron donors to electron acceptors. The electron donors and
electron acceptors can be intracellular and extracellular respectively, or vice versa.
Therefore, electrons can be transferred from or to the microbes. The electron transfer

dominates biogeochemical cycling.
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1.1.3 Application of bioelectrochemical systems

Bioelectrochemical systems (BESs) are unique systems integrated energy harvesting or
chemical production, waste removal using biocatalysts (16-19). Broadly, the biocatalysts
can be microbes or enzymes (17), as shown in Figure 1.5. The thesis will focus on microbial
BESs.
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Figure 1.5. Representative of different bioelectrochemical systems (BESs). Reproduced from ref. (17)
with permission.

A brief scheme of BESs is shown in Figure 1.6. Normally, BESs composed of two chambers
separated with an exchange membrane: one chamber with an anode and one with a
cathode. The anode is inhabited with heterotrophic bacteria film where oxidation
reactions occur (20). Correspondingly, the electrons conducted by external circuit trigger
reduction reaction at the cathode. The cathode can be biotic or abiotic, in which the former
is clothed with autotrophic bacteria and the cathode is termed “bio-cathode” (21). The
abiotic cathode is immersed in high-potential redox substances (22) (e.g., Ki[Fe(CN)s]) or
loaded with catalysts to oxygen reduction reaction (ORR) (e.g., Pt) and exposed in the air
which is single-chamber BESs with air cathode (23). Additionally, the separating
membrane is absent in some cases (24).
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Figure 1.6. Typical inputs and outputs in BESs. The membrane between anode and cathode is not
indispensable. Reproduced from ref. (19) with permission. C2HsO indicates ethanol.

The most two attractive advantages of BESs for application are the accelerated
oxidation/reduction reactions and the generated current. An external power supply can
be employed if the oxidation/reduction reactions are desired (Figure 1.6). Different
applications of BESs emerged since the twentieth century (Figure 1.7).

—Microbial fuel cells and enzymatic fuel cells (29)
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Plant microbial fuel cells (26)
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Figure 1.7. Timeline of revolution of BESs (25-29).

Microbial fuel cell (MFC) is a device using microbes as catalysts to harvest energy from
the oxidation of organic and inorganic matters (29). MFC probably is the first application
of BESs and the base of various other applications of BESs and provoked extensive
attention to this versatile technique. The generation of current originates from the

potential difference between the cathode and anode (Figure 1.8).
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Figure 1.8. Potentials in MFCs. Reproduced from ref. (30) with permission.

The optimization of anode microbes, electrode material, and ORR catalysts in cathodes is
important for good performance of MFCs. Microbes act as catalysts on anodes as
mentioned before, and anode with mix cultures is much more efficient than that with pure
cultures (17). Shewanella and Geobacter species are widely studied and the presence of
Geobacteraceae is often linked with good performance of MFCs (31), but Shewanella is
not. The possible reason for the absence of Shewanella in BESs with high power density
probably related to the different metabolism and EET strategies compared to Geobacter.
For example, the common substrate for Shewanella is lactate, while the normal carbon
source is glucose, acetate, etc. Moreover, Shewanella needs redox mediator to guarantee
efficient EET which may be limited in BESs. Anode electrodes provide residence to
microbes and meanwhile act as current collectors. The following properties are desired
for a suitable electrode material: (i) good biocompatibility, including hydrophily to
facilitate the formation of biofilm; (if) high electroconductivity; (ii7) high specific area; (iv)
good chemical and mechanical stability to guarantee long-term operation; (v) acceptable
price (32). The common electrode materials include carbon materials, such as graphite
rod (33), graphite fiber brush (34), carbon cloth (35), carbon paper (36), and carbon felt
(37), carbon nanotubes (38), to metals, such as modified stainless steel (39) and gold film
(40). Bio-cathode electrode materials are similar to anode materials, and the materials
for air cathodes significantly vary with that for anode electrodes. For example, to prevent
biofouling, antibiotic instead of biocompatibility electrode materials are more preferable
for air cathode. Moreover, air cathode materials also should be impermeable to water to
avoid the blocking of the contact between air and ORR catalysts. Most of ORR catalysts
in air cathodes can be classified into three groups: Pt, metal oxides, and transition metal

macrocycle-based catalysts (14). Pt is a benchmark material for ORR; however, the high
9



price limited its usage. Metal oxides, especially transition metal oxides show promising
ORR activity. For example, PbO2 shown better performance than Pt as an ORR catalyst
in a salt-bridge based MFC (41) and B-MnOz can be an alternative ORR catalyst for the
scaling up of MFC (42). Transition metal macrocycle, such as cobalt
tetramethoxyphenylporphyrin (CoTMPP) (43, 44), iron phthalocyanine (44), and
manganese(II) phthalocyanine (45) are all good ORR catalysts and much cheaper than Pt.
On the other hand, although the aforementioned non-Pt catalysts show good ORR activity
and, in some cases, even outperformed Pt, their long-term stability need to be verified.

Different configurations of MFCs have been reported as presented in Figure 1.9. The most
common design is “H” type MFCs (Figure 1.9A-C and F), in which the anodic chamber
and the cathodic chamber is separated with a cation exchange membrane and anode and
cathode are immersed in electrolytes. The membrane is to facilitate cation exchange to
keep electroneutrality and can be replaced with a salt bridge as shown in Figure 1.9A,
which will low the cost but lead to higher resistance. The operation of MFC can be bathed
(Figure 1.9B) or continuously flowed (Figure 1.9C). If oxygen was chosen as the electron
acceptor for the cathode, the “H” type MFC may not be the best option because, in this
case, the air has to be aerated into the catholyte. The feasibility will be compromised by
the poor solubility of oxygen in water and the required power to aeration. The better
design is to expose one side of the cathode to air and the other side to the electrolyte, as
shown in Figure 1.9E. This design can improve the performance of the cathode, but it also

faces the challenge to prevent leakage of water in long-term operation.

a

i il = =
Figure 1.9. Different forms of MFCs: (A) easily constructed MFC with a salt bridge (indicated by an
arrow) (46); (B) four batch-type MFCs with separated chambers (47); (C) similar with B except with
a continuous flow-through anode and close anode—cathode placement (48); (D) photoheterotrophic
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type MFC (49); (E) single-chamber, air-cathode MFC (50); (F) two-chamber H-type system including
anode and cathode chambers with gas sparging (36). Reproduced from ref. (51) with permission.

To advance the studies of MFCs in labs into practical application, it is essential to scale
up MFCs. The volume of MFCs in labs often are in milliliter scale, and the successful lab
demonstrations are not transferable to lager and pilot scale, for example, liter scale or
larger (52). The gap between lab-scale MFCs to pilot scale MFCs are the main differences
in the following two aspects.

The hydraulic and electrical design of pilot MFCs system is notably different to that of
lab-scale MFCs. One method to MFCs scaling up is adopting MFC stacks, as presented in
Figure 1.10. MFC stacks can flexibly increase the working volume of the system. For
example, the unit of MFC stacks system is about 14 L and the overall working volume is
1500 L. The anolyte is organic wastewater with chemical oxygen demand of 780 mg L1
and the catholyte is inorganic wastewater with total inorganic carbon of 100 mg L-t. The
chemical oxygen demand is removed by more than 70% and the energy harvest is more
than 5 W m-3. However, MFC stack is not as efficient and stable than independent MFCs
(563), and the overall performance is normally limited by the unit with the worst
performance (54). One solution is to design controllers for every unit both in electricity
and hydraulics, and operating status (e.g., voltage) of each unit should be monitored. In
this way, the unit with the poorest performance can be isolated or removed from the
system to stabilize the system. Moreover, the combination of series and parallel
connection in electricity and hydraulics also need to be considered before the operation or
modified during operation. Problems such as voltage reversal and contact voltage losses
have been reported in air-cathode MFC stack (55).

The cost should be considered in pilot MFCs. The main capital cost of pilot MFCs consists
of electrode material, exchange membrane, and lift and circulating pumps, and the ORR
catalysts in the air cathode, or aerator for biocathodes. To low the cost, expensive
materials in lab-scale MFCs (e.g., Nafion exchange membranes and Pt catalysts) may not
be preferable. For liter-scale MFCs, the mechanical strength of the shell of chambers and
membrane is much important due to potential high water pressure. Alternative ORR
catalysts, instead of Pt catalysts, is preferable (45), and biocathode can be attractive if
denitrification treatment is required (56, 57). The widely used Ks[Fe(CN)s] as an electron
acceptor in the cathode of lab-scale MFCs is not practical since it is expensive and harmful
to the environment. The running cost of MFC stacks mainly is electric power for
circulation and aeration. Varied from lab-scale MFCs, the operations of MFC stacks (e.g.,
replacing anolyte and catholyte) should be automated as much as possible. Note that the

prior goal of MFC stacks is the treatment of sewage, instead of the generation of current.
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Figure 1.10. A pilot biocathode MFCs system with a the working volume of 1500 L. (I), anodic tank;
(1), cathodic tank; (111), MFC stack; (1), inlet of anodic tank; (2), inlet of cathodic tank; (3), anolyte
inflow; (4), catholyte inflow; (5), anolyte outflow; (6), catholyte outflow; (7), discharge of anodic tank;
(8), discharge of cathodic tank; (9), electricity cable; (10), electricity wire for MFC; (11), inflow of
anodic chamber; (12), inflow of cathodic chamber; (13), anodic chamber; (14), cathodic chamber;
(15), anode; (16), cathode; (17), aerobes; (18), anaerobes; (19), outflow of anodic chamber; (20),
outflow of cathodic chamber; (21), exchange membrane; (a), circulating pump of anolyte; (b),
circulating pump of catholyte; (c), lift pump of anolyte; (d), lift pump of catholyte; (e), aerator; (f),
electric loading; (g), data acquisition system. Adapted from ref. (58).

Another important application is microbial electrolysis cells (MECs) which can produce
high-yield hydrogen from microbial oxidation of organic matters with the aid of external
power supply (59, 60). Different to MFCs, the reduction in the cathode of MECs is the
main goal and thus external power is applied to overcome thermodynamic limitations.
Compared to direct electrolysis, MEC is more efficiently and mild (59). Some energetically
unfavorable reactions, which are unlikely happen in MFCs, are achieved, for example,
the production of methane (61, 62), ethanol (63), formic acid (64, 65), and acetate (66), etc.
These BESs producing chemical substance other than hydrogen are also termed
“microbial electrosynthesis” (17). More applications of BESs have been reported. For
example, microbial desalination cells can additionally perform in situ desalination (28,
67), microbial solar cells can harvest solar energy with the help of photoautotrophic
12
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microbes and higher plants (68), and sediment microbial fuel cell can ameliorate acidic
soil (69). Additionally, various biosensors based on BESs are running to monitor acetate
(70), CO (71), ammonia (72, 73), volatile fatty acids (74, 75), dissolved oxygen (76), etc.

1.2 Extracellular electron transfer (EET)

1.2.1 Introduction

The fundamental of BESs is the process of extracellular electron transfer (EET), in which
EAB exchange electrons with external redox partners, including redox
molecules/minerals, electrochemical electrodes, and other EAB (77, 78). The EET between
EAB and redox molecules/minerals is akin to that between EAB and electrochemical
electrodes except that some redox molecules are soluble. The EET between different
species is drawing much attention recently. Note that the EET can occur between the
same species and different species, and the latter is also termed “interspecies electron
transfer” (IET). EET can also be categorized into outward EET and inward EET (Figure
1.11). Outward EET is the process in which EAB transfer electrons from the cells to
extracellular redox partners (e.g., Figure 1.11A), and inward EET proceed in the opposite
direction (e.g., Figure 1.11B). Outward EET often take place at the anode in BESs and
inward EET at the cathode. The major achievements of outward EET and inward EET
are summarized in Figure 1.12. Outward EET will be shortened as EET unless stated

otherwise.
A B
CO,+ HO |[Reduced state  [Reduced state| O,+ CO,
NO,+ CO,
Light + CO)
Electro )
|Oxidized stat§ ~ [Oxidized statg

Figure 1.11. Electrical interaction between microbes and minerals. (A) In outward EET, microbes use
minerals that contain metal ions as terminal electron acceptors for respiration; (B) In inward EET,
microbes use minerals that contain metal ions as electron and/or energy sources for growth. Similar
EET can happen when the minerals are replaced with other redox partners, such as redox molecules
and other EAB. Reproduced from ref. (79) with permission.

Three pathways of outward EET have been reported (Figure 1.13). The first pathway is
short-range direct EET, in which EAB exchange electrons with external redox partners
via redox proteins in the outer cell membrane, such as cytochromes ¢ OmcA and MtrC.
The second pathway is long-range direct EET. EAB develop conductive appendixes (also
termed as “pili”, or “nanowires”) to reach redox partners when nutrients are limited. The
last pathway is mediated EET, in which EAB secrete redox mediators (e.g., flavins,
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pyocyanin) to shuttle EET (77). Note that, in all these three pathways, the transferred
electrons are subjected to “hopping” in extracellular polymeric substances (EPS) clothing
the bacteria (80).

Major achievements in the cevelopment
of anodic microbial electrocatalysis

First demonstrations of metal oxide
reduction by a G. metallireducens GS-15
and A. putrefaciens MR-1 by EET (81)

Long-range EET driven by a foreign electron
shuttle confirmed experimentally (82, 83)

First systematic study of a
G. sulfurreducens nanowire, confirming
nanowire-based long-range EET (84)

A series of genetics-based studies
reveals the EET function of c-Cyts

on the outer membrane of EAB 85,86)

First observation and characterization
of a S. oneidensis MR-1 nanowire (87)

An MFC is used as the power supply to
run multiple sensors —the first practical
application of a MFC sytem (88)

Flavin is proposed to be the electron shuttle
for long-range Shewanella spp. EET (89)

—— conduit for bidirectional EET (119)

Two different models are proposed for long-range
electron transport in Geobacter spp. nanowires —

one based on metallic-like conductivity @1) and
one on redox conductivity ©0)

Major achievements in the development
of biocathode applied technologies,
including microbial electrosynthesis and
microbial electrocatalysis

A Geobacter spp. biofilm shown to
harvest electrons directly from a
biocathode for respiration 94)

A G. sulfurreducens biofilm reduces
uranium, showing the potential of
biocathodes in bioremediation ©5)

A mixed consortia biofilm,
dominated by M. palustre,
reduces CO, to CH, (61)

An acetogenic S. ovata biofilm
reduces CO, directly to acetate (66)

S. oneidensis MR-1 shown to utilize
OmcA-MtrABC ‘cytochrome-porin’

Identification of PccH shows that distinct EET
pathways are used by G. sulfurreducens depending

on electron flow to or from the electrode ©6)

EET current measured in single
G. sulfurreducens DL-1 (93) and single
S. oneidensis MR-1 (92) microorganisms

A genetically engineered C. ljungdahlii
biofilm reduces CO, to butyrate (97)

R. palustris uptakes electrons from an
electrode using CO, as the sole carbon
source and electron acceptor ©8)

Methanogenic M. maripaludis biofilms
developed for biocathodic CO, fixation (99)

Long-distance EET observed within a
multicell-thick electroautotrophic biofilm of

Marinobacter—-Chromatiaceae—Labrenzia(100)

Figure 1.12. Timeline showing recent major achievements in anodic and cathodic microbial
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electrosynthesis and electrocatalysis research. A. putrefaciens, Alteromonas putrefaciens; C.
ljungdahii, Clostridium ljungdahlii; c-Cyt, c-type cytochrome; EAB, electrochemically active bacteria;
EET, extracellular electron transfer; G. metallireducens, Geobacter metallireducens; G.
sulfurreducens, Geobacter sulfurreducens; MFC, microbial fuel cell; M. maripaludis, Methanococcus
maripaludis; M. palustre, Methanobacterium palustre; Mtr, metal reduction; OmcB, outer-membrane
c-type cytochrome B; R. palustris, Rhodopseudomonas palustris; S. oneidensis, Shewanella oneidensis;
S. ovata, Sporomusa ovata. (81-93) (61, 66, 80, 87, 94-100). Adapted from ref. (101) with permission.
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Figure 1.13. Three pathways of outward EET. Adapted from ref. (80).

Interspecies electron transfer (IET) can happen between bacteria (102-105), and bacteria
and archaea (105). IET can be completed through diffusive electron carriers (e.g., Hz and
formate) and is called “mediated interspecies electron transfer” (MIET) (102). IET can
also be completed through conductive materials (e.g., pill/nanowires and outer membrane
cytochromes ¢) and is called “direct interspecies electron transfer” (DIET) (106). DIET is
believed to be more efficient than MIET because the former needs fewer steps and

conductive materials are more effective than electron carriers in transferring electrons
(107, 108).

Plenty of microbes contribute the current generation in BESs, however, only part of them
have been illuminated the ability to process EET. For example, Geobacter sulfurreducens
(93), Shewanella oneidensis (80), Pseudomonas aeruginosa (47), Bacillus subtilis (109),
and so on. Among these microbes, Geobacter sulfurreducens and Shewanella oneidensis
are model EAB which are widely studied to explore the mechanism of EET, and
Shewanella oneidensis is cable of use all the three pathways aforementioned, while the
mediated EET is absent in Geobacter sulfurreducens (110-113).

S. oneidensis MR-1 is a facultatively aerobic Gram-negative bacterium (114), 2~ 3 pm in
length and about 0.5 pm in diameter (Figure 1.14). Shewanella was first classified in 1931
as belonging to the Achromobacter genus (115). Several reclassifications have followed
until 1985 when the new name Shewanella was assigned to the genus to honor Dr. James
M. Shewan’s prolific contribution in fishery microbiology (116). Shewanella oneidensis
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MR-1 was first discovered in Oneida Lake, New York, 1988 in relation to Mn#* reduction
and named as Alteromonas putrefaciens MR-1 (81). This bacterium was re-named as
Shewanella putrefaciens MR-1 before finally named as Shewanella oneidensis MR-1 after
the lake where it was discovered (117). The term “MR” is the abbreviation for “manganese

reducer”.

Figure 1.14. Morphology of S. oneidensis MR-1. (A) Scanning electron microscopy and (B) atomic
force microscopy images of S. oneidensis MR-1.

The genome of S. oneidensis MR-1 is composed of 4,969,803 base pairs (I14), including 76
base pairs involving EET process according to information from the National Center for
Biotechnology Information (NCBI) database (Figure 1.15). Products of the 76 are
cytochromes, hydrogenases, reductases, flavodoxins, etc. It has been reported that there
are 39 cytohchrome c in S. oneidensis MR-1 including 8 decaheme-cytochromes ¢ (114).
The vital genes in OmcA-MtrCAB pathway are summarized in Table 1.1. Note that
among the 39 cytochromes ¢, only 6 of them (MtrA, MtrC, OmcA, CymA, small tetraheme
cytochrome, and FccA) have been well documented in the EET process and fewer have

been fully investigated in the synthesis of nanomaterials.

Table 1.1. Important genes in OmcA-MtrCAB pathway

Locus tag No. of haems  Location in the cell Reference for S. oneidensis MR-1
SO_1776 -a Outer membrane MtrB

SO_1777 10 Periplasm MtrA

SO _1778 10 Outer membrane MtrC

SO _1779 10 Outer membrane OmcA

SO_4591 4 Periplasm CymA

a. MtrB is not a cytochrome ¢ and contains no haem.
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Figure 1.15. Circular representation of the Shewanella oneidensis MR-1 chromosome sequence related
to EET process. The sequence originated from GenBank (accession numbers AE014299).

1.2.2 Short-range direct EET

The short-range direct EET proceed when microbes directly contact with extracellular
redox partners via the cell membrane without any diffusive redox mediator. Redox
proteins bounded in outer membranes, such as multiheme cytochromes ¢, are needed to
accomplish this EET pathway. The short-range direct EET is very efficient. However, it
is also limited because a short distance is required between the redox proteins on outer
membranes and external redox partners (I13). Therefore, only the microbes on the
surface of redox partners can contribute EET in this way.
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A brief cell membrane structure of S. oneidensis MR-1 is shown in Figure 1.16. Six
cytochromes c, i.e., MtrA, MtrC, OmcA, CymA, small tetraheme cytochrome (STC), and
FccA), and one B barrel porin MtrB concern the short-range direct EET of S. oneidensis
MR-1 (78). The electrons from oxidization of quinol are transferred to CymA and
transmitted to MtrA with the help of small tetraheme cytochrome as well as FccA. The
MtrA wrapped by MtrB relays the electrons to the complex of MtrC and OmcA where
electrons are finally transported to extracellular redox partners.

MtrC and CymA are crucial to the EET of S. oneidensis MR-1 and the EET can decrease
by 90% and 80% respectively with the absence of them (118-120). The electron transfer in
multiheme cytochromes c is achieved through the chain of hemes. For example, ten heme
are contained in MtrF (a homolog of MtrC) and they are arranged in “staggered-cross”
formation with a distance between 4~11 A to conduct electron transfer (121, 122). The
solvent-exposed haems contained in cytochromes ¢ (e.g., MtrC and OmcA) might be
responsible for the interfacial electron transfer between the cytochromes ¢ and redox
partners (121, 122).

Nanowire

Y 0S1-08

Figure 1.16. EET mechanisms operative in S. oneidensis MR-1
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1.2.3 Long-range direct EET

EAB can also develop appendixes-like structures called “nanowires” to accomplish long-
range direct EET. Unlike to short-range direct EET, the long-range direct EET can
achieve EET up to tens of micrometers (87, 123).

The nanowires of S. oneidensis MR-1 are 50 to 150 nm in diameter and tens of
micrometers or longer in length (87) and reported as extensions of the outer membrane
containing MtrC and OmcA, as shown in Figure 1.16 and Figure 1.17 (87, 124). More
nanowires are produced when electron acceptors are limited and agitation is low (85, 87,
124, 125). The nanowires behave as a semiconductor and multistep redox hopping via
cytochromes c is proposed as conductance model along the nanowires (101, 124). The

electron transport rate along the nanowires is 1 X 10%s at 0.100 V of potential biased and
the resistivity is 1 Q-cm (125). The mutant that has been knocked MtrC and OmcA can

still produce nanowires, but the conductivity across and along the nanowire is poor (87,

125).

Figure 1.17. Nanowires of S. oneidensis MR-1. (A) SEM of the nanowires. Reproduced from ref. (87).
Copyright (2006) National Academy of Sciences. (B) Proposed structural model for the nanowires.
Reproduced from the ref. (124).

Other microbes can also develop nanowires. For example, nanowires are observed in
Geobacter and a further study shows that the nanowires are metallic conductivity due to
amino acid sequence (84).

1.2.4 Mediated EET

An alternative EET strategy for EAB, especially the outer layer of the biofilm in BESs, is
using soluble redox mediators, or redox shuttles, to wire EET. A good candidate for
efficient redox mediator should possess following features: good aqueous solubility, bio-
refractory, benign to microbes, reusable, acceptable price, fast electron transfer with
electrode and microbes (86, 126, 127). Redox mediators can be endogenous and exogenous

(Figure 1.18). Examples of endogenous redox mediators are phenazines secreted by
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Pseudomonas aeruginosa (128), quinones by Lactococcus lactis (129), hydroquinone by E.
coli K-12 (130), and flavins by S. oneidensis MR-1 (89, 131, 132) and by Bacillus sp. WS-
XY1 and Pichia stipitis (133). Examples of exogenous redox compounds are Ks[Fe(CN)s]
(78), neutral red (134), humic substances (135, 136), etc. Notably, all iron-reducing
bacteria and archaea can reduce humics according to the existing studies (136, 137).
Notably, a low concentration of redox mediators can effectively accelerate EET because
redox mediators can be cycled many times (127). Some microbes can use the mediators
produced by other species, for example, S. oneidensis MR-1 can employ phenazines
produced by Pseudomonas aeruginosa (128).

The mediated EET dominates EET process of S. oneidensis MR-1 and contributes more
than 70% EET (80, 89, 125, 138). The process of mediated EET is similar to the short-
range direct EET except that the electrons are not directly transmitted to terminal
electron acceptors but oxidized flavins, mainly riboflavin (RF) and flavin mononucleotide
(FMN), by OmcA and MtrC (Figure 1.16). FMN is a precursor of RF and a part of FMN is
spontaneously transformed into RF when FMN is transported across the outer membrane
of S. oneidensis MR-1. FMN can freely diffuse across the outer membrane while RF cannot
(139). Studies show that flavins are easy to adsorb on the surface of Fe(III) and Mn(IV)
(hydr)oxides as well as (89) with outer membrane bounded-cytochromes ¢ (132). Moreover,
flavins can chelate with soluble Fe(III) and increase local Fe(III) concentration, therefore,
further enhance EET (89).

Electrode Mediator Redox protein e donor/acceptor
-0.6
-0.5 1 /Glucose/COZ (-0.43)
0.4 Ferredoxin (-0.42) ~ ==~H,/H*(-0.42)
FNR (-0.34 -
0.3 - FMN/FMNH, (-0.3) ( o3 ) | \CH,0HICO, (-0.38)
02 RF_JRF, (-0.21) NDH (-0.3) - H,8/50,*(-0.22)
014 DMBQ/DMBQH, (-0.08)
w o 4 4
I
9 014
= 0.2 Fe?*/Fe® (0.2)
2 - Fe*/Fe* (0.
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w [Fe(CN),]**(0.36)
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Figure 1.18. Thermodynamics of mediators, redox proteins on cell membranes, and electron
20



Chapter 1 Overview of bioelectrochemical systems

donors/acceptors. Values in parentheses indicate the redox potentials (pH 7.0, 25 <C), which originated
from ref. (1, 89, 140). ABTS, 2,2’-azino-his(3-ethylbenzothiazoline-6-sulphonic acid); Cyt c,
cytochrome c; DMBQ, 2,6-dimethyl-1,4-benzoquinone; FMN, flavin mononucleotide; FNR,
ferredoxin—NADP(+) reductase; NDH, NADH dehydrogenase; RF, riboflavin.

1.3 Biosynthesis of nanomaterials by S. oneidensis MR-1

1.3.1 Introduction

Nanomaterials have been defined as “materials with any external dimension in the
nanoscale or having internal structure or surface structure in the nanoscale.” “Nanoscale”
is defined as a “length range approximately from 1 nm to 100 nm” (141). Nanocatalysts,
therefore, refer to catalysts in the nanoscale. Compared to bulk counterparts,
nanocatalysts offer a wealth of advantages, such as high activity, economy in atomic
consumption, high selectivity, and stability. Due to these wunique properties,
nanocatalysts are attracting wide attention, and numerous nanocatalysts for a range of

applications in clean energy technology and chemical industry have emerged.

Different methods to produce nanomaterials have been developed. Physical methods
include ion implantation (142), vapor deposition (I43), pulsed laser deposition (144), and
mechanical techniques (145). The nanomaterials produced using physical methods are
morphologically well controlled and environmentally friendly, but the methods are also
limited by high complexity, low yield, and low efficiency (146). Chemical methods, such
as ion exchange (147), sol-gel deposition (148), hydrothermal reactions (11, 149), and
chemical co-precipitation (150), produce high yields and can synthesize uniformly
dispersive and narrow-sized nanomaterials in solution, but are demanding regarding
experimental conditions, fraught by side reactions, and potentially harmful to the
environment. Recently, green synthesis using non-toxic chemicals such as starch has
emerged for platinum (151) and gold nanoparticles (NPs) (152).

The biosynthesis methods are eco-friendly and non-toxic. Different biological reactive
agents react with metal ions and form corresponding NPs intra- or extracellularly (153).
The biosynthesized nanomaterials also benefit from excellent biocompatibility, mild
experimental conditions, low cost, high yield, and good scalability. The biosynthesis
processes are very attractive because they can be accomplished using bacteria, fungi,
plant extracts, and DNA (154, 155).

Due to fast growth, low cost, and established genetic manipulation, bacterial biosynthesis
of nanomaterials has been widely investigated. Bacterial biosynthesis of nanomaterials
is simple and straightforward. Bacteria are cultured in nutritionally rich media (e.g.,
Luria broth) to obtain sufficient numbers of bacterial cells. The bacterial cells are then
washed with water or a 0.9% NaCl aqueous solution to remove secretion. The cell pellet
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is then resuspended in a deoxygenated defined medium, such as M9 medium (156, 157),
3-(N-morpholino)propanesulfonic acid buffer (158, 159), sodium 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (160-163), a 0.9% NaCl aqueous solution,
or even distilled water (164, 165). Phosphate buffer solution, which is widely used in other
applications of bioelectrochemical systems (I66), is rarely chosen because most metal ions
precipitate with phosphate. The redox properties of the medium should also be considered.
Maintaining neutral pH is not essential since many bacteria can survive in high
concentrations of metal ions due to the extracellular electron transfer (EET) process (167);
for example, Lysinibacillus sp. ZYM-1 can produce Se NPs over a range of pH 5 to 9 (168).
Finally, depending on nanomaterial and synthesis conditions (i.e. bacteria or medium),
the target nanomaterials are synthesized within a few minutes, several hours, or even
days after introducing metal ions into the medium (mainly as an electron acceptor) of

specific bacteria.

Moreover, the biosynthesis process of nanomaterials by bacteria can achieve
environmental remediation and material recycling at the same time. For example,
Cupriavidus necator and Pseudomonas putida can remove Pd(IT) from waste materials
and the recycled Pd(0) nanomaterials were found to be able to catalyze Suzuki—Miyaura
reactions (R —BY,+R,-X—24 s p _R ) (169). The C-C bond formation was also

Base
catalyzed using the Pd(0) NPs produced by C. necator and Cupriavidus metallidurans
from an acidic leachate containing several heavy metals including Pd(II) (170). The
remediation by bacteria can be very efficient. C. necator, P. putida, and Paracoccus
denitrificans removed 80%, 100%, and 100% of Pd(I), respectively. The Pd(0)
nanomaterials obtained catalyzes dihydrogen production from hypophosphite (171).

Depending on extracellular or intracellular biosynthesis, different separation methods
(e.g., centrifugation, sonication, and freeze-thawing) can be employed to obtain the
separated nanomaterials (172). Separation of nanomaterials from bacterial cells is not
generally required. Nanomaterial-bacteria hybrids offer several advantages compared to
the separated nanomaterials. Aggregation is avoided in biosynthesized nanomaterials.
Aggregation of nanomaterials has been a problem in applications, and different
surfactants or stabilizing agents (e.g., polyethylene glycol) are used to solve the problem.
However, the addition of surfactants often contributes to the decreased performance of
the nanomaterials. Bacterial cells act as a supporter and framework in nanomaterial-
bacteria hybrids, in which the formation sites for nanomaterials are uniformly distributed
on the bacterial cell surfaces (e.g., the outer cell membrane) to efficiently prevent
aggregation in this way. Additionally, the yield is increased compared to the separated
nanomaterials. For small-sized NP materials (e.g., quantum dots), it is a challenge to
retain samples during concentration and purification without aggregation. In contrast,
nanomaterials generated by bacteria are attached on or enclosed in the cells.
Concentration and purification can thus be accomplished straightforwardly by
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centrifugation. Other functions are also introduced via chemical doping elements. The
main elemental composition of bacterial cells includes carbon (C), hydrogen (H), oxygen
(0), nitrogen (N), phosphorus (P), and sulfur (S), in which N, P, and S are essential doping
elements for catalysts. These elements can be doped into the nanomaterials in subsequent
processes (156). After the formation of the nanomaterials, obtained or separated
nanomaterials from the nanomaterial-bacteria hybrids can be used as electrocatalysts
(173), in biosensors (174) and electrosynthesis (175, 176), as adsorbents (163), and as
photothermal agents (I62) without further treatment. Besides, further treatment (e.g.,
carbonization, hydrothermal processing, and microwave heating) can be implemented to

enhance the electroconductivity and structure of the nanomaterials.

A variety of bacteria have been employed in the biosynthesis of nanomaterials, including
Saccharomyces cerevisiae (177), Bacillus subtilis (178), Shewanella spp. (156, 164, 173),
and Escherichia coli (179). As one of several models of electrochemically active bacteria
(EAB) in bioelectrochemical systems, Shewanella oneidensis MR-1 has gained particular
attention in the biosynthesis of various nanomaterials, including metal, metalloid, and

inorganic compounds.

As a dissimilatory metal-reducing bacterium, S. oneidensis MR-1 is able to reduce
anaerobically various metal ions, for instance, Au(IIl) (164), PA(JI) (157, 173), Pt(IV) (156),
and Ag(I) (180), and form the corresponding metallic nanomaterials. The metal ions are
electron acceptors in bacterial biosynthesis, and this process correlates with the EET

process (Figure 1.13).

Much attention has been given to the biosynthesis of nanomaterials, and several studies
have summarized these developments (181-187). The present chapter provides a general
view of metallic and non-metallic nanocatalysts synthesized by bacteria. In particular,
the mechanism of bacterial NP biosynthesis with focus on S. oneidensis MR-1 is discussed.
Characterization methods of the catalytic NPs are described, their applications
summarized, and new prospects and challenges of biosynthesized nanocatalysts

envisioned.

1.3.2 Biosynthesis mechanism of nanocatalysts

Metal ions and metal complexes are often positively charged while there are numerous
negatively charged sites on the bacterial cell membrane due to the presence of
glycoconjugates and surface groups such as carboxylate groups (188, 189). There are,
however, also positively charged sites on the cell surface caused by positively charged
proteins, which attract negatively charged metal complexes. As shown in Figure 1.19,
target ions are captured from the environment by electrostatic interactions. The ions are
then extracellularly converted into elemental metals by redox molecules on the outer

membrane (e.g., cytochromes and enzymes). Alternatively, the ions are transported
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through the outer membrane, interact with redox molecules, and intracellularly
transformed into nanocatalysts in the periplasm (158, 164, 173, 188, 190).

Metal salt
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Nitrate reductase

Interaction
between metal
ions and cell
wall
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enzymes,
organie

molecules in
solution

Figure 1.19. Three possible microbial synthesis mechanisms of nanocatalysts. Reproduced from ref.
(188) with permission.

The exact routes for bacterial nanocatalyst biosynthesis are very complex and vary
depending on the bacteria and ions. Presently, focus is on the mechanism of bacterial
biosynthesis of nanocatalysts by the representative bacterium (S. oneidensis MR-1). This
bacterium can reduce a variety of metal ions and EET of this particular species has been
well studied.

The cell membrane of S. oneidensis MR-1 is shown schematically in Figure 1.20. The
formation of nanocatalysts correlates with the precipitation and bioreduction of metal
ions by EAB (191). Metal ions precipitate on or within the bacterial cell because the metal
concentration exceeds the stoichiometry per reactive sites on or in the cell. That means
that a small amount of soluble metals can be associated with cell surface or inside the cell,
while high metal concentration can cause precipitation on the reactive sites (192).
Although three EET pathways for S. oneidensis MR-1 have been proposed, the short-
range direct EET prevails in the biosynthesis of nanocatalysts compared to the other two

pathways. Nanowires are unlikely to be formed in the biosynthesis, in which abundant
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metal ions are present as electron acceptor and are usually formed only when electron
acceptors are limited (87). In the mediated EET pathway, S. oneidensis MR-1 excretes
flavins, which mediate the EET between the cells and external electron acceptors (89).
However, biosynthesis of nanocatalysts by flavins is hampered since their midpoint
potentials are in the range -0.2 to -0.25 V compared to the standard hydrogen electrode
(89). Different cytochromes ¢ (e.g., MtrC, MtrA, and OmcA) are involved in the short-
range direct EET and form the OmcA-MtrCAB pathway (80, 193). Electrons from
oxidized quinol are first delivered to CymA, where the electrons are then carried to MtrA
using FccA and a small tetraheme cytochrome (STC). This is followed by electron
transport successively through MtrA, MtrB, and MtrC, which constitutes a complex
penetrating the outer cell membrane. Finally, outer membrane cytochromes ¢ MtrC and
OmcA directly relay the electrons to metal ions (79, 85, 10I1). MtrA and OmcA are
therefore important for the biosynthesis of metallic nanocatalysts and strongly affect the
size of the nanocatalyst particles (159). Nonetheless, the presence of MtrA and OmcA is
not indispensable for the formation of all nanomaterials since a mutant without MtrA
and OmcA (S. oneidensis MR-1 AomcA/mitrC) can also synthesize nanocatalysts such as
Ag (159), Se(IV) (160), and Au (164) NPs. The nanocatalysts synthesized by the mutant
can differ in size and antibacterial activity from those synthesized by the wildtype,
making controlling synthesis by gene technologies possible (159). The ability of S.
oneidensis MR-1 AomcA/mirC to synthesize extracellular nanocatalysts indicates that
other reactive sites are present, but the details regarding these sites remain to be explored.
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Figure 1.20. Schematic view of cell membrane structure of S. oneidensis MR-1 and main synthesis sites
of metallic and metalloid nanomaterials. M(n)= Tc(VII), Ag(l), U(VI), and Au(lll). OM: outer
membrane; PS: periplasm; IM: inner membrane; CS: cytoplasm. Note that the indicated sites are the
primary sites for the metals and metalloids, but other sites are also possible. For simplicity the quinol
and other structures are not presented.

Moreover, some studies show that MtrC and OmcA play an important role in the
reduction of Fe(III), Cr(VI), Te(VIL), Ag(), Au(Illl), and U(VI) (159, 167, 194, 195), while
other studies imply that hydrogenases, specifically [NiFe]-hydrogenase HyaB, are
responsible for the reduction of PA(IT) (161). Two main hydrogenases are present in the
genome of S. oneidensis MR-1: HydA and HyaB (196). HydA is a periplasmic [Fe-Fe]
hydrogenase, which is involved in dihydrogen formation, while HyaB is a bifunctional
periplasmic [Ni-Fe] hydrogenase responsible for either the formation or oxidation of
dihydrogen (196). The Pd(IT) complex, normally [PdCl4]?, has to penetrate the outer cell
membrane in order to be reduced by HyaB, but only limited information about the
mechanism of how [PdCl4]? is transported through the outer membrane is available. On
the other hand, abundant Pd NPs were also found on the outer membrane (173).

The OmcA-MtrCAB pathway, nitrate and nitrite reductase, and hydrogenase are reported
to have little effect on the reduction of SeOs2 to Se(0). In the periplasm, CymA relays
electrons from quinol to fumarate reductase FecA, which further reduces SeOs? to Se(0)
(160). Different from Au, Pd, or Pt NPs with uniform and small size, the Se NPs are

apparently bigger and more widely dispersed in size.

Apart from the formation of nanocatalysts in the outer membrane and the periplasm of
S. oneidensis MR-1, Cu particles are also found to be dispersed in the cytoplasm and
periplasm. In the reduction of Cu(II), MtrC, OmcA, MtrF, MtrABCDEF, DmsE, S04360,
and CctA did not play a role. The reduction of Cu(Il) could happen intracellularly, with
possible unidentified reductases involved (158). Tellurium (Te) nanomaterials were also
observed in the cytoplasm and periplasm (197, 198), but detailed mechanisms are not

clear.

In summary, various electron transport pathways in S. oneidensis MR-1 provide different
biosynthesis mechanisms. Different enzymes and 42 cytochrome c species are present in
the genome of the bacteria, and only some of them have been studied (e.g., MtrC, OmcA,
MtrB, CymA). The three established EET pathways dominate the reduction of insoluble
Mn(IV) and Fe(IIl) (hydro)oxides, but different EET processes operate for other soluble
metal ions (Figure 1.20).

1.3.3 Characterization of biogenic nanocatalysts

In the bacterial synthesis of nanocatalysts, it is important to follow the formation process.
The defined medium changes to pale yellow after bacterial cells (e.g., S. oneidensis MR-1)
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are resuspended into the medium. The medium can change to a specific color or the color
of the metal ions fade as the nanocatalysts are formed, which means that the formation
of some nanocatalysts can be followed directly with UV-Vis spectroscopy. For example,
the absorption peak around the wavelength of maximum absorbance (Amax) of 411 nm
disappears when Pd nanocatalysts are formed (173). A peak at Amax = 530 nm appears
within 24 h in the biosynthesis of Au nanomaterial using S. oneidensis MR-1 (167). For
Ag nanomaterials, a peak at Amax = 418 nm emerges in the colorless AgNOs3 solution
containing S. oneidensis MR-1 after 48 h (180). CuS NPs form simultaneously with the
appearance of a peak at Amax = 1100 nm (162). Moreover, since Amax is strongly linked with
the size or the structure of nanomaterials, the evolution of nanomaterials can be
monitored by UV-Vis spectroscopy. For example, a spectral red shift indicates an

increasing amount of CdS quantum dots (177).

Electron microscopy technologies are crucial for visualization of the precise size and
morphology as well as the structure of the nanocatalyst NPs. The most common of these
technologies are SEM and TEM. The SEM and TEM sample preparations are similar, and
fixation (usually by glutaraldehyde) and dehydration (e.g., gradient ethanol dehydration)
are required to maintain the original structure of the bacterial cells (20, 156, 173, 177). A
relatively low voltage (5—20 kV) is applied in SEM of biological samples to avoid
destroying the samples (199). SEM can image a large enough area for nanomaterial-
bacteria hybrids, and the resolution can reach 1 nm. The diameter of bacterial cells can
be several hundred nanometers, but slicing is not required if the inside structure of the
cells is not addressed. Advanced SEM technologies have emerged and provided much
more information. For example, in Figure 1.21, “3D” images were constructed with serial
block-face SEM, confirming the presence of Cu NPs inside the S. oneidensis MR-1 cells
(158). TEM is very powerful for observing both the morphology and structure of the
nanomaterials, but ultra-thin sections of the nanomaterial-bacterial hybrids must be
sliced if the inside of the cells is to be mapped (158, 164) since the electron beam of the
TEM cannot penetrate samples thicker than 100 nm. The surface facets of the
nanocatalysts are key factors for their performance, and the extraordinary nanometer-to-
atomic TEM resolution makes the acquisition of such information possible, particularly
the structure of the crystal lattice (156, 162). Coupled with energy-dispersive X-ray
spectroscopy (EDS), TEM can map not only the morphology of the nanocatalysts, but also
the elemental composition, which is essential for the characterization of alloys and core-
shell NPs. For example, the EDS mapping displayed in Figure 1.22 shows clearly
overlapping Pd, Au, P, and S peaks, indicative of a doped alloy (156).
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Figure 1.21. “3D” images reconstructed with serial block-face scanning electron microscopy. The red
dots are Cu NPs, and blue indicates a cell. Reproduced from ref. (158). with permission.
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Figure 1.22. TEM and corresponding EDS mapping of PdAu alloy biosynthesized by S. oneidensis MR-
1 with subsequent hydrothermal treatment. Reproduced from ref. (156).

Another versatile technique is AFM. The resolution of AFM can also reach the nanometer
level, and, AFM is therefore, suitable for precise imaging of nanomaterials (180). The
sample preparation of AFM is simple with a small number of samples immobilized and
spread out on a flat surface. Fixation, dehydration, coating with metal layer, and slicing
are not needed, which minimizes sample destruction. AFM can be conducted in ambient
atmosphere and even in solution. In addition, 3D images can be readily constructed from
AFM measurements (Figure 1.14A). AFM can provide physical properties and
information other than size and morphology. For instance, Figure 1.23 shows a
comparison between the topographic and current-sensing AFM (CSAFM) images of S.
oneidensis MR-1 cells coated with Pd NPs that are apparently different from pristine S.
oneidensis MR-1 cells. Compared with the dark area in pristine S. oneidensis MR-1 cells,
the brightness of the cells coated with biosynthesized Pd nanocatalysts reflects higher
conductivity, since the brightness in CSAFM images indicates the current flow between
the AFM tip and the substrate (173).
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A Topography

Figure 1.23. Representative topographic (left) and current-sensing AFM images (right) of S. oneidensis
MR-1 (A) and S. oneidensis MR-1 coated with biosynthesized Pd nanocatalysts (B). Reproduced from
ref. (173) with permission.

EDS in SEM and TEM can show the elemental composition but does not give other
information, such as chemical and electronic state of the elements. X-ray photoelectron
spectroscopy (XPS) is helpful in achieving this additional information. XPS is a
qualitative and semiquantitative analysis method for chemical surface elements
including the chemical and electronic states. For example, a peak belonging to Sesa
emerged in Se nanospheres synthesized by MR-1 (I74). In another study, the ratio of Pd,
Au, P, N, and S elements (32.28:10.83:4.32:47.09:5.48) was obtained using XPS (156).

The qualitative and semiquantitative information from XPS analysis is highly valuable,
but XPS is limited only to the surface of the sample (e.g., 20 nm into samples). This is not
comprehensive enough for bulk materials (i.e. nanomaterial-bacterial hybrids), which are
hundreds of nanometers in diameter. To get the crystal structure on or within
nanomaterial-bacterial hybrids, X-ray diffraction (XRD) analysis, in which the
penetration of the X-ray can be several millimeters, is practical. For example, both peaks
belonging to Au and Pd were observed in the PdAu alloy (156, 165). Nonetheless, XRD
analysis alone is not sufficient to confirm the phase analysis since the XRD pattern of
different crystals can be very similar and it is difficult to analyze when different crystals
co-exist. Moreover, signals are weak if the nanocatalysts are amorphous or the metals are
highly dispersed in the nanomaterials. If possible, XRD, EDS, TEM, and XPS analysis
should all be considered (156, 162).
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The biosynthesized nanocatalysts are different from their chemically synthesized
analogues. Bacterial cells are normally covered with EPS, and organic substances can
participate in the formation of the nanocatalysts. To quantify these substances,
thermogravimetric analyses (TGA) can be employed. For example, the weight loss is
caused by thermal decomposition of adsorbed organic substances in nanomaterials
synthesized by bacteria when the temperature was increased from 100°C to 400 °C during
TGA, while the weight loss from 400 to 800 °C is due to decomposition of intracrystalline
organic substances (165, 200).

1.3.4 Classes of biogenic nanocatalysts

1.3.4.1 Metals and alloys

Much attention has been given to the biosynthesis of metallic nanomaterials, (especially
noble metal nanomaterials) due to the considerable economic benefits of metal recovery
(182). A variety of noble metal ions, such as Au(IIT), Pt(IV), Pd(III), and Ag(I), can be
recovered by bacteria (156, 180, 201, 202). The local size of the nanomaterials depends on
experimental conditions, but typically the microstructures of noble metal nanomaterials
are small (i.e., in ranges from a few to tens of nanometers) and uniform. Biogenic Pt NPs
synthesized by Shewanella algae (202) are about 5 nm. Au and Pd NPs synthesized by S.
oneidensis MR-1 are 5—-30 nm (164) and 3—-10 nm (173), respectively. The size of Ag NPs
is similar to that of Pd NPs (i.e., about 2—10 nm in diameter) (180).

The recovery of noble metal ions is very high within a relatively short treatment time.
For example, a recovery of 99.6% of Pd(IT) was achieved by S. oneidensis MR-1 (ODeoo =
2.0) overnight when 50 mg/L of Pd(I) was used as an electron acceptor and dihydrogen
as an electron donor (157). The recovery remains high at high concentrations of Pd(II).
For instance, only 0.1 mg/L remained in the solution when 1000 mg/L of Pd(II) was
introduced (157). Au (III) removal can be visually observed within 30 min indicated by
the color change from pale yellow to purple when S. oneidensis MR-1 is exposed to 100
mg/L of [AuCl4]- (164). Similarly, about 90% of [PtCls]> was removed by S. algae in 60 min
(202).

Other metal ions can also be reduced by bacteria, forming corresponding metal NPs. The
Cu NPs synthesized by S. oneidensis MR-1 are relatively larger than the noble metal NPs
just noted, with a typical size range of 20 to 40 nm (158). The recovery of Cu(Il) is also
high, with 70% after 3 h, 91% after 24 h, and 100% after 96 h. The core of the NPs is
Cu(0), while the surface is Cu20 due to oxidation caused by exposure to oxygen in the air
(158). Co NPs of 4-8 nm in length were formed in the outer membrane of S. putrefaciens
CN32 after the cells were exposed to 195 mg/L of Co2*in pH 3 for 24 h. Moderate recovery
of 21% was achieved with an initial concentration of 210.745 mg/L. The limited recovery

may be due to the short lifespan of the bacteria under these experimental conditions (203).
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The ability of EAB to reduce various metal ions offers an approach for the synthesis of
alloys. A highly dispersed PdAu alloy was synthesized on the cell surface of S. oneidensis
MR-1 after successive addition of [AuCls]- and PdCls]?. As shown in Figure 1.22, NPs of
this alloy are quite small, with an average diameter of 5 nm (156). An extracellular PdAu
alloy is also formed when a higher concentration of [PdCls]? and [AuCl4] are used as
electron acceptors; for example, a nanocomposite of PdAu alloy and FesO4 with a NP size
of 3-15 nm was obtained from S. oneidensis MR-1 after 1 mM of [PdCl4]* and 1 mM of
[AuCly4]- were introduced into the medium containing akaganeite for 48 h (165).

1.3.4.2 Metal and metalloid sulfides

EAB can also reduce sulfur and thiosulfate to sulfide (204), producing metal sulfides when
specific metal ions, sulfur, and thiosulfate as electron acceptors are present
simultaneously. For example, brown-colored CuS NPs with a uniform size of about 5 nm
are formed extracellularly, when S. oneidensis MR-1 is incubated in a HEPES-buffered
mineral medium containing 1 mM of Na2S203, CuClz, and 20 mM of lactate. The Cu:S
ratio was 0.94:1 analyzed from XPS results (162). In another study, CuS nanorods with
17.4 nm and 80.8 nm in diameter and length were embedded in the S. oneidensis MR-1

cell membrane, forming a complex hollow shell structure (163).

S. oneidensis MR-1 can synthesize AgsS NPs of 53.4 + 12.4 nm. The size of the NPs
decreased to 27.6+ 6.4 nm when MtrC and OmcA were knocked out (159). In contrast,
another study showed that the presence of S. oneidensis MR-1 cells is not required to form
Ag2S NPs (205). These authors inferred that the complex Nas[Ag(S203)2] caused
precipitation of Ag2S. However, MtrC, OmcA, and MtrB from S. oneidensis MR-1 can
stabilize Ag2S NPs. The native cell structure stabilizes rather than forms Ag2S NPs,
which means larger AgsS NPs are formed in the absence of S. oneidensis MR-1 cells (205).
Smaller Ag2S NPs can also be obtained from the same bacterium. For example, Ag2S NPs
smaller than 8 nm attached to TiOz nanotubes have been produced by S. oneidensis MR-
1 (206).

FeS can also be formed abiotically. For example, poorly crystalline FeS can be obtained
by mixing 0.57 M of FeClz and 1.1 M of NasS (207). Different from abiotic FeS with bulk
and irregular forms, the biogenic FeS synthesized by S. putrefaciens CN32 is mainly
comprised of 100-nm NPs. Moreover, the biogenic Fe:S ratio was 2.3, which is different
from that of abiotic FeS with a ratio of 1.3 (208).

CdS NPs (“quantum dots”) with an average diameter of 2 nm can be synthesized by S.
cerevisiae via yeast cells cultured in 0.1 mM of CdClz2 and 0.05 mM of Na2S for one day.
Notably, the size of the CdS quantum dots increases with longer culture times (177). Much
larger CdS NPs (about 15 nm in diameter) synthesized by S. oneidensis MR-1 have also
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been reported (209). Moreover, the addition of ionic liquid can modify the CdS NPs from
agglomerated and irregular shapes to highly ordered spherical structures (209).

Biosynthesis also provides morphologies that are not available from chemical synthesis.
AsS nanotubes that are 20—100 nm in diameter and about 30 pm in length were produced
extracellularly by Shewanella sp. strain HN-41 in a medium containing As(V) and S2032-.
The nanotube composition nine days after inoculation was As2Ss3, which transformed to
AsS after two to three weeks (210).

Notably, the addition of metal and sulfur or thiosulfate is sometimes not needed. Some
bacteria are able to synthesize metal sulfide-based nanomaterials even in groundwater.
Natural biofilms of Desulfobacteraceae can, for example, synthesize 2—5-nm ZnS NPs by
accumulating a Zn concentration that is 108 times over ground water level (211).

The biosynthesis of other metal sulfides is also reported, such as MnS (212), but the
application of these metal sulfides as catalysts is rarely reported. We therefore do not
include detailed discussion of these biogenic metal sulfides.

1.3.4.3 Metal oxides and metal hydroxides

Fes04 NPs were obtained under anaerobic conditions by transforming akaganeite to
magnetite by culturing S. oneidensis MR-1 with lactate as an electron donor for 48 h. The
Fe304 NP size was 3—15 nm in diameter (165). Larger Fe3sO4 NPs with a diameter of 26—
38 nm can be acquired from Shewanella sp. HN-41 using a similar method (213).

In contrast, another study reported that the transformation of akageneite by Shewanella
sp. HN-41 depends on the amount of akaganeite precursors and Fe(II) in the solution.
Akaganeite nanorods that are about 5 nm in width and 20 nm in length were used as
precursors and electron acceptors. When 30-mM akaganeite was introduced after 10 days,
magnetite NPs up to 100 nm diameter appeared. However, goethite nanowires 15 nm in
width and 500 nm in length appeared instead (214).

UO:z NPs formed when S. oneidensis MR-1 cells were inoculated in 250 pm of uranyl
acetate and 10 mM of sodium lactate under anaerobic conditions. The UOz NPs are quite
small, only 1-5 nm in diameter. The NPs appeared in three forms, in which some, densely
packed with EPS, were complex structures, similar to glycocalyx. This indicates that EPS
(possibly with a redox substance inside) plays an important role in the formation of UOz2
NPs (195).

1.3.4.4 Metalloids

Apart from metals and metal compounds, the biosynthesis of metalloid nanomaterials by
EAB have been extensively studied (215). For example, the size distribution of Se NPs
can be adjusted by controlling the biomass concentration of Shewanella sp. HN-41 and
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the initial selenite concentration. Within 2 h, 1-20 nm amorphous Se NPs were produced
with low initial biomass under anaerobic conditions. Much larger NPs (about 150 nm)
were also observed. Se NPs around 123 nm were produced when a larger initial biomass
was exposed for 24 h (216). Different bacteria can synthesize Se NPs at different sizes
using different mechanisms of Se(VI) reduction. Large, 100-250 nm Se NPs were
synthesized by S. oneidensis MR-1, and smaller 50-100 nm Se NPs were acquired by
Geobacter sulfurreducens (ATCC 51573), while the smallest Se NPs (around 50 nm) were
synthesized by Veillonella atypica (ATCC 14894) (217). Another study showed that the
bigger Se NPs (around 100 nm) formed inside the cells, while smaller Se NPs (around 20
nm) formed extracellularly; the biosynthesis of Se NPs is potentially controlled by the EPS
(160).

Another metalloid NP biosynthesis by EAB was also reported (63). Tellurite (Te)
nanomaterials were formed inside S. oneidensis MR-1, and a pathway different from Se
reduction was proposed (198). More than 90% of Te(IV) was recovered after incubating S.
oneidensis MR-1 in 100 pM of sodium Te and 10 mM sodium lactate for 120 h (197). The
products are single-crystalline Te nanorods with a length of 100—200 nm. Notably, the
presence of Fe(III) will change the synthesis location and the size of the Te nanorods.
When Te(IV) and Fe(Il) co-exist in the medium, more extracellular Te nanorods
accumulated with 240 nm and 25 nm for the length and diameter, respectively. However,
when Te(IV) was introduced after Fe(II) was reduced to Fe(II), exclusively extracellular
crystalline Te nanorods were formed at a smaller size (i.e., 89 nm and 7.5 nm in the length
and diameter, respectively were found) (218). In addition, Shewanella baltica was
reported as having the ability to reduce Te(IV) and form 8-75 nm Te nanorods (219).

1.3.5 Applications of Biogenic Nanocatalysts

As noted, different bacteria can synthesize various nanomaterials. The resulting
nanomaterials offer numerous applications. The applications of catalytic NPs synthesized
by S. oneidensis MR-1 and other representative bacteria are summarized in Table 1.2.
Three kinds of applications (i.e., electrocatalysts, photocatalysts, and biocatalysts) are
discussed below.

Table 1.2. Nanocatalysts synthesized by bacteria and their applications

Nanocatalysts Bacteria Applications References
Au S. oneidensis MR-1 Biocatalysts (165)
Cu S. oneidensis MR-1 Biocatalysts (158)
Pt S. oneidensis MR-1 Biocatalysts (220)
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Pd S. oneidensis MR-1 Electrocatalysts (173, 221)

Biocatalysts (157, 165,
220)
Se Lysinibacillus sp. ZYM-1 Photocatalysts (168)
Te Shewanella baltica Photocatalysts (219
AgeS S. oneidensis MR-1 Photocatalysts (205)
Biocatalysts (159)
FeS Shewanella putrefaciens CN32  Biocatalysts 208)
CdS Moorella thermoacetica Biocatalysts (175)
S. oneidensis MR-1 Antibacterial agent (209)
ZnS S. oneidensis MR-1 Photocatalysts (222
PdAu S. oneidensis MR-1 Electrocatalysts (156)
Biocatalysts (165)
PdPt S. oneidensis MR-1 Biocatalysts (220)

1.3.5.1 Electrocatalysis

The biosynthesized nanocatalysts not only exhibit some exclusive morphology, but also
unique catalytic properties. Pd NPs synthesized by S. oneidensis MR-1 show unique
selective catalysis to formate electrooxidation, but no electrocatalysis to oxidize other
biofuels, such as ethanol, methanol, and acetate, in neutral solution. The selectivity is
caused by preferential binding of formate over the other fuels. Moreover, compared to Pd
electrodeposited on an electrode, the anodic peak for formate oxidation is more negative
by 220 mV (0.10 V vs. a saturated calomel electrode), and exhibit less activation energy
(178). The poor conductivity of the cell substrate itself is compensated by the PANP
coating, as inferred clearly from the current-sensing AFM images (Figure 1.23).

EAB can also facilitate nanocatalyst formation not only on the cell surface, but also on
electrochemical electrode surfaces. For example, 10-100 nm Pd NPs were coated on a
cathode (a piece of carbon cloth) by S. oneidensis MR-1 poised at 0.8 V. The size increased
to 200—250 nm for abiotic Pd NPs produced using electrochemical method. The smaller
size of the NPs and the presence of cells as biocatalysts led to a larger surface area,
resulting 90.0 + 1.4 Coulombs of electron transfer in dihydrogen production with a Pd
loading of 40.5 m2 g1, This is much higher than the 75.0 + 1.2 Coulombs in the absence of
the bacteria. As a result, the dihydrogen production and recovery (61.8 = 2.0 L-H2 m day-

1, hydrogen volume per reactor volume per day, and 65.5 + 3.1%, respectively) in the
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presence of the bacteria were significantly higher than in the absence of bacteria (38.5 +
2.0 L-H2 m3 day! and 47.3 + 3.9%, respectively). However, the stability of the biodeposited
Pd NPs was not satisfactory and the dihydrogen production decreased by 37% after five
cycles. Addition of Nafion as binding agents therefore was needed to improve consistent

catalytic performance (221).

The nanocatalysts synthesized by EAB are small and uniform but have poor crystallinity
and conductivity, which may prevent electrocatalysis. Other subsequent treatments can
be employed to improve the performance. A highly efficient electrocatalyst with a hybrid
PdAu alloy covered with graphene oxide has been designed. The hybrid was initially
synthesized by S. oneidensis MR-1 and underwent subsequent hydrothermal treatment.
As shown in Figure 1.24, the hybrid showed a 6.15-fold higher mass electrocatalytic
activity for ethanol oxidation in alkaline condition and a 6.58-fold higher activity for
formate oxidation in acid condition compared to a commercial Pd/C catalyst with the same
Pd loading of 4 pug cm2 (156). The hybrid also showed better stability and continued
outperforming the commercial Pd/C catalyst after 2000 s. The high catalytic activity was
attributed to the three-dimensional porous structure and the carbon support as well as
doping elements from S. oneidensis MR-1 cells, the nature of PdAu alloy, and the
enhanced conductivity of reduced graphene oxide (156).

A B 3.0

101 CHsCH20H P CH3CH20H —
& Tz
o0 g o 2-4
= £
< < 181
> 6 >,
= =
= >
s S 1.24
Q44 154
< <
2 2
< 24 « 0.6
= =
0- 0'0- T T T T
-0.8 ~0.6 —0.4 —0.2 0.0 0.2 0 400 800 1200 1600 2000
E/V vs. Ag/AgCl Time/s
C D 08
——DPARH
- - HCOOH ik
DpP
g & 0.6- —parc
g g
Rt
E E 0.4
N -
< 3]
< ]
2 2 0.2
s s
T T T T T T 0.0+ T T T
-0.2 0.0 0.2 0.4 0.6 0.8 ] 400 800 1200 1600 2000
E/V vs. Ag/AgCl Time/s

Figure 1.24. Electrocatalytic performances of as-prepared biogenic catalysts. (A) Cyclic voltammetry
(CV) of the carbonized hybrids of S. oneidensis MR-1 cells, PdAu alloy with reduced graphene oxide
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(DPARH), carbonized hybrids of S. oneidensis MR-1 cells and PdAu alloy (DPA), carbonized hybrids
of S. oneidensis MR-1 cells and Pd NPs (DP), and commercial Pd/C catalyst-modified electrodes in 1
M KOH + 1 M ethanol. Scan rate 50 mV s™. Potentials versus Ag/AgCl (saturated KCI). (B)
Chronoamperometric curves of the catalyst-modified electrodes in 1 M KOH + 1 M ethanol at —0.3 V
for 2000 s. (C) CVs of these catalyst-modified electrodes in 0.5 M H2SO4 + 0.5 M HCOOH. Scan rate
50 mV s71. (D) Chronoamperometric curves of the catalyst-modified electrodes in 0.5 M H2SO4 + 0.5
M HCOOH at 0.1 V for 2000 s. The Pd mass amounts of all the catalysts were about 1 ug in each
electrode. Reproduced from ref. (156).

1.3.5.2 Photocatalysis

The nanocatalysts formed on the EAB surface possess an ability to degrade pollutants
that are resistant to biodegradation. As shown in Figure 1.25A, a hybrid of S. oneidensis
MR-1 and 50 mg of biosynthesized ZnS NPs with a diameter of 5 nm totally degraded 20
mg Lt of rhodamine B (RhB) in 3 h under UV irradiation. The 554-nm peak belonging to
RhB vanished, and a new, blue-shifted peak (from 550 nm to 500 nm) appeared with the
degradation, indicative of de-ethylation of the N,N,N’,N’-tetraethylrhodamine structure
in RhB (Figure 1.25B). Further investigation concluded that the photogenerated holes
generated by the biosynthesized ZnS, not the hydroxyl radicals, contributed to the
photocatalysis (222).
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Figure 1.25. (A) Photocatalytic activity of synthesized ZnS nanocrystals for the photodegradation of
rhodamine B (RhB) in agueous solution (20 mg/L) in air. Co and C represent the initial concentration
and residual concentrations of RhB, respectively. (B) UV-vis absorption changes of an RhB aqueous
solution at room temperature in the presence of ZnS NPs under UV irradiation. Reproduced from ref.
(222) with permission.

In a recent study, a mixture of chemically synthesized AgzsPO4 NPs and S. oneidensis MR-
1 can degrade RhB with visible light irradiation under anaerobic conditions. After five
days of light irradiation, 15 mg/L of RhB had been completely degraded by the AgsPO4
NPs (0.5g/L) and S. oneidensis MR-1 cells. In this case, S. oneidensis MR-1 cells
significantly enhanced the photocatalytic efficiency. As shown in Figure 1.26, the main
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role of S. oneidensis MR-1 was to provide electrons to the AgsPO4 photocatalyst after
AgsPOsexcitation by light to produce photogenerated electrons in stepwise decomposition
of RhB to rhodamine (223).
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Figure 1.26. Proposed photocatalytic RhB degradation mechanisms in a bio-photoelectric reductive
degradation system. Arrows represent the electron flow. OM, outer membrane; IM, inner membrane.
Reproduced from ref. (223) with permission.

RhB can also be photodegraded by Se nanocatalysts synthesized by Lysinibacillus sp.
ZYM-1 under visible light irradiation in combination with H202. Lysinibacillus sp. ZYM-
1 produces Se nanorods, nanocubes, and nanospheres with different initial concentrations
of selenite, but only the nanospheres showed photocatalytic performance. Ten milligrams
of Se nanospheres photodecomposed RhB (10 mg L1, 50 mL) in 5 hours with a reaction
rate constant of 0.0048 min! outperforming chemogenic Se nanomaterials. Both
chromophore cleavage and N-de-ethylation contributed to the photodegradation (168).
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The biogenic Ag2S nanocatalysts produced by S. oneidensis MR-1 were also found to
degrade pollutants under visible light irradiation. For example, coated on TiO:2
nanotubes, 20-mg Ag2S nanocatalysts can photodecompose 4-nitrophenol (0.12 mmol L1,
50 mL) to 4-aminophenol completely within five hours. The photocatalytic activity
increased with increasing molar ratio of Ag/Ti until 1/10, where the excess Ag2S
conglomerates and hinders the activity. One of the key factors is the electron transfer
between AgaS NPs and TiO2 nanotubes (206).

The reduction of methylene blue dye under sunlight is relatively slow, and only 20%
reduction was detected after four hours. However, 90% reduction with 10 pg/mL Te NPs
synthesized by S. baltica is achieved within the same period. Compared to the Te NPs
obtained from chemical synthesis, the option of recycling is a notable advantage (219).

1.3.5.3 Biocatalysis

Biogenic Pd NPs also act as biocatalysts in other ways, such as in reductive dechlorination
of polychlorinated biphenyls both in aqueous solution and in sediment matrices. Using
formate as an electron donor, the hybrid of S. oneidensis MR-1 cells exposed to 500 mg/L
of Pd(IT) decomposed the polychlorinated 1 mg L-! of 2,3,4-chlorobiphenyl to undetectable
levels in 1 h at room temperature. The biocatalysis is enhanced when incubated in
contaminated sediments. The hybrid from 50 mg/L of Pd(II) achieved dechlorination of
seven polychlorinated biphenyls in 48 h, which is comparable to 500 mg/L of commercial
Pd(0) powder (157).

Dechlorination of carbon tetrachloride was achieved using FeS biosynthesized by S.
putrefaciens CN32. The hybrid of S. putrefaciens CN32 and biogenic FeS showed eight-
and five-fold increases in dechlorination compared to S. putrefaciens CN32 and
chemogenic FeS NPs, respectively. The efficient catalysis was attributed to the even
distribution of FeS nanocatalysts and the larger amount of Fe(IT) and disulfide. The
addition of Fe(III) can enhance the catalytic efficiency further. The main role of S.
putrefaciens CN32 is to produce FeS NPs that are well dispersed on the cell surface. The

cell contribution is minimal after FeS formation (208).

The conventional method of biosynthesizing nanocatalysts is to retain the nanocatalyst
coating on the cell membranes (“metallized” cells such as “palladized” cells) and ignore
the non-cell-associated nanocatalysts in the bulk medium. However, one study showed
that the extracellular nanocatalysts produced by S. oneidensis MR-1 outperformed the
palladized cells. The initial rate of reduction of methyl viologen to methyl viologen cations
radical of non-cell-associated Ag2S (0.26 mM/s) is thus three-fold higher than that of cell-
associated AgzS (0.26 mM/s). Another notable result is that the non-cell-associated AgsS
from the mutant lacking OmcA and MtrC shows better performance than the wild-type
strain (159). The morphology and structure of cell-associated nanocatalysts and non-cell-
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associated nanocatalysts may therefore not be identical, and equal attention should be
given to these two kinds of nanocatalysts. In contrast to chemogenic nanocatalysts, no
additional capping agents or protecting agents are needed during biosynthesis due to the
EPS secreted by the bacteria.

Photoautotrophic microorganisms can harvest light and carbon sources to produce food
and energy. However, these processes are slow. On the other hand, although solid-state
semiconductors can efficiently absorb light, semiconductors still face the challenge of
converting photoexcited electrons into chemical bonds. Moreover, chemogenic
semiconductors pose a threat to the environment during the synthesis process. A recent
study combined the high efficiency of light harvesting by semiconductors with the low
cost, self-replication, and self-repairing of the biology process. CdS NPs (<10 nm) were
biodeposited on a nonphotosynthetic bacterium (M. thermoacetica) by incubating the
bacteria in a solution of Cd2?* and cysteine. The CdS NPs act as a photocatalyst and collect
photons under light irradiation. The excited CdS NPs then deliver electrons to Moorella
thermoacetica, which act as biocatalysts, producing acetic acid from COg2, as shown in
Figure 1.27. The CdS NPs have three roles in the overall process: to harvest photons, to
provide electrons, and to protect the bacteria from the damage caused by the light
irradiation. High production of acetic acid was in fact harvested from this hybrid system

over several days with light-dark cycles (I75).
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Figure 1.27. M. thermoacetica—CdS reaction schematics. (A) Depiction of the M. thermoacetica—CdS
hybrid system, proceeding from the growth of the cells and bioprecipitation (loading) of the CdS NPs
(shown in yellow) through photosynthetic conversion of CO: (center right) to acetic acid (right). (B)
Pathway diagram for the M. thermoacetica—CdS system. Two possible routes to generate reducing
equivalents, [H], exist: generation outside the cell (dashed line) or generation by direct electron
transport to the cell (solid line). Reproduced from ref. (175) with permission.
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1.3.6 Outlook

In summary, biogenic nanocatalysts are small, well-dispersed, environmentally friendly,
biocompatible, narrow-sized, and of low cost. In addition, some morphologies and
properties are exclusive to biogenic nanocatalysts. However, there are also limitations on
the biosynthesis of nanomaterials including nanocatalysts. Compared to their well-
developed chemical synthesis counterparts, current biosynthesis of nanocatalysts are
normally trial-and-error efforts, especially regarding morphology and structure control.
The challenges of biosynthesis of nanocatalysts come from the complexity of biological
processes. Different organisms, for example, bacteria, fungi, yeasts, and even plants are
able to achieve biosynthesis, but even for the same microorganisms, the processes proceed
differently in different growth phases. The main contributing parts in biosynthesis are
proteins, enzymes, polysaccharides, and specific functional groups in the cell membrane
(such as carboxylate groups), most of which evolve during the lifetime of microbes.
Another challenge is the scaling-up of the biosynthesis. Most biosynthesis is in the
millimole scale, as a high concentration of metal ions can harm the microbes or inhibit
the biosynthesis. Moreover, the biosynthesis of nanomaterials under mild temperature is
time-consuming and unlikely to be accelerated by higher temperature and pressure as in
chemical synthesis. The low concentration and relatively long synthesis time are
bottlenecks for large-scale synthesis of biogenic nanocatalysts.

Considerable research efforts are needed to further explore the potential of biogenic
nanocatalysts, with a focus on several key directions. First, the complete biosynthesis
processes need to be mapped in detail, addressing, for example, whether or not metal ions
pass through the outer cell membrane and which specific components of the
microorganism (organelles, protein complexes, DNA) are key players in the biosynthesis.
The answers to these questions offer clues to the synthesis sites of biogenic nanocatalysts,
the constituents of the nanocatalysts, and the genes involved in the synthesis processes.
Secondly, efforts should also be spent on exploring and designing applications for
nanocatalysts. The main advantages of nanocatalyst synthesis and operations are mild
experimental conditions, self-replication, and self-rehabilitation, but they are also fraught
with low yields and long synthesis durations. A suitable application should make use of
the advantages of biogenic nanocatalysts and avoid the disadvantages. Finally,
subsequent treatments should be considered to overcome the shortcomings of biogenic
nanocatalysts. Biosynthesis is therefore not the end of the synthesis process. Instead, the
biogenic nanocatalysts act as precursors, and further processes should be mobilized to
optimize the morphologies and structures of the nanocatalysts, aiming at better

performance.
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1.4 Conclusions

In this chapter, we have introduced the principles of EET and its great impact on the
environment, the applications of BESs, and an emerging nanomaterials synthesis
method—microbial biosynthesis. The outward EET mechanism come becomes clearer as
more investigations carried out, especially in S. oneidensis MR-1 and Geobacter
sulfurreducens. Cytochromes c are critical in the EET of S. oneidensis MR-1. In fact, all of
three EET pathways of S. oneidensis MR-1 link with cytochromes c¢. However, only six of
39 cytochromes ¢ have been investigated and the others remain unknown. On the other hand,
inward EET of EAB, which is another aspect of EET, are inexplicit. More efforts should be
taken to illustrate the functions of the unexplored cytochromes ¢ and other possible EET
forms of EAB, including inward EET. For microbial biosynthesis, different NPs have been
obtained with different microbes and different applications using these NPs have been
attempted. Most of studies using artificial medium with addition of desired metals or
metalloids as well as buffers. To synchronously achieve microbial biosynthesis and
environmental remediation, experimental condition close to actual wastewater should be
applied.

To broaden the horizons of BESs, we use the model EAB, S. oneidensis MR-1, to probe other
potential EET forms of EAB. Moreover, to advance achieve microbial biosynthesis and
environmental remediation, we aim at achieving these two goals under experimental

conditions realistic scenarios.
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Chapter 2

Methodology

This chapter provides an overview of the main techniques used in the project. Various
electrochemical techniques are the main tools to probe the EET. Microscopic techniques
are mainly for the morphology characterization of bacteria and electrodes. The primary
purpose of spectroscopic techniques is to quantify elements or bacteria. Fundamental
principles of these techniques are presented in this chapter and following discussions in

the following chapters.

2.1 Electrochemical techniques

2.1.1 Cyclic voltammetry

A three-electrode system is an extensively used platform for electrochemical experiments.
The three-electrode system is made up of a working electrode (WE), a reference electrode
(RE), and a counter electrode (CE) which is also termed auxiliary electrode (Figure 2.1A).
All three electrodes are immersed in supporting electrolyte. Target reactions occur at the
WE surface. The WE is normally made of inert metal (platinum, gold, silver, etc.) or
carbon materials, such as graphite and glassy carbon. The main role of the RE is to
provide reference for the applied WE potential. The RE, therefore, requires a stable and
well-known potential. Examples of RE are standard hydrogen electrode (SHE), saturated
calomel electrode, Ag/AgCl electrode, mercury-mercurous sulfate electrode, and reversible
hydrogen electrode. The CE with a large area is also made of inert and conductive
materials, for example, carbon, gold, and platinum. During electrochemical experiments,
the current between the WE and CE is measured, and the potential is applied to WE
against RE. Coupled with desired reactions on the WE surface, the oxidation or reduction
of electrolyte take place at the CE surface to complete a closed circuit. The reactions on
the CE surface are of less importance, but in some cases, the isolation of CE is needed to
avoid interference with the reactions on WE. The products of the reactions on WE may
also interact with CE and the local pH around WE may be affected by the CE reactions if

the CE and WE are very close. Moreover, the effective surface area of CE needs to be
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much larger than that of WE to ensure low current density and prevent the reactions on
CE limiting the current. The current through RE should be minimal to maintain a stable
potential. The RE must be close to the WE to minimize the ohmic potential drop (IR drop)
and, therefore, guarantee precise potential. The supporting electrolyte is not
electrochemically active in the desired potential window. The main functions of the
electrolyte are to decrease IR drop, enhance mass transfer of electroactive species, and
stabilize pH and ionic strength (224). Common supporting electrolytes are KNOs, KCI,
phosphate buffer, etc.
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Figure 2.1. Electrochemical platform and cyclic voltammetry. (A) Scheme of three-electrode system.
(B) Typical time-potential profile of cyclic voltammetry. (C) Cyclic voltammetry of a reversible
electrochemical reaction and related parameters. E1 and E: are identical in (B) and (C). (D) A plot of

the dependence of the peak current (ip) on the square root of the potential sweep rate (v/2).

Cyeclic voltammetry (CV) is a versatile electrochemical technique, in which the current is
monitored while the potential is swept periodically between low potential (¥:) and high
potential (E2) (Figure 2.1B). The scan rate is reflected by the slope in the time-potential
plot (Figure 2.1B). A CV is plotted current (I) or current density (J) against potential (E).
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In reversible reactions, diffusion is the slowest step (225), which means the electron
exchange rate on the surface of WE is much faster than the rate of mass transport of the
analyte, and so Nernstian equilibrium is established throughout the CV scan. A
representative CV of a reversible electrochemical reaction with symmetric shape is shown
in Figure 2.1C. Anodic current is obtained when the potential is scanned from low
potential to high potential (i.e., from Ei1 to Eg); the height from highest current to
background current is denoted as anodic peak current (ipa), and the corresponding
potential as anodic peak potential (Epa). Similarly, when the potential is swept from Ez to
Ei1, these parameters are cathodic current, cathodic peak current(ipc), and cathodic peak
potential (Epc). The mean of Epa and Ejc is called the midpoint potential (E12), i.e., Ei2=
(Epat Epc)/2. The difference between Epa and the Epc is termed peak-to-peak potential
separation (AE), i.e., AE= Epa - Epe. AE =59/n (mV) for reversible reactions, where n is the
number of electrons exchanged in the reaction. E12 is close to the standard potential (E?).
The peak current (ip) of electrochemically reversible reactions is proportional to the
concentration of anolyte and the square root of scan rate and can be expressed by Randles-
Sevcik equation (225):

172
ip = O.4463nAFC(n£ UTD j @.1)
A simpler numerical form is obtained at 25°C:
ip = (2.69x10°)n* 2 ACD"*"* (2.2)

A is the geometrical area of the WE (cm?), F the Faraday’s constant (96,485 C-mol™?), C the
molar concentration of bulk anolyte (mol-cm™), v the scan rate (V-s?), D the diffusion
coefficient of the anolyte (cm?s?), R the gas constant (8.314 J-K*-mol?), and T the
temperature (K).

If the rate of mass transport is comparable to the rate of electron transfer, the reaction is
totally irreversible, and the peak current is expressed as (224):

1/2
ip= 0.496a1’2nAFC[n£ ;D j 2.3)
A simpler form at 25°C:
ip = (2.99x10°)a*n** ACD"*'"* (2.4

where a is the transfer coefficient, which represent the ratio between the height change

of energy barrier overcome by the electron to the change of electrode potential (226).

Commonly, reversible electrochemical reactions turn to be irreversible at a high scan rate,
with the behavior denoted as a quasi-reversible in the intermediate stage, (Figure 2.1D). One
evident feature of totally reversible reactions is the complete absence of a reversible peak and
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shows an asymmetric shape in CVs. However, the absence of a reversible peak can also be
the consequence of a fast subsequent chemical reaction (225).

2.1.2 Differential pulse voltammetry

CV is a powerful and versatile technique to investigate the kinetics and the reversibility
of electrochemical reactions. However, CV also suffers from the interference of capacitive
background current and it is difficult to interpret weak signals. A more sensitive
electrochemical technique is differential pulse voltammetry (DPV), which can achieve a
limit of detection about 10-7"M (224). The time-potential profile of DPV combines staircase
and pulse voltammetry (Figure 2.2A). The current signal is sampled twice, i.e., Is is
sampled before applying a pulse, and I, is sampled before the end of the pulse. The
difference between these current signals (AI=I, - Is) is plotted versus the staircase
potential (Figure 2.2B). The step potential is typically 10 mV or smaller, the pulse
amplitude 50 mV, the pulse period 0.5~5 s, and the pulse width 5~100 ms. Normally, the
pulse width is at least ten times shorter than the pulse period (224).

The high sensitivity of DPV is due to the compensation of background current. The
current in voltammetry consists of Faraday and non-Faraday current. The Faraday
current is caused by the reduction or oxidation of electrochemically active species on the
WE surface. The non-Faraday current is mainly charging current. When the potential is
shifted (e.g., after applying a potential pulse), ions and electrons are rearranged to
restructure the electrical double layer and generate charging current. The Faraday
current and charging current behave differently. For diffusion-controlled electrochemical
reactions, the charging current decreases exponentially with time, while the Faradaic
current decays as a function of 1/t due to the consumption of electroactive species on the
surface of WE, where ¢ is time (Figure 2.2C). Charging current often dies away within one
or two milliseconds, which is much faster than that of the Faraday current (224). The
undesired charging current should be eliminated as much as possible. The current is
therefore sampled right before the pulse ends. This is the basis for all the pulse

voltammetry.

Despite the high sensitivity in analytical electrochemical experiments, DPV for
mechanistic and kinetic studies is still challenging, the main reason is the delay between
the potential pulse and current measurement in the electrochemical workstations.
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Figure 2.2. Principle of DPV. (A) Schematic pulses waveform superimposed on a staircase. (B) Typical
DPV profile. (C) The difference in Faraday current and capacitive current and sample period in
potential pulsing in diffusion-controlled electrochemical reactions.

2.1.3 Chronoamperometry

In chronoamperometry, the potential is firstly held on a potential (E;), for example, the
open circuit potential (OCP), where no electrochemical reaction occurs. Then the potential
is shifted to a different potential (E2) and the current response recorded (Figure 2.3A).
Different I-t responses appear depending on different analyte added and on the new
potential (E2). If the reaction is diffusion-controlled at E?, the current decays as the

Cottrell equation indicated and curve a in Figure 2.3B (225):

nFAD"*C
|I| = JEIERIE (2.5)

where t is the time after the shift of potential.
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If the standard rate constant of the electrochemical reaction of an analyte is small, or the
overpotential from E> is low, the I-t response will behave as curve b in Figure 2.3B. In a
transitional situation between curve a and b, the curve c is exhibited Figure 2.3B.
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Figure 2.3. Scheme of chronoamperometry. (A) waveform of chronoamperometry. (B) I-t curve of
chronoamperometry. In curve a, the reaction is diffusion controlled; in curve b, the reaction is
kinetically controlled; in curve c, the reaction is intermediate between a and b, i.e., mixed controlled.
(C) One application of chronoamperometry. The WE is immersed in supporting electrolyte and a
potential pulse imposed. At t1, a certain amount of analyte is added into the electrochemical cell. (D)
Different I-t responses after the addition of the analyte.

Different I-t response in chronoamperometry can be interpreted to evaluate the
overpotential of different WEs towards a specific analyte. To do this, each WE is immersed
in supporting electrolyte and E2is applied. After the charging current dies away and the
current is stable, a certain amount of specific analyte is added into the supporting
electrolyte and the current response is monitored. By comparing different current
response (e.g., the maximum current height and the number of electrons transferred),
different overpotentials for the WE towards a specific reaction under E2can be monitored

and a current/overpotential conclusion constructed.
47



2.2 Microscopic techniques

2.2,1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a powerful microscopy using a focused electron
beam to image the surface of a sample. A very wide magnification from 10 to 500,000 can
be achieved, and a resolution as high as 0.4 nm is realized by an SEM from Hitachi High-
Technologies. The principle of SEM is shown in Figure 2.4. SEM contains three main
components: electron gun, vacuum, and column (including lens system, scanning coil,
stigmator, sample holder, and detector) (227). The role of the electron gun is to generate
a strong, stable, and concentrated current. Two types of electron gun have been widely
employed: thermionic emitters and field emission emitters (228). The thermionic emitters
generate electrons by heating a filament, which is typically made of tungsten or
lanthanum hexaboride. The current generation in field emission emitters is realized by
applying a strong electrical potential gradient on a tungsten wire with a sharp tip. The
electrons generated from the electron gun, which serves as a cathode, are accelerated by
the high voltage drop (0.2 keV ~ 40 keV) between the electron gun and the anode below.
The lens system focuses and ejects the electron beam onto the surface of the sample. The
diameter and position of the electron beam are controlled by objective lens and scanning
coils. The vacuum system guarantees a high vacuum in the column, which is critical to

the transmission of the electron beam.
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Figure 2.4. Schematic representation of SEM
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When the electron beam is cast on the surface of the sample, it interacts with the sample
within a teardrop-shaped volume called interaction volume (Figure 2.5) (229). Different
electrons and X-rays are emitted from the interaction. The most useful electron in SEM
imaging is the secondary electrons and the backscattered electrons. The former are
detected by a so-called Everhart-Thornley detector and responsible for the topographic
imaging. To get enough secondary electrons, non-conductive samples need to be coated
with a conductive layer, for example, gold, platinum, or carbon. The latter is detected by
a backscattered electron detector and provides atomic number contrast. Moreover, the
characteristic X-ray is the base for energy-dispersive X-ray spectroscopy and provides

elemental composition and mapping of the sample.
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Auger electrons topographical information (SEM)

surface atomic composition

Characteristic X-ray
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atomic number and phase differences

Fluoresent X-rays Continuum X-ray

Sample

Figure 2.5. Interaction volumes of the sample in electron microscopy.

2.2.2 Transmission electron microscopy

Another highly useful electron microscopy is transmission electron microscopy (TEM)
which uses a parallel beam of electrons with high energy to transmit through thin
samples to generate images (Figure 2.6). TEM is crucial to the study of morphological,
structural, chemical, and electrical properties at an atomic scale and widely used in
materials science (especially in nanoscience and nanotechnology), and in environmental,
biological, and medical science. The main components of TEM are electron gun, electron
lens system, vacuum system, and apertures. The electron gun emits an electron beam and
can be categorized into two types just like the electron gun in SEM: thermionic emission
guns and field emission guns. The primary function of the electron lens system is to focus
the electron beam at certain focus distance which is similar to optical lens. The vacuum
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system creates a high vacuum, conventionally of an order of 10-* Pa and can be as high as
107 ~ 109 Pa at high-voltage operation. A high vacuum is important to prevent the
generation of an electrical arc, contamination and distortion of the electron beam, and to
keep samples clean. Apertures are thick metallic disks with holes through which electrons
flow and the electrons further than a certain distance to the optical axis are stopped. The
apertures can help users to choose desired electrons and prevent the contamination to
samples (230).
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Figure 2.6. Schematic representation of TEM.

Different from SEM, TEM collects transmitted electrons for imaging (Figure 2.7). The
sample thickness is therefore normally less than 100 nm, which is unnecessary for SEM
samples. On the other hand, the conductivity is not required in TEM and, therefore,
coating with a conductive layer on non-conductive samples is not needed. TEM can obtain
a much higher resolution than SEM and a single column of atoms can be observed in TEM
images. The contrast of TEM originates from mass-thickness contrast, diffraction contrast,
phase contrast, and Z contrast (230).

The initial application of TEM is imaging. With the development of the technology,
various other applications have emerged (Figure 2.7). Another mode of TEM is selected
area electron diffraction (SAED) with which diffraction patterns of desired positions on
samples can be observed. With aberration correctors, high-resolution transmission
electron microscopy (HREM or HRTEM) can achieved a resolution of 0.05 nm (231). TEM,
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HRTEM, and SAED collect elastic signals, but inelastic signals are also used nowadays.
Scanning transmission electron microscopy (STEM) utilizes a focused electron beam as a
probe to scan samples and the contrast only depends on the atomic number. STEM is very
useful for energy-dispersive spectroscopy (EDS). Energy-filtered transmission electron
microscopy (EFTEM) and electron energy loss spectroscopy (EELS) utilize the difference

in energy of electron beam after interacting with samples.
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Figure 2.7. Overview of different electron interactions with sample and corresponding techniques in
TEM using specific interaction. EDS, energy-dispersive X-ray spectroscopy; HREM, high-resolution
transmission electron microscopy; SAED, selected area electron diffraction; STEM, scanning
transmission electron microscopy; EFTEM, energy-filtered transmission electron microscopy; EELS,
electron energy loss spectroscopy. Reproduced from ref. (230) with permission.

2.2.3 Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy based on the
change of various forces between the tip and samples. A scheme of AFM is presented in
Figure 2.8. The main components of AFM are laser, piezo, cantilever, tip, and photo
detector. During measurement, a sharp tip (typically the radius of curvature is several
nanometers) fixed on the free end of the cantilever is placed very close to the surface of
samples. The cantilever together with the tip are then accurately moved in x, y, and z
direction by the piezoelectric element. A laser beam is cast on the cantilever and the
reflected laser beam recorded by the photo detector. The cantilever bends due to the
interaction between the tip and the surface of the sample and results in the shift of the
laser. AFM can provide atomic resolution and three-dimensional information of samples.
The coating of samples and high vacuum is not needed to AFM, and biological samples
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can be well-preserved during measurement. Moreover, AFM can be operated in ambient
conditions and even liquid environment.

Three main functions of AFM are widely exploited: imaging, force measurement, and
manipulating. AFM imaging is achieved by moving the tip around the surface of the target
samples and recording the height at atomic resolution. In force measurement, a force-
distance curve is generated by moving the tip towards and away from the sample surface.
A force change in the nano newton scale can be detected. The manipulation by AFM is an
emerging field and can position a single molecule or even a single atom at room

temperature (232).
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Figure 2.8. Schematic representation of AFM

2.3 Spectroscopic techniques

2.3.1 Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) is a quantitative technique that records the
absorption or reflectance of the light in visible and near-ultraviolent regions. A brief
scheme is shown in Figure 2.9. When light travels through materials (e.g., solution,
transparent solid, and gas), the absorption of light by the materials reflect the properties
of the materials which can be expressed by Beer-Lambert law (233):

A=¢gcL=1g (%J (2.6)

where A is absorbance (arbitrary unit, a.u.), £ molar absorptivity (L-mol*-cm?), ¢ the
concentration of analyte (mol-L™), L the light path length (cm), and Ipand | the intensity of
incident and transmitted light respectively. For a specific measurement, ¢ and L are constant,
and hence ¢ proportional to A. A and ¢ can be therefore interpreted by measuring lpand 1.
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Figure 2.9. Schematic representation of UV-Vis. Reproduced from ref. (234).

Similar to the ions in solution, bacteria in media also scatter light. The change in cell
number can therefore be recorded with UV-Vis (I). UV-Vis is very fast and non-invasive.
Different wavelengths have been reported to evaluate biomass, for example, 420, 590, 600,
600 nm, etc (235). Note that during the measurement of biomass by UV-Vis, the values
do not necessarily match the specific amount of cells. The primary goal is to track the
growth phase of bacteria, which is very important since bacteria behave differently in

different growth phases.

2.3.2 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique that emits
charged particles with high energy to hit samples and collect characteristic X-rays and
obtain the elemental composition. The main compounds of EDS are an excitation source,
an X-ray detector, a pulse processor, and an analyzer. The charged particles can be
electrons, protons, or X-rays. When charged particles from the excitation source bombard
a sample, the electrons in an inner shell of the atoms of the sample can be kicked out and
create holes. An electron in an outer shell can then jump and fill the hole (Figure 2.10).
The transmission of the electron in the outer shell (high energy) to the inner shell (low
energy) creates an energy difference and can generate X-rays. The two shells and atomic
structure are unique to elements and, hence, the X-rays are characteristic. The
characteristic X-rays are recorded and transferred to electric signals by the X-ray detector.
The electric signals are then measured by the pulse processor and passed to the analyzer

for recording, analysis, and display.

53



EDS can be seamlessly integrated into other techniques, such as SEM and TEM/STEM
and record elemental mapping at nanoscale (Figure 2.7). When interacted with SEM,
qualitative and quantitative chemical information of the surface of samples is accessible
(229). The chemical information of bulk samples can be obtained when EDS is integrated
with TEM/STEM, or by X-ray fluorescence spectrometry.
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Figure 2.10. A brief principle of EDS.

2.3.3 Inductively coupled plasma optical emission spectroscopy

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is also called
inductively coupled plasma atomic emission spectroscopy (ICP-AES). ICP-OES is an
analytical technique that uses plasma to stimulate atoms and ions and quantify these
elements by measuring the electromagnetic radiation from excited atoms and ions. ICP-
OES contains two main parts: the ICP part and the optical spectrometer. Differently from
EDS, ICP-OES uses an intense electromagnetic field to create a stable plasma with high
temperature (around 7000 K) containing argon and electrons (Figure 2.11). The nebulized
sample is next introduced into the core of the plasma. The sample is broken into
corresponding atoms and the atoms undergo a cycle between the ground and excited
states and emits radiation with characteristic wavelengths. The radiation is finally

recorded by the optical spectrometer.

ICP-OES apples to a high dynamic concentration range (236), from 0.5 ng:Li'! to hundreds
of mg-L! depending on elements. Up to 70 elements can be measured simultaneously in
one sample analysis. However, ICP-OES is unable to determine some elements such as
hydrogen, nitrogen, oxygen, etc. ICP-OES is a also “wet” sampling method, and so solid

samples must be digested or dissolved into solution to be determined.
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Figure 2.11. A brief principle of ICP-OES
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Chapter 3
Selective electrooxidation catalyzed by

S. oneidensis MR-1

This chapter describes an unconventional phenomenon—a oxidation of redox molecules
by a metal-reducing bacterium S. oneidensis MR-1. The efficiency, selectivity, scan rate
and concentration dependence are detailed. The function of riboflavin, EPS, and in vitro
cytochrome ¢ are discussed. The mechanism of the electrocatalytic oxidation will be

discussed in Chapter 4.

3.1 Introduction

Extracellular electron transfer (EET) has been widely investigated due to the application
of bioelectrochemical systems (BESs) in biosensors (76, 237) and energy harvest (199, 238,
239). A deep understanding of the mechanism of BESs is a pre-requisite of optimized
performance of the applications. In EET, electrochemically active bacteria (EAB)
exchange electrons with external redox compounds, electrodes or even other
microorganisms via short-range direct electron transfer (ET) through redox proteins on
the cell membrane, long-range ET through conductive nanowires, and indirect ET
through mediators (11, 80, 125, 240, 241).

In addition to outward EET, e.g. the reduction of insoluble Fe(II1)/Mn(IV) (hydr)oxides by
EAB (such as MR-1 and Geobacter sulfurreducens) (242-244), inward EET, in which
microbes take electrons from electron donors in the environment and transport the
electrons into the cells, has also been reported. An iron-oxidizing photoautotroph
Rhodopseudomonas palustris TIE-1, for example, is able to accept electrons from an
electrode poised at +100 mV vs. standard hydrogen electrode (SHE), coupling with the
reduction of carbon dioxide (98). Moreover, an outer membrane-bound cytochrome ¢ Cyc2
is regarded as the first electron acceptor in the iron respiratory chain of the acidophilic
bacterium Acidithiobacillus ferrooxidans, with a redox potential of as high as 560 mV vs.
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SHE (245). The outward EET of MR-1 can be reversed in OmcA-MtrCAB pathway, i.e.,
this pathway can transport electrons from electrodes into the cells (119). In addtion,
Shewanella strain 4t3-1-2LB with an ability to use metallic iron as the sole electron donor
was discovered (246), but it is not clear whether MR-1 is able to directly take electrons
from inorganic/organic compounds.

As a model EAB, the metal-reducing bacterium Shewanella oneidensis MR-1 (MR-1)
transport electrons from the cells to extracellular electron acceptors, such as Cu(Il) ions
(158), thiosulfate (247), fumarate (248), nitrate (249), Mn(IV) oxides (250), and Fe(III)
(hydro)oxides (89). Several cytochromes c¢ in the cell membrane are involved in the EET
of MR-1 by OmcA-MtrCAB respiratory pathway (251-253). First, CymA (an inner
membrane cytochrome c) obtain electrons by oxidizing quinol, and the electrons are
switched to MtrA (an inner membrane decaheme cytochrome c¢) via the periplasmic
fumarate reductase FccA and a small tetraheme cytochrome. Secondly, the electrons are
further delivered through a trans-outer membrane protein complex formed by MtrA,
MtrB (a transmembrane protein), and MtrC to the surface of MR-1. Third, a complex of
MtrC and OmcA (decaheme cytochromes ¢ on the outer cell membrane) transfer the
electrons to extracellular electron acceptors on the cellular surface (85, 101). Recently,
MtrA is reported to fully extend through MtrB (254), so MtrA is possibly exposed to the
environment when MtrC and OmcA are knocked out.

In this chapter, we find that MR-1 can take electrons from [Fe(CN)s]* and catalytically
electrooxidize [Fe(CN)es]* to [Fe(CN)g]3. No such electrocatalysis is found in reference
bacteria, for example, Escherichia coli K-12 and Streptococcus mutans. Interestingly, we
notice that MR-1 electrocatalyzes only negatively charged redox molecules with a high
midpoint potential, such as [Fe(CN)s]* and [Ru(CN)s]*, among 12 redox molecules that
include mediators (e.g., riboflavin, [Ru(NHs)e]Cls, and resorufin). Crucial compounds
(riboflavin, EPS, and cytochrome c) in the outward EET of MR-1 are also explored.

3.2 Experimental Section

3.2.1 Chemicals

Luria-Bertani broth (LB, 10 g L tryptone, 5 g L yeast extract, 5 g L1 NaCl),
NasHPO4+12H20 (99~101%), Nafion DE 1021 (10%), KCI (> 99.0%), 6-Mercaptocaproic
acid (90%), cytochrome ¢ (from equine heart, > 95%), KH2PO4 (98~100.5%), NH4Cl (>
99.5%), CaClz-:2H20 (99%), hydroxymethylferrocene (97%), and sodium DL-lactate (60%)
were obtained from Sigma-Aldrich, Germany. Ferrocenecarboxylic acid (> 97.0% (Fe)) was
from Sigma-Aldrich, China. Riboflavin (> 98%) and aminoferrocene (> 98.0%) were from
Sigma-Aldrich, Japan. Hexaammineruthenium(III) chloride (98%), resorufin (Dye
content 95 %), 1,9-Dimethyl-methylene blue zinc chloride double salt (Dye content 80%),
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glucose (> 99%), and potassium hexachloroiridate (technical grade) were from by Sigma-
Aldrich, USA. Potassium hexacyanoferrate(Il) trihydrate (99.0~102.0%) was from Merck,
Germany. NaH:PO4+2H20 (> 99.0%), NaCl (= 99.5%), and 2,2-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (> 98.0%) were supplied by Fluka,
Germany. MgS0O4 7H20 (99.8%) and potassium hexacyanoferrate(III) (> 99.5%) were from
Riedel-de-Haén, France. 1,1'-Ferrocenedicarboxylic acid (> 97.0%) was obtained from
Fluka, Switzerland. Potassium hexacyanoruthenate(Il) hydrate (Ru 23.0% min) was from
Alfa Aesar, USA. All chemicals were used as received. Aqueous solutions were prepared
with MilliQ water (18.2 MQ cm, arium® pro VF system, Sartorius AG, Germany).

3.2.2 Culture and collection of S. oneidensis MR-1

S. oneidensis MR-1 wild type (MR-1) and S. oneidensis MR-1 AomcA/mtrC mutant (MR-
1 mutant) were original from Prof. K. H. Nealson at the University of Southern California
(255) and further developed in Prof. Feng Zhao’s lab at Institute of Urban Environment
(IUE), CAS (164). These strains were introduced to Department of Chemistry, Technical
University of Denmark in 2014. Briefly, strain medium (1.0 mL) was taken from 4°C
refrigerator and added to Luria-Bertani broth (100 mL). The medium was incubated in a
shaker controller at 30°C (for MR-1 and MR-1 mutant) or 37°C (for E. coli K-12) with a
speed of 100 rpm for about 22 h. The bacteria were collected by centrifuging at 4000 rpm
for 5 min. The bacteria were re-suspended in 50 mM phosphate buffered saline [PBS, pH
7.0; NaH2PO42H20 (3.04 g L'1), NazHPO412H20 (10.92 g L'1)] following centrifugation.
The resuspension and centrifugation were repeated three times to remove the excreta on
the surface of the bacteria. Bacterial precipitate (5.0 nL) was mixed and cast on electrode
surfaces (@ 4.0 mm), and dried in a fume cupboard at room temperature. Nafion solution
(5.0 nL,, 1%) was added to the bacterial precipitate before cast on the electrode surface for

chronoamperometry.

3.2.3 Electrochemical measurements

Cyclic voltammetry (CV) was recorded using a potentiostat (Autolab PGSTAT12, Eco
Chemie, Utrecht, The Netherlands) in a three-electrode mode. Glassy carbon electrodes
(GCE) or gold electrodes (Au) and platinum grid were used as working electrode and
counter electrode respectively. Before electrochemical experiment, working electrodes
were polished with 1.0, 0.3, 0.05 pm Al203 slurries sequentially, and sonicated in MilliQ
water for 1 min, and dried at room temperature. The reference electrode was an Ag/AgCl
electrode with saturated KCl (0.197 V vs. Standard hydrogen electrode, SHE). The
electrolyte was PBS (50 mM, pH 7.0). Oxygen in the electrolyte was removed by bubbling
argon (High Purity 5N) for 30 min prior to measurement. CVs were recorded with a scan
rate of 10 mV s (unless stated otherwise) and steps of 2 mV, starting from the open

circuit potential unless otherwise specified. For differential pulse voltammetry (DPV), the
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potential window was -0.6 V to 0.4 V vs. Ag/AgCl with a scan rate of 10 mV s1, 5 mV pulse
increments, 25 mV pulse amplitude, and 50 ms pulse width. The electrochemical analysis

was repeated in at least triplicate and typical results are presented.

3.2.4 Extraction of extracellular polymeric substances

The bacterial cells were cultured and harvested by centrifugation (4000 pm, 10 min, 4°C)
and washed twice with 0.9% NaCl (w/v) solution. Washed cell pellets were re-suspended
in 0.9% NaCl solution and heated in a water bath at 38°C for 30 min. Cell suspensions
were centrifuged again (4000 rpm, 10 min, 4°C) and cell pellets collected for
electrochemical analysis. (80)

3.2.5 Coating of cytochrome ¢ on gold electrodes

A freshly polished gold electrode (Au) was immersed in 1 mM 6-Mercaptocaproic acid
ethanol solution overnight, followed by rinsing with MilliQ water. The resulting electrode
was termed Au/6C-HS. The Au/6C-HS was transferred to cytochrome ¢ (from equine
heart) solution (40 uM in 50 mM PBS, pH 7.0) for adsorption overnight, obtaining Au/6C-
HS/ceyt-C. (256)

3.2.6 Coating of riboflavin on GCE

A mixture of 5 pL. 30 mM dispersion of riboflavin and 5 pl 1% Nafion solution were mixed
and cast on a freshly polished GCE. The modified GCE was dried in a fume cupboard at

room temperature.

3.2.7 AFM mapping of the cells

Atomic force microscopy (AFM) was performed using an Agilent 5500 instrument (Agilent
Technologies, Chandler, AZ, USA) equipped with a silicon nitride tip (DNP-S10, Bruker,
USA) in contact mode in air under ambient conditions. One drop (4 ~ 10 uL) of sample
dispersion was placed on a cleaned platinum sheet surface and dried in air at ambient
temperature for at least four hours (80).

3.3 Results and discussion

3.3.1 Electrooxidation of [Fe(CN)s]* catalyzed by MR-1 is highly

selective and efficient

[Fe(CN)g]*/3- is a redox couple with typical standard redox potential at 0.164 V vs. Ag/AgCl
(all electrode potentials are measured against Ag/AgCl unless stated otherwise),
according to the one-electron transfer reaction below:
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[Fe(CN)s]* +e =[Fe(CN)s]*", E°=0.164 V vs. Ag/AgClI (satuated KCI) (3.1)

Either [Fe(CN)¢]? or [Fe(CN)s]* can exchange electrons with a bare electrode such as a
glassy carbon electrode (GCE) or a gold electrode (Au) with fast and reversible oxidation
of [Fe(CN)e]* or reduction of [Fe(CN)g]?, presenting symmetric voltammetry (Figure 3.1
left). In fact, [Fe(CN)e]? is extensively utilized as an electron acceptor added to cathodic
chambers in bioelectrochemical systems (BESs) (20, 21, 257, 258). The reversibility and
rate of electron transfer can be measured by peak-peak potential separation in cyclic
voltammetry (CV) at a given scan rate (259). When an electrode surface is covered by an
insulator or a less conductive layer, the interfacial electron transfer rate is reduced, with
low current and broad peak-peak potential separation, or both redox peaks vanish.
Electron transfer decreases exponentially with the increase of the layer thickness (260).
As an example, the thickness of 6-Mercaptohexanoic acid is only about 1 nm, but the
electrochemical signal from the cycling between [Fe(CN)s]¢ and [Fe(CN)g]3> has been
completely blocked (Figure 3.1 middle).

bare Au/6C-HS GCE/MR-1
electrode

Q.Q.

Oxidation

Reduction

24 pA cm

v
Y

015V 015V

0.15V

@ [Fe(CN) I* @ [Fe(CN) > 6C-HS ww. S oneidesis MR-1
Figure 3.1. Conversion of [Fe(CN)s]*/® on different electrodes. Reversible conversion of [Fe(CN)s]*
13- on a bare electrode (left), nonreversible conversion of [Fe(CN)s]***- on a 6-Mercaptohexanoic acid
modified gold electrode (Au/6C-HS, middle), and electrocatalytic oxidation of [Fe(CN)e]* to
[Fe(CN)s]* on a MR-1 coated on GCE (GCE/MR-1, right). Scan rate 10 mV s™. Electrolyte 50 mM
PBS (pH 7.0).
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Chapter 3 Selective electrooxidation catalyzed by S. oneidensis MR-1

Notably, a strong anodic voltammetric peak appears similar to that on bare electrode
when MR-1 cells coat a GCE, but the cathodic peak almost vanishes (Figure 3.1 right).
MR-1 is a model dissimilatory metal-reducing bacterium with a rod shape, as the cluster
of MR-1 cells shows in atomic force microscopy (AFM) (Figure 3.2A). The length and
diameter of MR-1 are in a range of 2~5 pm and 0.4~0.7 pm respectively, in agreement
with the SEM and TEM analysis. Pili were sometimes found around the cells. Being
physically attached on a GCE, the thickness of the MR-1 layer is at least the same as the
monolayer of MR-1 cells, i.e., 400 times larger than 1 nm. Moreover, after GCE was coated
with Nafion, both anodic and cathodic peak current decrease to the same degree (Figure
3.3). The possible reason is that Nafion can prevent the anion ([Fe(CN)g]*) from reaching
the electrode surface and slow the electrochemical reaction. The MR-1 cells efficiently
relay the electrons from [Fe(CN)g]* to the electrode compared to 6-Mercaptohexanoic acid.
The enhanced electron transfer rate is responsible for the augmented anodic peak current
(Figure 3.1 right). The asymmetric voltammetry pattern therefore suggests the

electrocatalytic oxidation of [Fe(CN)s]*+ by MR-1.
I (Ru(CN), "
[Fe(CN),]*
. (1:Cl )
I ABTS
FeCA
I Fe(CA),
I Resorufin
I (Ru(NH,), !
I FcMeOH
I FoNH,
I RF l

N DMMB

C D 5
———GCE in RF/[Fe(CN)y|* \ ~——— GCE/Nafion
981 GCE/MR-1 in RF/[Fe(CN)|* 164 \\ GCE/MR-1
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Figure 3.2. AFM mapping and electrochemical investigation of MR-1. (A) 3D AFM image of MR-1
cluster on a platinum sheet, with sub-monolayer to visualize individual cells. (B) Effects of midpoint
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potential (E12) and overall charge(s) of redox molecules on the ratio of anodic peak current to cathodic
peak current on GCE/MR-1 (Jlpa/ lca|). ABTS, azino-di-[3-ethylbenzthiazoline sulfonate (6)]; FcCA,
ferrocenecarboxylic acid; Fc(CA)2, 1,1-ferrocenedicarboxylic acid; RF, riboflavin; FcMeOH,
hydroxymethylferrocene; FCNH2, aminoferrocene; DMMB, 1,9-Dimethyl-methylene blue zinc chloride
double salt. No cathodic peak was observed on GCE/MR-1 in [Ru(CN)s]*, so the ratio was set as that
of [Fe(CN)s]*. Both anodic and cathodic peak disappeared on GCE/MR-1 in DMMB. Voltammetry
curves are detailed in Figure 3.6. (C) CVs of GCE and GCE/MR-1 in a mixture of 0.25 mM RF and
0.50 mM [Fe(CN)s]* (RF/[Fe(CN)e]*). Scan rate 10 mV s, 50 mM PBS (pH 7.0). (D)
Chronoamperometric curve of lactate and [Fe(CN)s]* on MR-1 at a potential of 0.33 V. Lactate (1.07
mmol) and [Fe(CN)s]* (104 mmol), respectively, were added to 10 mL PBS (50 mM, pH 7.0). The
orange dot line is a fitting baseline.

GCE

60 GCE/Nafion

|—— GCE/MR-1
GCE/MR-1+Nafion

~ 301
£
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—~

_30-

60 +— .

-0.4 -OI.Z Oiﬂ 0:2 0:4 0.6 0.8
Potential (V vs. Ag/AgCl)

Figure 3.3. The effect of Nafion on the conversion of K4[Fe(CN)s]. Cyclic voltammetry (CV) on glassy

carbon electrode (GCE), GCE coated with Nafion (GCE/Nafion), MR-1 coated on GCE (GCE/MR-1),

and the mixture of MR-1 and Nafion coated on GCE (GCE/MR-1 +Nafion). 50 mM PBS (pH 7.0), scan

rate 10 mV s,

The voltammetric pattern was further detailed. When MR-1 cells were coated on a GCE,
the anodic peak for [Fe(CN)s]* oxidation to [Fe(CN)e]3- almost sustained at the same level
as on a bare GCE, the cathodic peak significantly shrunk for the reduction of [Fe(CN)s]*
to [Fe(CN)e]* (Figure 3.4). Peak-peak potential separation broadened (ideally 59 mV for
GCE, but 168 mV for GCE coated with MR-1) due to the electrochemical polarization
caused by the MR-1 layer. A CV of redox inactive Escherichia coli K-12 coated on a GCE
was also conducted as a control. Both anodic and cathodic peak currents decreased
uniformly, and the peak-peak potential separation increased (Figure 3.4, blue line).

Similar symmetric CV shape was reported for Streptococcus mutans (261), Figure 3.5.
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GCE
64 GCE/MR-1
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Potential (V vs. Ag/AgCl)
Figure 3.4. The conversion of [Fe(CN)s]* by different bacteria. The cyclic voltammetry (CV) on glassy
carbon electrode (GCE), MR-1 coated on GCE (GCE/MR-1), and E. coli K-12 coated on GCE
(GCE/E.coli) in 1 mM [Fe(CN)e]*. 50 mM PBS (pH 7.0), scan rate 10 mV s,

200

150

E: Vvs SCE

Figure 3.5. Symmetric voltammetric pattern observed for Streptococcus mutans in [Fe(CN)s]*"* used
as a redox mediator. Black solid line, black dotted line, black dotted-dashed line, and black dashed line
are Streptococcus mutans on Au(111) at second, 20th, 40th, and 60th cycle, respectively; red solid line,
bare Au (111). Reproduced from ref. (261) with permission.

A systematic investigation was conducted on other 11 redox molecules with different
midpoint potential and overall charge(s) (Figure 3.2B and Figure 3.6). Apparently, among
these molecules asymmetric CV patterns were only observed on the redox molecules with
high midpoint potentials and negative charge(s).

63



Among the 12 redox molecules, riboflavin is special because it is a redox mediator secreted
by MR-1. We therefore further compared the different voltammetric responses between
[Fe(CN)g]* and riboflavin. CVs in an electrolyte containing 0.50 mM [Fe(CN)g]4 and 0.25
mM riboflavin were recorded. As expected, CV on a bare GCE showed two pairs of highly
symmetric peaks in the mixed electrolyte (Figure 3.2C). One pair of peaks belongs to
[Fe(CN)g]* (0.253 and 0.173 V) and the other one is attributed to the two-electron transfer
of riboflavin (-0.380 and -0.426 V, Figure 3.8), which agrees with the reported results (89,
133, 262, 263). In contrast, a pair of asymmetric peaks (0.294 and 0.174 V) and a pair of
symmetric peaks (-0.377 and -0.423 V) are found on a GCE/MR-1 (Figure 3.2C) for
[Fe(CN)g]* and riboflavin, respectively. Moreover, the shifts in peak potential are very
slight for riboflavin after GCE was coated with MR-1: with a maximum of 3 mV positive
shift, while a 39 mV positive shift was observed on the anodic peak for [Fe(CN)¢]* (Figure
3.2C). These results further support the selectivity of the electrocatalysis of [Fe(CN)g]*
by MR-1. The highly selective electrocatalytic oxidation of [Fe(CN)e]4 by MR-1 is therefore
related to the high midpoint potential and negative charges.
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Figure 3.6. The electrochemical conversion of different redox molecules by MR-1. The cyclic
voltammetry of (A) 0.25 mM riboflavin (RF), (B) 0.50 mM resorufin, (C) 0.50 mM [Ru(NH3)s]**, (D)
0.50 mM 1,9-Dimethyl-methylene blue zinc chloride double salt (DMMB), (E) 0.20 mM aminoferrocene
(FCcNH2), (F) 0.50 mM [Fe(CN)s]*, (G) 0.50 mM hydroxymethylferrocene (FcMeOH), (H) 0.50 mM
ferrocenecarboxylic acid (FcCA), (I) 0.50 mM 1,1'-ferrocenedicarboxylic acid (Fc(CA)2), (J) 0.50 mM
azino-di-[3-ethylbenzthiazoline sulfonate (6)] (ABTS), (K) 0.50 mM [IrClg]%, (L) 0.50 mM [Ru(CN)s]*
on GCE, and GCE/MR-1. The inconsistent concentrations of riboflavin and aminoferrocene are due to
poor water solubilities. The electrolyte 50 mM PBS (pH 7.0), scan rate 10 mV s,

65



RF Resorufin
NH,

DMMB FcNH,
- °
1 @JLOH
Fe |
@b @H
FcMeOH FeCA
Cl 2.
" Clom, cl
U o= T
N
Lo, NH CI/ | \CI
Cl
ABTS [IrC1]>

3+

[Ru(NH,) ]**
4-

N

c

C"’J, | I !\\\\\C
_Fe.

|

c

N

=z

///z
A\

EY
V4

4

[Fe(CN)]*

[Ru(CN),]*

Figure 3.7. The structure of the 12 redox molecules investigated. The names of the structures are

denoted lower right

)
HyC N
X NH
PN
HyC N N o

\‘\\\\\OH

+2H"+2¢

HO! !

Oxidized riboflavin

Figure 3.8. The riboflavin redox system

66

[o]

T

N
NH
\/K
3 N N 0

\\\\\\\OH

HO !

OH

Reduced riboflavin



Chapter 3 Selective electrooxidation catalyzed by S. oneidensis MR-1

Electrocatalysis promotes an oxidation or a reduction process electrochemically by
increasing current or reducing overpotential, giving asymmetric voltammetry (264),
Figure 3.9. Catalytic responses of EAB from substrate (e.g., acetate) in BESs were widely
studied in BES (265-267). In the current case, the electrocatalysis of [Fe(CN)e]* oxidation
is manifested by a strong anodic peak with a weak cathodic peak, compared to other
microbes and molecules (Figure 3.1middle and Figure 3.4). This process includes both
interfacial electron transfer and diffusion of the redox molecule toward the electrode
surface. MR-1 can utilize lactate as an electron donor (I38, 156, 268, 269). The
corresponding oxidation is reflected by a current increase in chronoamperometry (Figure
3.2D). To ensure that the MR-1 cells maintain immobilized on the electrode surface,
Nafion was added to the cell layer, which would slightly decrease the catalytic current
(Figure 3.3). After adding lactate, the current through GCE/MR-1 increase, but not GCE
coated with Nafion, suggesting an oxidization of lactate by MR-1 as expected.
Furthermore, a much higher current growth was detected through GCE/MR-1 following
the addition of [Fe(CN)e]*, while there was a transient dramatically rise and a rapid drop
in the current at bare GCE (Figure 3.2D). Notably, 104 mmol [Fe(CN)s]* resulted in 1.84
PA cm? current increase, visibly higher than 1.10 pA ecm2 caused by 1.07 mmol lactate.
Compared to a four-electron transfer for lactate oxidation (89), [Fe(CN)s]* oxidation is a
one-electron transfer. These differences indicate that the presence of [Fe(CN)e]*
significantly enhances the oxidation of [Fe(CN)s]4 or lactate, or both.

In summary, MR-1 catalytically electrooxidized the redox molecules with highly efficient
and selectivity, exhibiting asymmetric voltammetry patterns. These redox molecules have
high midpoint potentials and negative charge(s). Reference bacteria did not show the
electrocatalysis. As a representative of these molecules, [Fe(CN)¢]* is chosen for further

investigations.
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3.3.2 The key factors in MR-1 for [Fe(CN)s]4 electrocatalysis

A number of redox-active compounds have been confirmed to promote the EET of MR-1
(80, 85, 89). To identify the components in MR-1 that cause the electrocatalysis,
extracellular polymeric substances (EPS), cytochrome ¢, and riboflavin, which are
common redox compounds of MR-1, were investigated. In the absence and presence of
EPS, MR-1 shows similar electrocatalysis patterns, with an anodic peak slightly
enhanced in the absence of EPS (Figure 3.10A), implying that EPS does not play a crucial
role in the electrocatalytic oxidation of [Fe(CN)s]*. Small enhancement of the anodic peak

could be due to the improved mass transfer caused by the removal of EPS. No redox peak
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is found on the CV in 1 mM [Fe(CN)¢]* for the gold electrode modified with 6-
Mercaptohexanoic acid (6C-HS), (Figure 3.10B). A broad and weak [Fe(CN)s]* reduction
peak appeared after the formation of a cytochrome ¢ layer (from equine heart) on 6C-HS
(Figure 3.10B). However, the CV of Au/MR-1 shows a similar pattern as GCE/MR-1 in 1
mM [Fe(CN)g]* (Figure 3.10B), meaning that MR-1 cells on the gold electrode contribute
to the electrocatalysis of [Fe(CN)¢]* oxidation. Additionally, GCE coated with riboflavin
does not change the electrochemical behavior of GCE in [Fe(CN)¢]* solution, as inferred
from the reversible voltammetric peaks belonging to riboflavin and [Fe(CN)¢]* (Figure
3.10C). The symmetric peaks imply that riboflavin does not affect the electrocatalytic
oxidation of [Fe(CN)s]*. The oxidation of [Fe(CN)s]* by MR-1 therefore differs totally from
the reduction of Fe(IIT) compounds by dissimilatory metal reduction bacteria, since the
reduction is enhanced by redox shuttles such as riboflavin (89, 101).

A B
-GCE Au
64 GCE/MR-1 644 Aw6C-HS /)
—— GCE/MR-1AEPS Z Au/6C-HS/cyt-C V
~ 32 \\ -3 Au/MR-1
£ E
< (>
Y — 3" 7
ok ~
/
32 \ 32
'64 T T T T T T ‘64 T T T T T T
04 02 00 0.2 0.4 0.6 04 <02 00 0.2 0.4 0.6
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)
C
GCE in [Fe(CN)¢|*
64 - GCE/RF in PBS
—— GCE/RF in [Fe(CN)¢|*
& 324
£
<~
ESE
=y
-32 4 \
-64 T T T

0.8 0.4 0.0 0.4
Potential (V vs. Ag/AgCl)
Figure 3.10. Identification of the composition of MR-1 for the electrocatalysis of [Fe(CN)e]*. (A)
Cyclic voltammetry (CV) on GCE, GCE/MR-1, GCE coated with MR-1 without EPS (GCE/MR-14EPS)
in 1.0 mM [Fe(CN)s]*. (B) CV on a gold electrode (Au), gold electrode modified with 6-
Mercaptohexanoic acid (Au/6C-HS), gold electrode modified with 6-Mercaptohexanoic acid linking
cytochrome ¢ from equine heart (Au/6C-HS/cyt-C), and gold electrode modified with MR-1 (Au/MR-1)
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in 1.0 mM [Fe(CN)s]*. (C) CV on GCE in 1.0 mM [Fe(CN)s]*, GCE coated with riboflavin (GCE/RF)
in PBS and 1.0 mM [Fe(CN)s]*. The electrolyte for CVs is 50 mM PBS (pH 7.0) and the scan rate 10
mV s,

Hence, EPS, cytochrome ¢, and riboflavin, as important components in the outward EET
of MR-1, were investigated in the electrocatalysis of [Fe(CN)¢]¢ by MR-1. No apparent

contribution is observed.

3.3.3 The dependence of electrocatalysis on CV scan rate

Electrocatalysis of [Fe(CN)g]* oxidation by MR-1 displays an asymmetric voltammetry
shape. The shape of CV depends on the scan rate at given [Fe(CN)¢]* concentration. To
investigate the effect of scan rate on electrocatalytic oxidation, a series of CVs with scan
rate from 0.01 to 3.0 V/s were conducted, Figure 3.11A. CV is asymmetric at low scan
rates. When the scan rate increases, such asymmetry becomes weaker for GCE/MR-1
(Figure 3.11B). In contrast, the CVs at all scan rates are symmetric in the same
[Fe(CN)g]* solution for bare GCE (Figure 3.11C). The ratio of anodic to cathodic peak
current (Ipa/Ipc) dropped from 7.17 to 1.50 when the scan rate increased from 0.01 to 3.0 V
st for GCE/MR-1 (Figure 3.11D). At high scan rate, the electron transfer rate of
[Fe(CN)g]* oxidation is limited by mass transfer, rather than interfacial electron transfer,
where the electrocatalysis occurs. The ability of MR-1 to electrocatalyze [Fe(CN)s]+
oxidation is limited by the amount of MR-1. The current through GCE/MR-1 is dominated
by the electrocatalysis by MR-1 at low scan rates. At high scan rates, the current is
controlled by the [Fe(CN)s]* and [Fe(CN)g]? diffusion toward the surface of GCE/MR-1.
This is supported by Figure 3.11E and F, which show an linear peak current increased

with the square root of scan rate with a larger slope for slow scan rates (270).

3.3.4 The dependence of electrocatalysis on [Fe(CN)¢]4 concentration

The influence of the [Fe(CN)¢]* concentration on the electrocatalysis was further studied.
Different CVs in 0.10 to 20 mM [Fe(CN)s]* were recorded. Clear electrocatalysis is seen
at low [Fe(CN)gs]* concentration (Figure 3.12A), but becomes obscure at high
concentration (Figure 3.12B) for GCE/MR-1, while the CVs are symmetric at all
[Fe(CN)g]* concentration (Figure 3.12C) for bare GCE. The I,a/Ipc decreased from 21 to
1.43 when the concentration increased from 0.50 to 20 mM (Figure 3.12D). It is
noteworthy that the cathodic peak is barely detected in 0.1 mM [Fe(CN)¢]* (Figure 3.12A).
This also confirms the limitation of [Fe(CN)s]* catalysis by MR-1. In high concentration
of [Fe(CN)g]*, the fraction of the anodic current of electrocatalysis by MR-1 is relatively
small and overlapped by the strong signal of [Fe(CN)s]*/3 conversion. The slopes of both
anodic and cathodic peak current density vs. [Fe(CN)g]* concentration for GCE/MR-1 are
completely different at low and high [Fe(CN)¢]* concentration. In contrast, slopes are
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almost the same within experimental uncertainty for GCE (Figure 3.12E and Figure
3.12F).
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Figure 3.11. Scan rate-dependent conversion of [Fe(CN)s]* by MR-1. (A) Cyclic voltammetry on MR-
1 coated on GCE (GCE/MR-1) in 1.0 mM [Fe(CN)e]* at 0.01 V s™. The cyclic voltammetry on (B) MR-
1 coated on GCE (GCE/MR-1), and on (C) bare GCE in 1.0 mM [Fe(CN)s]* at different scan rates.
(D) The ratio of anodic (Ipa) to cathodic peak current (lca) in (b). (E)Plots of peak current density vs.
the square root of scan rate in the range 0.01~ 3.0 V s™L. (F) Plots of peak current density vs. the square
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root of scan rate in the range 0.01~ 0.05 V s%. The electrolyte 50 mM PBS (pH 7.0).
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Figure 3.12. Conversion of [Fe(CN)s]* by MR-1 in different [Fe(CN)s]* concentrations. (A) Cyclic
voltammetry on MR-1 coated on GCE (GCE/MR-1) in 0.1 mM [Fe(CN)s]*. Cyclic voltammetry on (B)
MR-1 coated on GCE (GCE/MR-1), and on (C) bare GCE at different [Fe(CN)s]* concentrations. (D)
The ratio of anodic (Ipa) to cathodic peak current (lca) in (B). (E) Plots of peak current density vs. the
[Fe(CN)s]* concentration from 0.1~20 mM. (F) The plots of peak current density vs. the concentration
of [Fe(CN)s]* from 0.1~1.0 mM. The electrolyte is 50 mM PBS (pH 7.0), scan rate 10 mV/s.

72



Chapter 3 Selective electrooxidation catalyzed by S. oneidensis MR-1

The clearly different dependence of voltammetric shape on [Fe(CN)s]4 concentration and
scan rate on bare GCE and MR-1 coated GCE implies different mechanisms, which will
be detailed in the Chapter 5.

3.4 Conclusions

MR-1 electrocatalyzes [Fe(CN)g]* oxidation with high efficiency and selectivity. The
selectivity is most likely connected with the midpoint potential and overall charge(s) since
only the investigated redox molecules with high redox midpoint potential and negative
charges show clear catalytic electro-oxidation. The electrocatalysis of oxidation is clear at
slow scan rate and low [Fe(CN)g]* concentration, presenting a notable asymmetric
voltammetry patterns, which further justifies electrocatalytic processes. As a representative
of the 12 redox molecules investigated, Kia[Fe(CN)s] was chosen for further investigation.
[Fe(CN)g]* oxidation is an inward EET process, in which [Fe(CN)]* donate electrons to
MR-1. This oxidation is entirely distinct from the reduction of Fe(Ill) oxides and Mn(IV)
oxides by MR-1 and not affected by riboflavin, EPS, and in vitro cytochrome c. In spite of
the clear demonstration of the phenomenon of catalytic electrooxidation of [Fe(CN)g]*, the
more detailed mechanism beyond, i.e., the exact EET process, is not clear yet, and will be
addressed in the following chapter.
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Chapter 4

Electrons uptake by S. oneidensis MR-1

This chapter further explores the electrocatalytic phenomenon described in Chapter 3 and
a model for the inward EET of S. oneidensis MR-1 has been proposed. The model implies
the collaboration effect of the [Fe(CN)e¢]* electrooxidation and the mediating process by
[Fe(CN)g]+/3-.

4.1 Introduction

There is general consensus that cytochromes c, especially Mtr proteins are crucial to the
outward EET of MR-1. Interestingly, Mtr homologues are also discovered in Fe(II)-
oxidizing bacteria. The operon of phototrophic iron oxidation in Rhodopseudomonas
palustris TIE-1 consists of pioA, pioB, and pioC. The pioA and pioB are homologues of
MtrA and MtrB of MR-1, respectively (271). More Mtr homologues have been found in
other Fe(Il)-oxidizing bacteria, such as Dechloromonas aromatica RCB, Gallionella
capsiferriformans ES-2, and Sideroxydans lithotrophicus ES-1 (272, 273). It seems that
Mtr proteins are not only involved with outward, but also with inward EETs.

The outward EET of MR-1 can be reversed in the OmcA-MtrCAB pathway, i.e., this
pathway can transport electrons from electrodes into the cells (119). Additionally, the
Shewanella strain 4t3-1-2LB with an ability to use metallic iron as the sole electron donor
was discovered (246). Notably, some metal-reducing bacteria have been discovered to
oxidize Mn(II). Shewanella sp. was found to be a Mn(II)-oxidizer in a seamount (274).
Moreover, other Shewanella strains have been reported to play a role in metal oxidation,
including manganese (275-277) and Fe-oxidation (278). According to a detailed study, five
Shewanella strains (Shewanella oneidensis MR-1, Shewanella putrefaciens CN-32,
Shewanella putrefaciens 200, Shewanella loihica PV-4, and Shewanella denitrificans
0S5217) oxidize Mn(II) and produce manganese oxide NPs under aerobic conditions. The
manganese oxide NPs were reduced by the same bacteria when lactate was added, and
oxygen was degassed (279). Multicopper oxidase enzymes are involved in the oxidations,
including Mn(II) oxidation (280). Additionally, laccases, a member of multicopper oxidase

enzymes, have been discovered in Shewanella species (281, 282). It is reasonable to
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Chapter 4 Electrons uptake by S. oneidensis MR-1

assume that laccases contribute to the Mn(II) oxidation since the redox potential of some
laccases can be higher than 0.7 V vs SHE (283, 284) or even 0.8 V vs SHE (285). Some
laccases produced by fungi actually oxidize Mn(II) (286). Furthermore, peroxidases from
fungi are also involved in Mn(II) oxidation (287). However, it is not clear whether MR-1
is able to directly take electrons extracellularly from iron compounds. There are more
than 39 genes relevant to cytochromes ¢ in the genome of MR-1 (114), but only six of
cytochromes ¢ (MtrA, MtrC, OmcA, CymA, small tetraheme cytochrome, and FccA) have
been discovered in the outward EET. The rest of the cytochromes ¢ and potential laccases
may offer other function to MR-1 in EET. More effort is thus needed to explore the
possibility of other EET forms to disclose the role and function of MR-1 in the
environment.

In this chapter, we further probe the electrocatalytic oxidation—an inward EET process
of MR-1. The electrooxidation decays after Pd NPs are formed on the surface of MR-1. On
the other hand, the electrooxidation remains for inactive MR-1 and MR-1 free of MtrC
and OmcA. Based on these results, a model with the combination of the electrocatalytic
oxidation of [Fe(CN)s]* by MR-1 and the mediating process of [Fe(CN)g]4/3 is proposed.

4.2 Experimental section

4.2.1 Chemicals

Luria-Bertani broth (LB, 10 g L! tryptone, 5 g L yeast extract, 5 g L1 NaCl),
Na:HPO412H20 (99~101%), Nafion DE 1021 (10%), KCl (> 99.0%), 6-Mercaptocaproic
acid (90%), cytochrome ¢ (from equine heart, > 95%), KH2PO4 (98~100.5%), NH4Cl1 (>
99.5%), CaClz2:2H20 (99%), hydroxymethylferrocene (97%), sodium DL-lactate (60%),
Naz[PdCls] (98%), and glutaraldehyde (25%) were obtained from Sigma-Aldrich,
Germany. Ferrocenecarboxylic acid (> 97.0% (Fe)) was from Sigma-Aldrich, China.
Riboflavin (> 98%) and aminoferrocene (> 98.0%) were purchased from Sigma-Aldrich,
Japan. Hexaammineruthenium(III) chloride (98%), resorufin (Dye content 95 %), 1,9-
Dimethyl-methylene blue zinc chloride double salt (Dye content 80%), glucose (> 99%),
and potassium hexachloroiridate (technical grade) were from by Sigma-Aldrich, USA.
Potassium hexacyanoferrate(I) trihydrate (99.0~102.0%) was from Merck, Germany.
NaH:zP0O4+2H20 (> 99.0%), NaCl (> 99.5%), and 2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (> 98.0%) were from by Fluka, Germany. MgSQO4 7TH20
(99.8%) and potassium hexacyanoferrate(IlIl) (> 99.5%) were from Riedel-de-Haén,
France. 1,1'-Ferrocenedicarboxylic acid (> 97.0%) was from Fluka, Switzerland.
Potassium hexacyanoruthenate(IT) hydrate (Ru 23.0% min) was from by Alfa Aesar, USA.
Absolute ethanol (100%) was produced by VWR Chemicals, France. All chemicals were
used as received without further purification. Aqueous solutions were prepared with

MilliQ water (18.2 MQ cm, arium® pro VF system, Sartorius AG, Germany).
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4.2.2 Culture and collection of S. oneidensis MR-1

The culture and collection are the same as described in section 3.2.2 Culture and collection
of S. oneidensis MR-1

4,2,3 Electrochemical measurements.

The conditions and parameters of the electrochemical measurements are the same as in
the section 3.2.3 Electrochemical measurements.

4.2.4 Formation of Pd NPs on MR-1

MR-1 cells were incubated and washed as noted. The washed cells were resuspended in
20 mL sterilized M9 buffer [pH 7.0; KH2PO4 (3.00 g Li'1), NazHPO4 12H20 (15.14 g LY,
NH.CI (1.00 g L+1), NaCl (0.50 g L1), CaCls-2H20 (0.015 g L), MgSO4-7H20 (0.025 g L]
(156) and deoxygenated with argon. A 1.0 mL cell suspension was injected into 24.0 mL
sterilized and deoxygenated M9 buffer containing 18 mM sodium DL-lactate and different
concentrations of Naz[PdCls] (0.08 mM, 0.40 mM, and 0.80 mM). The cells were cultured
for 1 h at 30°C at 100 rpm. The cells were then washed and collected for further

investigation.

4,2.5 Formation of Pd NPs on GCE

Pd NPs were deposited electrochemically on GCE from 1.0 mM Naz[PdCl4] in 50 mM PBS
(pH 7.0) by applying a potential of —1.00 V vs. Ag/AgCl for 5 min (GCE/Pd_5), 15 min
(GCE/Pd_15), 30 min (GCE/Pd_30), and 50 min (GCE/Pd_50). The Pd NPs modified GCE
was rinsed with MilliQ water and placed in the electrochemical cell containing 50 mM
PBS (pH 7.0) to verify the presence of Pd NPs by CV with a scan rate of 100 mV s1.

4,2,6 Preparation of inactive MR-1

MR-1 cells were incubated in LB medium at 30°C by shaking at 100 rpm overnight. The
cells were then washed twice with 0.9% NaCl, resuspended with 50 mM PBS (pH 7.0) and
packed into a test tube sealed with a blue butyl rubber stopper. The stopper was
penetrated with a syringe needle connecting with a sterilized filter (0.22 pm) to avoid the
pressure change during the freezing process. The test tube was immersed into liquid
nitrogen to freeze the cells, until the medium became solid. Afterwards, the test tube was
taken out and put into water (room temperature) to melt. The freezing and melting
process was repeated 20 times to kill the cells while retaining the activity of the proteins

in the cell membrane.
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Chapter 4 Electrons uptake by S. oneidensis MR-1

4.2.7 Morphology characterization

All bacteria for morphology characterization were washed twice with 0.9% NaCl unless
otherwise stated. Bacteria for scanning electron microscopy (SEM) were resuspended in
2.56% glutaraldehyde and stored at 4°C for 48 h. The cells were then washed twice with
50 mM PBS (pH 7.0) and further subjected to dehydration in a gradient ethanol series
(50, 70, 80, 95%) for 15 min each. The cells were dehydrated again with absolute ethanol,
with 3 changes within 15 minutes. The cells were then loaded onto a silicon wafer and
dried at room temperature overnight. The Pd NPs on GCE were dried at room
temperature overnight before SEM observation. Both bacteria and Pd NPs were coated
with 1 nm gold film for SEM observation (Quanta FEG 200 ESEM, FEI, USA). The
elemental composition of bacteria and Pd NPs were characterized by energy-dispersive X-

ray spectroscopy (EDS) analysis.

Transmission electron microscopy (TEM) samples were cast on lacey carbon-coated copper
grids (Ted Pella Inc., Redding CA, USA) by placing one drop of sample dispersion onto the
grids. The samples were then observed with a Tecnai G2 T20 instrument (FEI Company,
Hillsboro, USA).

4.2.8 Cell growth monitoring.

The growth kinetics of MR-1 and inactive MR-1 was observed by suspending the cells in
LB medium to an OD600 of about 0.02 and the cells incubated at 30°C with shaking of
100 rpm. Aliquots were sampled at fixed times for optical density measurements using
an Agilent 8453 UV—vis spectrophotometer (Santa Clara, USA) with a 1 cm light path

quartz cuvette. All samples were conducted in triplicates.

4.3 Results and discussion

4.3.1 The formation of palladium NPs on MR-1 block the [Fe(CN)s]*
electrocatalytic oxidation

As a dissimilatory metal reduction bacterium, MR-1 is able to reduce various metals, for
example, Au(Ill) ions (I164), Pd(II) ions (157, 173), and Ag(l) ions (180), forming
corresponding NPs on the surface of the MR-1 cells. Some noble metal NPs (for example,
Au and Pd NPs) assist EET and oxidize catalytically fuel molecules (164, 173, 201).
Surprisingly, the presence of Pd NPs on MR-1 weakened the anodic peak of [Fe(CN)e]*
systematically (Figure 4.1). Such an effect is much clearer on MR-1 cultured in a medium
containing a higher concentration of [PdCl4]?. Obviously, Pd NPs on MR-1 weaken the
oxidation of [Fe(CN)e]*. The viability of MR-1 maintained in the presence of [PdCl4]? in
the experimental concentration, confirmed by a previous report (201). More Pd NPs were
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formed on the surface of MR-1 with a higher concentration of [PdCl4]% (Figure 4.2, Figure
4.3, and Figure 4.4). Pd NPs formation on cells can have three consequences: (a) blocking
the mass transfer between specific sites on MR-1 cell membrane and [Fe(CN)g]* in
extracellular environment; (b) introducing the inherent properties of Pd NPs, including
boosting electroconductivity, exhibiting catalysis behavior of the MR-1 coated with Pd
NPs to specific substances (156, 173, 201), etc.; (c) increasing the specific surface area of
MR-1 coated with Pd NPs.
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Figure 4.1. The effect of the formation of Pd NPs on the electrooxidation of [Fe(CN)s]* by MR-1. CV
of 1.0 mM [Fe(CN)s]* on GCE, GCE/MR-1, GCE coated with MR-1 cultured in M9 medium with

[PdCI4]%. 0.08 MM (MR-1+Pd), 0.40 mM (MR-1++Pd), and 0.80 mM (MR-1+++Pd) [PdCls]* were
used. 50 mM PBS (pH 7.0). Scan rate 10 mV s,

To investigate the effect of inherent properties and the change of specific surface area of
Pd NPs on the catalysis of [Fe(CN)s]* oxidation, Pd NPs were electrodeposited on a GCE
and corresponding voltammetry experiments conducted (Figure 4.5A). The increasing
amount of Pd NPs is reflected by enhanced anodic and cathodic peaks on GCE modified
with Pd NPs in 50 mM PBS (pH 7.0) (Figure 4.5A), caused by the adsorption and
corresponding desorption of hydrogen and oxygen (259). As shown in SEM and EDS,
different sizes and amounts of Pd NPs on GCE, with consequently varied electrode specific
surface area, were further confirmed (Figure 4.6). However, both the anodic and cathodic
peak of [Fe(CN)g]* slightly decreased to an almost same extent for all Pd NPs modified
GCE (Figure 4.5B). These results exclude the influence of inherent Pd NPs properties and
the change of specific surface area. Clearly, the presence of Pd NPs on MR-1 is likely to
block the electrocatalytic sites on MR-1.

78



Chapter 4 Electrons uptake by S. oneidensis MR-1

Figure 4.2. SEM images of MR-1 and MR-1 coated with Pd NPs. MR-1 cultured in M9 medium (A)
without [PdCl4]%, (B) with 0.08 mM [PdCl4]? (MR-1+Pd), (C) with 0.40 mM [PdCl4]% (MR-1++Pd),
(D) with 0.80 mM [PdCl4]* (MR-1+++Pd). The white dots are Pd NPs.

Briefly, Pd NPs on cellular surface systematically blocked the electrocatalysis of
[Fe(CN)s]* by MR-1. The role of abiotic Pd NPs on GCE in the electrocatalysis was studied
to exclude the intrinsic properties of Pd NPs. The results imply that the Pd NPs are mostly
likely to physically block the pathway of [Fe(CN)e]* oxidation.
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Figure .3. TEM imges of MR-1 and Pd NPs n MR-1. (A) MR-1 cultured in M9 medium without
[PACl4]%. (B) MR-1 cultured in M9 medium with 0.08 mM [PdCl4]? (MR-1+Pd). (C) MR-1 cultured in
M9 medium with 0.40 mM [PdCls]?> (MR-1++Pd). (D) MR-1 cultured in M9 medium with 0.80 mM

[PdCI4]> (MR-1+++Pd). The black dots are Pd NPs.
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I Mo S Spectim

Figure 4.4. EDS spectrum, SEM and corresponding EDS mapping patterns (insert) of MR-1 with Pd
NPs in different concentration. (A) MR-1 cultured in M9 medium without [PdCl4]%. (B) MR-1 cultured
in M9 medium with 0.08 mM [PdCl4]? (MR-1+Pd). (C) MR-1 cultured in M9 medium with 0.4 mM
[PACl4]? (MR-1++Pd). (D) MR-1 cultured in M9 medium with 0.8 mM [PdCl4]* (MR-1+++Pd).
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Figure 4.5. Conversion of [Fe(CN)s]* by Pd NPs. (A) CV of Pd NPs coated on GCE for 5 min
(GCE/Pd_5), 15 min (GCE/Pd_15), 30 min (GCE/Pd_30) and 50 min (GCE/Pd_50) in 0.1 mM

[PdCl4]%. Scan rate: 100 mV st. 50 mM PBS (pH 7.0). (B) CVs of 1 mM [Fe(CN)s]* on the electrodes
in (a). Scan rate 10 mV s. 50 mM PBS (pH 7.0).
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Figure 4.6. EDS spectrum and SEM (insert) of different amounts of Pd NPs on GCE. (A) clean GCE
surface. (B) Pd NPs coated on GCE for 5 min (GCE/Pd_5). (C) Pd NPs coated on GCE for 15 min
(GCE/Pd_15). (D) Pd NPs coated on GCE for 30 min (GCE/Pd_30). (E) Pd NPs coated on GCE for
50 min (GCE/Pd_50). (F) The summary of mass ratio of Pd on the different samples in A~E. The mass
ratio of Pd is the Pd ratio to the sum of Pd and carbon in atomic mass. Note the peaks belonging to Au
were caused by Au coating during SEM preparation, Au is therefore excluded in the map sum spectrum
table

4.3.2 The effect of MtrC, OmcA, cellular respiration

The cytochromes ¢ play an important role in EET, and they are also possibly responsible
for the biological formation of Pd NPs (157). The cytochromes ¢ MtrC and OmcA on MR-
1 cells membrane are implicated in the EET process (85, 164) and the outward EET
process is severely inhibited after MtrC and OmcA were knocked out (288), as shown in
Figure 4.7. To explore the role of MtrC and OmcA, a Shewanella oneidensis MR-1
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AomcA/mirC mutant (MR-1 mutant) was studied under the same experimental
conditions. A similar electrocatalysis phenomenon is observed for the MR-1 mutant with
the same irreversible CV pattern (Figure 4.8A), implying only minor effects of MtrC and
OmcA, which is contrast to Fe(III) reduction by this mutant (288). Other active sites can
therefore possibly contribute to the electrocatalysis. To study the role of the metabolism
of MR-1 in the electrocatalysis, inactive MR-1 cells were prepared by repeatedly freezing
with liquid nitrogen, maintaining most of the proteins. As shown in the growth curves,
the inactive MR-1 cell culture were unable to grow up to 96 h (Figure 4.9), demonstrating
a total inhibition of metabolic activities. The main cell membrane of inactive MR-1 was,
however, retained regardless of some deformation (Figure4.10). Notably, the inactive MR-
1 caused an asymmetric voltammetric pair of peaks in [Fe(CN)s]* solution (Figure 4.8B)

with a strong anodic peak, indicating the maintaining of the electrocatalysis to [Fe(CN)s]*
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Figure 4.7. Baseline-subtracted cyclic voltammogram of a monolayer biofilm of wild type (WT) and
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AomcA/AmtrC obtained after electrochemical cultivation. The inset shows the raw data for WT cells.
Reproduced from ref (288) with permission.
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Figure 4.8. The effect of OmcA, MtrC, and the metabolism of MR-1 on [Fe(CN)s]* oxidation. CV on
(A) MR-1 AdomcA/mtrC mutant (MR-1 mutant) and (B) repeatedly frozen MR-1 (inactive MR-1) in 1.0
mM [Fe(CN)s]*. 50 mM PBS (pH 7.0). Scan rate 10 mV s%.

6 4 ——+—MR-1
Inactive MR-1
5- [
4
[—]
S
(=R
o
2 -
] =
ols
T v T v T M T v T v T III’ T T
0 10 20 30 40 50 90 100
Time (h)

Figure 4.9. Growth curves of MR-1 and repeatedly frozen MR-1 (inactive MR-1) in LB medium.
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Figure4.10. SEM of MR-1 before and after freezing. SEM of (A and C) repeatedly frozen MR-1 (inactive
MR-1) and (B and D) MR-1 before freezing.

In brief, MtrC, OmcA, and cellular respiration are not critical in the inward EET process
of MR-1, which infer different pathways of the inward EET compared to the outward EET.

4.3.3 The mediating effect of [Fe(CN)¢]4/3- without extracellular electron

donors is limited

[Fe(CN)g]*/3 can act as a redox mediator in some bioelectrochemical process due to high
reversibility (140, 289), like an endogenous redox mediator riboflavin secreted by
Shewanella (89). However, the mediating effect of [Fe(CN)g]4/3- alone in non-turnover
(without external electron donors) conditions is hard to explain the electrocatalysis.

In the mediating model, [Fe(CN)e]4/3> shuttle between the electrode surface and the
surface of EAB. The model seems applicable to the current experiments since the MR-1
layer is not impenetrable and a limited amount of [Fe(CN)¢]* may penetrate the cell
layers and reach the confined electrode surface not occupied by MR-1 cells. Note that the
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occupation by microbes will decrease the current (290), Figure 4.11. When limited
amounts of [Fe(CN)e]4/3- are confined to the small space between the cell layer and the
electrode, [Fe(CN)¢]? is reduced to [Fe(CN)s]* on the interface between the electrolyte
and the EAB after taking electrons from the EAB. [Fe(CN)sg]4 is re-oxidized to [Fe(CN)g]*
on the interface between the electrolyte and the electrode after releasing electrons to the
electrode (Figure 4.12A). In this case, [Fe(CN)e]* tends to accumulate, and an asymmetric
CV with a strong anodic peak and a weak cathodic peak appear on condition that the ET
from [Fe(CN)¢]* reduction by the EAB continuously outperforms that from [Fe(CN)s|*
oxidation by the electrode during the whole scan (e.g., in a CV with low scan rate).
Furthermore, the electrons relayed by [Fe(CN)g]¢/3 are ultimately from the metabolism
of EAB, for example, the oxidation of acetate or lactate.

04 10° ng/mL

Current (LA)

tAu electrode
' &

0.2 0.0 0.2 0.4 0.6
E (V) vs. SCE
Figure 4.11. DPV responses of fabricated immunosensors after immunological recognition with
different concentrations of total prostate-specific antigen (t-PSA) (0, 1072, 107%, 1, 10, 102 and 10°
ng mL™1). Inset, the schematic illustration of the phage-based immunosensor for t-PSA detection. The
Fe?*and Fe®* indicate [Fe(CN)s]* and [Fe(CN)s]*, respectively. Reproduced from ref. (290) with
permission.

86



Chapter 4 Electrons uptake by S. oneidensis MR-1

o
» » » »
- » . » » »
K .
[Fe(CN)J*  ® [Fe(CN),* DEIectrode S. oneidesis MR-1

Figure 4.12. Two different models of [Fe(CN)s]*/* in the interaction with MR-1. (A) Mediating model,
in which [Fe(CN)s]*”*- act as a redox mediator between MR-1 and electrode. [Fe(CN)s]**3 can diffuse
into the bulk electrolyte if the space between the MR-1 layer and the electrode is wide or not isolated
(green dotted arrows). (B) Electrocatalysis model, in which [Fe(CN)s]*"* acts as the reactant/product
of the electrocatalysis by MR-1

On the other hand, different CVs will be observed if [Fe(CN)g]4/3 can diffuse to the bulk
electrolyte freely, or the distance between the electrode surface and EAB layer is long, or
the voltammetric scan is fast. The [Fe(CN)s]* reduced by MR-1 can diffuse to bulk
electrolyte and unlikely to get back to the electrode and be re-oxidized. Similarly, the
[Fe(CN)e]? oxidized by the electrode can spread into the electrolyte solution and MR-1 is
difficult to capture and reduce the [Fe(CN)e]>. Moreover, the [Fe(CN)g]?> from bulk
electrolyte can further dilute the mediating effect of [Fe(CN)g]4/3. Symmetric CV shape
would be therefore presented in this situation. For example, when a polyviologen modified
glassy carbon electrode (PV-GCE) was used to separate microbes from the electrode
surface (140), as shown in Figure 4.13, microbes including EAB colonizing on the PV layer
need to employ mediators [Fe(CN)¢]3- to communicate with the electrode (Figure 4.12A).
However, the mediating [Fe(CN)e]4/3 can freely diffuse to the bulk electrolyte, one
symmetric CV was therefore observed (140). A similar voltammetric experiment was
conducted in 1 mM [Fe(CN)g]3 and 9 mM glucose at 50 mV sI, but [Fe(CN)g]*+/3- was
trapped in the narrow space between the MR-1 layer and the electrode surface. Although
MR-1 is unable to use glucose as an electron donor (291), the addition of glucose aims to
obtain a full comparison. In contrast, the CV became asymmetrical when MR-1 cells were
attached on an electrode in solution containing 1 mM [Fe(CN)¢]3- and 9 mM glucose at 50
mV s (Figure 4.14). The different CV shapes in mediating models may originate from
the varied freedom to diffuse and the size of confinement of [Fe(CN)g]4/3. In another
study, diaphorase molecules, which catalyze the oxidation of nicotinamide adenine
dinucleotide (NADH), were absorbed on a PV layer on GCE. The PV layer can accumulate
or “trap” [Fe(CN)g]4/3-. An asymmetric CV, similar to the ones in the current experiment,
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appeared when the PV-GCE was immersed in a mixed electrolyte containing [Fe(CN)s]*,
diaphorase, and NADH (292). Electrons were captured from NADH by diaphorase, from
which the electrons were shuttled by [Fe(CN)e]4/3 to the electrode. Consequently, a strong
anodic peak and a weak cathodic peak appeared, and the anodic peak from NADH
oxidation vanished because [Fe(CN)e]4/3-, rather than NADH, interacted with the
electrode. Additionally, sufficient electron donor NADH (1 mM) ensured a steady catalytic

CV curve.

.

Figure 4.13. Schematic diagram of environmental microbes colonizing on the PV-GCE and exploiting
soluble [Fe(CN)s]*~ for current generation, Reproduced from reference (140).
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Figure 4.14. The conversion of Ks[Fe(CN)s] on MR-1. The CV of GCE/MR-1 in 1 mM Ks[Fe(CN)e]
and 9 mM glucose at 50 mV s%, The electrolyte 50 mM PBS (pH 7.0)
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In brief, in the mediating model, asymmetric CVs emerge provided that limited amounts
of [Fe(CN)g]3- are confined in a small space between the EAB layer and the electrode
surface, abundant subtracts (e.g., lactate for MR-1) are provided, and the CV scan rate is
relatively low. In contrast, CV is symmetric if [Fe(CN)g]¢/3 can spread into bulk
electrolyte freely, or the confined space is large, or the scan rate is high. This model
explained the dependence of [Fe(CN)¢]* concentration and scan rate in Figure 3.11 (page
71) and Figure 3.12 (page 72). In the current experiment, the asymmetric CV pattern is
unchanged from the second to the sixth CV scan (Figure 4.15). The anodic peak current
in the first scan was lower than the rest of scans due to partial oxidation of [Fe(CN)¢]4 by
oxygen in the air during preparation. The CVs were conducted under non-turnover
conditions, i.e., without substrates. The anodic current from substrates oxidation would
therefore shrink with the gradual consumption of stored substrates (if there is any) in the
cells, which is in contrast to the current experimental results (Figure 3.4 in page 63,
Figure 3.10A in page 68, and Figure 4.15).
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Figure 4.15. The first to the sixth scan of cyclic voltammetry (CV) of the conversion of [Fe(CN)e]* by
MR-1. The CV on MR-1 coated glassy carbon electrode (GCE/MR-1) in 1 mM [Fe(CN)s]*. 50 mM PBS
(pH 7.0). Scan rate 10 mV s,

Pd NPs can participate in the EET process of Desulfovibrio desulfuricans (201), and a
similar function of Au NPs was also found in MR-1 AomcA/mirC mutant (164). An anodic
current increase, or at least not a decrease, would therefore be expected when MR-1 is
modified by Pd NPs, which is different from the observation that the anodic current
decreases with the increasing loading of Pd NPs (Figure 4.1). In addition, since RF is an
endogenic redox mediator utilized by MR-1, an asymmetric CV would be obtained for RF
if the mediating model can lead to electrocatalysis. This does not, however, match the
result shown in Figure 3.2C in page 61. Furthermore, the electrocatalysis remained after
the MR-1 cells were deactivated. The metabolic activity of the cells is the premise of the
mediating effect. However, MR-1 cells exhibit electrocatalysis, even when they are unable

to multiply (Figure 4.8B).
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4.3.4 The direct EET between MR-1 and the electrode is feeble

An electrocatalysis model was considered, in which MR-1 could oxidize [Fe(CN)¢]4 and
capture electrons at the interface between the electrolyte and the cell surface. The
electrons are transported to the electrode through the interface between cell surface and
the electrode coupled with the oxidation of some redox molecules (e.g., cytochromes c¢) on
the cell membrane (Figure 4.12B). This model is justified by the fact that considerable
MR-1 cells are attached on the electrode surface. The electrochemical signals of redox
proteins in the outer membrane of MR-1 were detected in DPV (Figure 4.16). A redox pair
with the peak potentials -0.435 V (anodic) and -0.415 V (cathodic) are attributed to flavins
(80, 89, 293), while the pairs at -0.137 as well as 0.065 V (anodic) and -0.124 as well as
0.113 V (cathodic) are attributed to outer membrane cytochromes c (80, 293, 294). Similar
electrochemical signals were obtained from previous reports when MR-1 are physically
attached via this method (80, 133, 138, 164, 177, 201). These results strongly support that
sufficient MR-1 cells are directly contacting the electrode surface instead of being far
away from the surface of the electrode. In the electrocatalysis model, the electrons are
from the oxidation of abundant [Fe(CN)s]* instead of MR-1 cells. The anodic current
therefore remained at a comparable level with bare electrodes.
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Figure 4.16. Differential pulse voltammetry (DPV) of MR-1 cells coated on a GCE

However, the electrocatalysis model hardly rationalize the midpoint potential shifts when
different redox molecules were used (Figure 3.6, page 65). During the forward CV scan
(from low potential to high potential), the electrode directly oxidizes the redox molecules
on the cell membrane regardless of which reactant in electrolyte. The midpoint potential
in CVs is thus related to the redox molecules on the cell membrane, not the reactant in
the electrolyte. For example, the peaks of cytochromes ¢ on Geobacter sulfurreducens,
instead of the peak of acetate, were enhanced when Geobacter sulfurreducens catalyzed
the oxidation of acetate (295). By contrast, the peak belonging to cytochromes ¢ around -
0.1 V disappeared when [Fe(CN)s]* was introduced (Figure 4.17). The peak of
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cytochromes ¢ should be enhanced if electrons were transported directly from cytochromes

¢ to the electrode.
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Figure 4.17. Comparison of electrochemical signal of GCE/MR-1 in PBS and PBS containing 1 mM
[Fe(CN)s]*. Scan rate 10 mV s,

The direct EET between MR-1 and the electrode is therefore weak, and the strong ET
singal in the forward scan (i.e., anodic current) must be accomplished through another
EET pathway. A plausible model combining electrocatalysis and mediating model is

proposed and will be discussed in the section 4.3.5.

4.3.5 Electron uptake mechanism by MR-1

We here have found the intake of electrons from [Fe(CN)s]* by MR-1, presenting an
irreversible voltammetry pattern. The discovery of the ability for MR-1 to take electrons
from [Fe(CN)g]* broadens our knowledge about the role of dissimilatory metal reduction
bacteria in BESs. MR-1 promotes only anodic current and blocks cathodic current during
[Fe(CN)s]4/3 cycling. This electrocatalysis is in contrast to E. coli K-12 and Streptococcus
mutans (261), in which both cathodic and anodic CV peaks shrunk equally. So far, we only
find that MR-1 electrocatalyzes the oxidation of negatively charged redox molecules with
high midpoint potentials. Hence, other bacteria do not catalyze the oxidation of
[Fe(CN)g]* to [Fe(CN)¢]?, but increase the barrier for interfacial ET. These results also
exclude the effect of the negative charges on electrode surfaces causing “electrochemical
rectification” with an asymmetric voltammetric shape for a redox couple (296), because
MR-1, E.coli K-12, and Streptococcus mutans are all negatively charged in a neutral
medium (297). The occurrence of irreversible voltammetry on other negatively charged
redox molecules with high midpoint potentials implies clear connection between the

electrocatalysis and redox potential as well as overall charge(s).
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As aninward EET, [Fe(CN)g]* oxidation is different from the reduction of insoluble Fe(III)
or Mn(IV) hydr(oxides). In spite of the fact that there is porin protein on the cell
membrane, e.g., GspD, Figure 4.18, but they are not open until protein secretion occurs
(298). Small molecules such as S203%, SO4% and NOs (Figure 4.19) can be taken up by
MR-1, but these molecules are small, about 0.24, 0.22, and 0.20 nm, respectively in
diameter based on the bond type and bond length, Figure 4.19, Table 4.1, and Table 4.2.
The diameter of hydrated [Fe(CN)¢]* is at least 1.2 nm (299), and [Fe(CN)g]* can hardly
penetrate the lipid bilayer of the cell membrane (300). However, the [Fe(CN)¢]* can
effectively diffuse to the outer membrane due to its high solubility. The presence or
absence of EPS on MR-1 make no difference in [Fe(CN)s]* oxidation, while EPS plays a
crucial role in the outward EET of MR-1 (80).
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Figure 4.18. Three-dimensional electron cryo-EM reconstruction of GspD. Reproduced from ref. (298)

with permission.
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Figure 4.19. Structure of (A) S20s%, (B) SO4%, (C) NO3z and (D) [Fe(CN)s]*. The S, O, N, Fe, and C

is yellow, red, blue, green, and black respectively.

Table 4.1. Average bond lengths

Bond type Bond length (pm)

C=N 116
C-Fe 194

=0 131
S-0 166
S=0 145
S=S 175

93



Table 4.2. Geometry of molecules

Geometry type Molecular geometry Examples

Trigon planar B NOs
|w120°
A.
R/ \R
Tetrahedral T S20s%, SO42
109.5°
..||||l‘A‘\
B
Octahedral B oo [Fe(CN)g]*
B

oy h B
B([T‘B

R

Very notably, Pd NPs on MR-1 are found to block [Fe(CN)s]* oxidation catalyzed by the
cells. The production of Pd NPs involves cytochrome ¢ (157). Hence it is possible that

certain cytochromes c affect or participate in the electrocatalytic oxidation. On the other
hand, cytochromes ¢ MtrC and OmcA do not catalyze [Fe(CN)s]* oxidation, which are
crucial to the reduction of various insoluble electron acceptors (85, 164). Considering the
unique electrocatalysis of [Fe(CN)e]* oxidation, we believe that other active sites on MR-
1 are responsible for the catalysis. We have not identified the composition of these active
sites, but we hypothesize that they could be, macromolecules even proteins, such as high-
redox potential cytochromes ¢, laccases, or peroxidase, adjacent to active sites of [PdCl4]2
reduction and contribute to the electrocatalysis of [Fe(CN)s]* oxidation. These active sites
may also be responsible for the Mn(II) oxidation as mentioned in the introduction part of
this chapter. There are two possible pathways for iron respiratory, i.e., downhill pathway
and uphill pathway. The downhill pathway produces energy, in which the electrons from
iron oxidizing are terminally transferred to oxygen reduction. The uphill pathway is
related to protonmotive forces, in which electrons are transported against the unfavorable
redox potential and finally reach NAD(P)* (245, 301), as show in Figure 4.20. The
cytochromes ¢ thus cannot be excluded completely. Furthermore, MR-1 is capable of
oxidizing [Fe(CN)e]* after repeated freezing. In this case, the respiration of MR-1 is
negligible. Instead of the respiration of MR-1, the inherent properties of the active sites
therefore dominate the catalysis of [Fe(CN)e]*, which further differs from the reduction
of insoluble Fe(III)/Mn(IV) oxides.
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Figure 4.20. Two pathways of iron respiration. Reproduced from ref. (245) with permission.

A plausible model with inward EET and outward EET is proposed for [Fe(CN)s]*
oxidation electrocatalyzed by MR-1 (Figure 4.21). [Fe(CN)¢]* can diffuse into the space
between the MR-1 layer and the electrode or adsorb on the surface of the MR-1 cells, as
well as stay in the bulk electrolyte. In fact, [Fe(CN)s]* plays two roles in the model.
Firstly, electrons from [Fe(CN)s]* are transferred into the MR-1 cells where the active
sites on the cell membrane oxidize [Fe(CN)¢]* to [Fe(CN)g]?. This is an inward EET
process (Figure 4.21B). Secondly, the electrons obtained can be transferred to the
electrode by two forms of outward EET. It has been reported that mediated EET is the
main outward EET strategy of MR-1, contributing more than 70% current of outward
EET (89). The majority of electrons would therefore be transferred by the indirect EET
mediated by [Fe(CN)e]4/3-.A small fraction of electrons may be transferred to the electrode
via the direct EET form. The mediating effect of [Fe(CN)¢]4/3- are valid both in the
complete MtrCAB pathway and the incomplete MtrCAB pathway. In the complete
MtrCAB pathway, the electrons are delivered from CymA to MtrA, where MtrA and MtrB
relay the electrons to MtrC and OmcA, and electrons are finally received by [Fe(CN)s]?.
In the incomplete MtrCAB pathway, MtrC and OmcA are removed. Nonetheless, MtrA
fully inserts into MtrB (254), and [Fe(CN)¢]> may therefore execute outward EET by
directly accepting electrons from the MtrA (Figure 4.21C). The exact route for the ET from
the active sites on the cell membrane (red dotted circle in Figure 4.21) to the sites where
[Fe(CN)s]*/3- mediate EET (blue dotted circle in Figure 4.21) is not clear yet and needs
further investigation.
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Figure 4.21. Illustration of electron uptake by MR-1 from [Fe(CN)s]*. (A) The overall process of the
inward and outward EET of [Fe(CN)s]* from MR-1 to the electrode. [Fe(CN)s]* is oxidized (red dotted
circle) and the electrons obtained are mainly transported by the indirect EET through the mediator
[Fe(CN)s]*"* (blue dotted circle). The rest of electrons may be transferred via short-range direct EET
by redox molecules on the membrane. The processes indicated by green dotted arrows are not clear
yet. Only one MR-1 cell is presented for clarity. (B) Inward EET. In this process, bulk [Fe(CN)s]* in
the electrolyte is oxidized by the active sites on MR-1 and electrons are captured. (C) Outward EET. In
this process, a small portion of [Fe(CN)s]* diffuse into the narrow confinement between the MR-1 layer
and the electrode surface and shuttle the EET process between the cell and the electrode. This
mediating process can proceed with or without MtrC and OmcA. Only relevant parts are presented,
and the quinone and quinol pool in the cytoplasmic membrane are not shown for simplicity. OM: outer
membrane; PS: periplasm; IM: inner membrane. The scale is not proportional.

Chemical compositions of the relevant active sites on MR-1 contributing to such unique
electrocatalysis is not clear yet. However, the function of these active sites is somehow
similar to metalloproteins such as high-potential cytochromes ¢, laccases, or peroxidase.
Moreover, we notice that, instead of the respiration of MR-1, the intrinsic catalytic
activities of the active sites contribute to the electrocatalytic oxidation of [Fe(CN)e]*. We
cannot exclude the possibility of other compounds as the origin of the active sites on MR-
1. Although MR-1 was reported to be able to oxidize Mn(Il) (279), the ability of MR-1 to
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oxidize iron compounds has not been discovered before. More effort should be spent to

study the composition and function of the active sites in future studies.

4.4 Conclusions

Pd NPs on the cells can block the active sites and undermine the electrocatalysis of
[Fe(CN)g]* oxidation by MR-1. The Pd NPs per se do not impair the electrooxidation of
[Fe(CN)e]*, as confirmed by CV of abiotic Pd NPs. Moreover, the electrocatalysis is mainly
attributed to the inherent catalytic properties of the active sites rather than the
respiration of MR-1. A model with the combination of electrocatalysis of [Fe(CN)¢]* and
the mediating effect of [Fe(CN)g]*/> is therefore proposed. The electrocatalysis of
[Fe(CN)g]* involves unidentified active sites. Furthermore, the mediating role of
[Fe(CN)6]*/3 can be executed either with or without MtrC and OmcA. Our experiments
indicate strongly that the active sites are most likely located in cell membrane with
biomolecule properties. The properties of the active sites are different from those of the
widely studied substances related with MR-1 (e.g., RF, MtrC, and OmcA). To identify the
origin and chemical composition of these active sites on MR-1 is crucial, and such
investigations require comprehensive efforts in electrochemistry, microbiology, and
nanochemistry. The discovery of unique electrocatalysis of MR-1 towards the oxidation of
[Fe(CN)g]* provides a better understanding of the role of dissimilatory metal reduction
bacteria in BESs and the detection of redox molecules with high midpoint potential and

negative charge(s).
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Chapter 5
Co-recycling of metals by S. oneidensis

MR-1

This chapter describes the effect of Cu(Il) and various media to the recycling of Pd(II)
from solution. The removal efficiency of Cu and Pd, as well as the morphologies and

elemental compositions of the biotic Pd, Cu, CuPd NPs is discussed.

5.1 Introduction

With the development of human technological activities and the human population, the
emissions of metals into the environment have been increasing and caused serious
environmental pollution, which threatens the sustainable development of human society.
Different techniques have been developed to tackle the problem, and biotechnological
methods are drawing attention as an emerging clean alternative. Among biotechnological
methods, bioremediation and biorecovery using microbes to remove and recover metals
from wastewater have plenty of merits, such as rapid growth of biomass, mild operational

conditions, and high sensitivity (can reclaim metals as low as mg-L1) (302).

Biorecovery and bioremediation (bio-remediation/recovery) are achieved by the
biosorption and redox reactions of metals on the surface and inside of microbes. According
to existing studies, the reduction and oxidation of metals by microbes are frequently
primary actors for bio-remediation/recovery (302, 303). Fundamental investigations of
how microbes reduce or oxidize metals are therefore of importance. Numerous studies
have been conducted to illustrate the ability of different microbes and optimize
experimental conditions to improve the performance of bio-remediation/recovery.
Shewanella putrefaciens CN32 bacterium was able to reclaim fast Au(IIl), Co(II), and
Fe(II) with high absorption capacities up to 1346, 335, and 302 mg metals/g biomass from
solution (203). Amorphous Ru, Rh, Co, Ni, and Li NPs, and crystalline Ag, Fe, Pd, and Pt
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NPs were synthesized by Pseudomonas aeruginosa SM1 separately. NPs in cells (Co and
Li) and out of cells (Ag, Pd, Fe, Rh, Ni, Ru, and Pt) were both observed (304).

In spite of extensive investigations relating to bio-remediation/recovery, gaps exist
between common experimental conditions in labs and practical applications. One of the
gaps is the difference in the composition between synthetic wastewater and real
wastewater. Different metals are individually researched in labs while actual wastewater,
in most cases, is a cocktail of various metals. The presence of given metal ions in aqueous
solution can significantly influence the formation of other metal NPs. Hydrogenases are
involved in a number of metal reductions, such as the reduction of Au(Ill) and Pd(II) by
Escherichia coli (302, 303), and Pd(II) by MR-1 (161). However, Cu(Il), which is very
common in practical wastewater, is a hydrogenase inhibitor. Cu(IT) can selectively inhibit
the activities of hydrogenases in the periplasm, and spare the ones in the cytoplasm (305,
306). The presence of Cu(Il) in solution would therefore impair the bio-
remediation/recovery of other metals (303, 305, 306). MR-1 was recently reported to
reduce Cu(Il) to Cu(0) either intracellularly and extracellularly (158), but the effect of
Cu(II) on the bio-remediation/recovery of MR-1 remains to be explored. On the other hand,
the presence of some metal ions can enhance the formation of other metal NPs. Fe(III)
promotes the reduction of Te(IV) to Te(0) and produces crystalline Te(0) nanorods
extracellular by MR-1, while fewer Te(0) nanorods were formed intracellularly in the
absence of Fe(II) (218). Outer membrane-bound cytochromes ¢ are also responsible for the
formation of diverse metal and metalloid NPs (Figure 1.20, page 26). The formation of
solid NPs can have dual influences. The formation of solid NPs can apparently block the
mass transfer and prevent the transport of metal ions into the periplasm and cytoplasm.
The NPs formation from the metal ions that have to be reduced intracellularly would
therefore decrease, but the formation of certain NPs can enhance EET (164, 201). The
reduction of metal ions on the outer membrane would then be elevated and as a result,
the biosynthesis of corresponding NPs boosted. As a model EAB, MR-1 exerts versatile
roles in bio-remediation/recovery, butthe inhibition of Cu(II) to the metal reduction by
MR-1 is not clear yet.

Another gap is the difference in the media. To keep the viability of microbes, buffer agents
(HEPES, MOPS, etc.) are often added to the solution to maintain neutral pH. However,
this is impractical in treating actual wastewater, because it is either cost-effective nor
environmentally-friendly. Moreover, the addition of some buffer agents will precipitate
some metal ions, which actually achieves remediation but the subsequent biorecovery is
unlikely to proceed. Some buffer agents also possess redox properties and potentially
promote redox reactions that could be credited to the effect of microbes. Some buffers also
evoke the formation of complexes with metals and the generation of radicals (307, 308),

which further challenge bio-remediation/recovery in practical applications.
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In this chapter, we explore the bio-remediation/recovery of Cu(Il) by MR-1, and the
simultaneous bio-remediation/recovery of Cu(Il) and Pd(IT) by MR-1. The effect of Cu(II)
on the biorecovery of Pd(II) as well as the influence different media on bio-
remediation/recovery of Cu(Il) and Pd(II) by MR-1 is practically addressed.

5.2 Experimental section

5.2,1 Chemicals

CuClz2 2H:20 (Analytical Reagent) was from Riedel-de Haén, France and HNO3 (75%) from
the Fisher chemical, UK. HCl (37%) was supplied by Sigma-Aldrich, Germany. The rest
of the chemicals are the same as described in 3.2.1 Chemicals (page 57) and 4.2.1
Chemicals (page 75).

5.2.2 Removal of Pd and Cu by MR-1

The synthesis of Pd NPs by MR-1 in the M9 medium is similar as described in 4.2.5
Formation of Pd NPs on GCE (page 76), except that the final concentration of Naz[PdCl4]
was 0.08 mM, the culture time for the formation of Pd NPs was 48 h, and the medium
0.9% NaCl solution. ODeoo of the final MR-1 cell suspension is about 0.6. The MR-1
cultured in Pd(Il) was indicated as S/Pd (“S” for Shewanella). Correspondingly, the MR-1
cultured in Cu(Il) was indicated as S/Cu when 0.08 mM Naz[PdCls] was replaced with
0.08 mM CuClz:H20. S/CuPd was obtained when 0.08 mM CuClz:H20 and 0.08 mM
Naz[PdCls] were added into the medium at t = 0 and t =24 respectively. Experiments were

conducted in triplicate.

5.2.3 Measurement of reduced Cu and Pd

The residual Cu and Pd in the medium were measured by ICP-OES (Thermo scientific;
iCAP 7000 series) before being filtered by 0.22 pm filters and diluted with 3% HNOs3
solution. Standards of 0~ 2.0 mg-L'! Pd and Cu were also prepared with 3% HNOs.

5.2.4 Preparation of Cu, Pd, and CuPd NPs by MR-1

The synthesis of Cu, Pd, and CuPd NPs by MR-1 in the M9 medium are similar to the one
described in 4.2.5 Formation of Pd NPs on GCE (page 76) with some modifications. For
S/Pd-M9, Naz[PdCls] with a concentration of 0.20 mM was added at t=0 and then cultured
for 48 h. For S/CuPd-M9, 0.10 CuClz-H20 and 0.20 mM Naz[PdCls] were added to the M9
medium at t=0 and t=24 respectively. To study the effect of medium, M9 medium was
replaced by 0.9% NaCl solution to obtain S/Pd-NaCl and S/CuPd-NaCl were. The pellets
of S/Pd-M9, S/CuPd-M9, S/Pd-NaCl, and S/CuPd-NaCl were separately resuspended in
15 mL MilliQ water and subjected to the microwave process (200°C, 2 h). ODsoo of the
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final MR-1 cell suspension is about 0.6. The resulted products were indicated as S/Pd-
M9_C, S/CuPd-M9_C, S/Pd-NaCl_C, and S/CuPd-NaCl_C, respectively. Note that the
names of biotic NPs (e.g., CuPd) here do not necessarily match their chemical states.

5.2.5 Characterizations of biosynthesized NPs

The SEM and TEM operations are the same as noted in section 4.2.7 Morphology

characterization (page 77).

5.3 Results and discussion

5.3.1 Co-removal of Cu and Pd

The Cu and Pd standard curves of ICP-OES show excellent linearity, Figure 5.1. The
linearity confirms the feasibility of the determination of Cu and Pd within this
concentration range. The concentration of aliquots of samples was therefore diluted into
this concentration range.
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Figure 5.1. Cu and Pd standard curves of ICP-OES

With lactate as an electron donor, Cu(Il) in solution was removed by 48.8% by MR-1 in
the first 24 h and by 72.8% in whole 48 h if Cu(lIl) is the sole electron acceptor (Figure
5.2A). The decreased removal rate of Cu(Il) may due to the gradual saturation of active
Cu(II) binding and reduction sites in MR-1 cells. With the presence of Pd(II) added at t
= 24 h, the removal of Cu(Il) decreased to 60.1%. The decreased Cu(Il) removal in the
presence of Pd(II) suggests a competition for an electron acceptor between Cu(Il)
reduction and Pd(II) reduction, a competition for active sites, or potential blocking effect
of Pd(0) NP formation.
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Figure 5.2. Co-removal of (A) Cu and (B) Pd by MR-1. Residual metals in the medium and
corresponding removal efficiency are shown. The error bar indicates the standard deviation from

triplicate (n = 3).

The reclaim of Pd(II) from solution by MR-1 is rapid and 98.7% of Pd(II) removal was
achieved in the first 24 h (Figure 5.2B). Another 24 h incubation further increases Pd(II)
removal to 99.6%. The Pd(II) reduction is a very fast process and black precipitates are
visible after 10 min after the addition of Pd(II) (305). The Pd(II) removal rate decreased
after 1 h and tended to be equilibrated at 2 h under aerobic condition (309). The presence
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of Cu(II) compromised the removal of Pd(II), but removal efficiency as high as 89.8% was
still obtained 24 h after the addition of Pd(II).

The presence of Cu(Il) has minor effect on the bioremediation of Pd(II), which is
surprising. Cu(Il) can attack and break the bacterial cell membrane and cause
denaturation of proteins and eventually lead to the death of the cell (310, 311). Ag(I) ions
also show well-known antibacterial activity (310-312). Cu(Ill) can also cause
conformational changes in proteins and as little as 0.05 mM Cu(Il) can significantly
decrease the ATPase activity of Enterococcus hirae (313). However, MR-1 can resist a
certain concentration of Cu(Il) and Ag(I), and even synthesize corresponding NPs (158,
205, 312). At 0.01 mM and 0.10 mM Cu(II) in 30 mM MOPS buffer, growth of MR-1 cells
(initial ODsoo: 0.02) was 100% and 20% compared to the control free of Cu(Il) (158). The
ability of MR-1 to withstand Cu(II) and Ag(I) may owe to the EET of MR-1 which can be
a defense mechanism. The concentration of Cu(II) in the current experiment is 0.08 mM
free of buffer (0.9% NaCl solution), and the initial ODsoo about 0.8. The number of MR-1
cells after 24 h incubation should therefore be similar to that of initial MR-1 inoculation.

Cu(I) is an inhibitor of periplasmic hydrogenases widely reported to be responsible for
metal reduction (303). The exposure of microbes to Cu(Il) solution for 30 min can
eliminate 50% and 70% of the ability of microbes to reduce Au(IIl) by E. coli and
Desulfovibrio desulfuricans respectively (303). Similarly, no Pd(0) NPs formed when
Desulfovibrio desulfuricans was challenged with Pd(II) after being exposed to Cu(II) for
10 min (305). This is because the ability of E. coli to reduce Pd(II) originates from its
periplasmic hydrogenase(s). The slightly decreased Cu(II) removal rate of S/CuPd in the
first 24 h after the addition of Pd(II) (Day 1 to Day 2) compared to that of S/Pd (Day 0 to
Day 1) indicates the maintenance of the ability to reduce Pd(II). This is in dramatic
contrast to the 50% and even 70% elimination of the ability of noble metal reduction just

noted.

Based on the antibacterial properties of Cu(Il), the presence of Cu(Il) in the medium is
apparently undesired in bio-remediation/recovery. However, in reality, Cu(Il) is very
common in metal cleaning and plating baths, wood-pulp wastewater, mining activities,
tire manufacturing, and fertilizer industries (314). Hence, it is essential to study the effect

of Cu(Il) on the biotechnological remediation of other metal.

The Pd(II) reduction by MR-1 was mainly attributed to the [NiFe]-hydrogenase HyaB in
the periplasm, not the MtrC/OmcA or CymA on the outer membrane of MR-1 according
to a study (161). It should be noted that about half of Pd(I) reducing ability remained,
even when HyaB was knocked out from MR-1 (161). Only part of Pd(II) reduction may
originate from HyaB, and other pathways differing from the MtrCAB-OmcA pathway
remain to be explored.
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The Cu(Il) reduction by MR-1 was attributed to NDH-2 which is type II NADH: a quinone
oxidoreductase or alternative NADH dehydrogenase in the cytoplasm of MR-1. The
deletion MtrC, MtrF (a homolog of MtrC), OmcA, MtrABCDEF, DmsE (a periplasmic
decaheme cytochrome c), CctA (a periplasmic tetraheme cytochrome c), and gene SO_4360
(coding for Periplasmic decaheme cytochrome ¢ MtrA family, Figure 1.15 in page 17) have
less effect on the reduction by MR-1 (158).

In summary, both Cu(Il) reduction and Pd(IT) reduction by MR-1 are reported to be
intracellular processes and independent on the MtrCAB-OmcA pathway. Cu(Il) is
proposed to be reduced in the cytoplasm and periplasm, and Pd(II) believed to be reduced
in the periplasm. The incubation of MR-1 cells in Cu(II) for 24 h did not significantly
weaken the ability to reduce Pd(IT), which implies no major the overlap of active sites for
Cu(I) reduction and Pd(II) reduction and that the antibacterial activities from Cu(II)
have only feeble effects on Pd(II) reduction.

5.3.2 Effect of Cu(II) and the medium on the biorecovery of Pd(II)

To study the effect of Cu(I) and different media on the biorecovery of Pd(II), the bio-
recovery of Pd(II) by MR-1 in two different media (M9 medium and 0.9% aqueous NaCl
solution) containing Cu(Il) was studied. M9 medium and 0.9% NaCl solution without
Cu(Il) were used as controls. M9 medium contains phosphate which is common in
wastewater and possibly precipitates Cu(Il), hence a low concentration of Cu(II) (0.10 mM)
was applied. The reason for using 0.9% NaCl solution instead of pure water is that pure
water cannot provide osmotic pressure which is critical to maintaining the viability of
bacterial cells.

The biogenic NPs associated with MR-1 cells were subjected to a microwave process after
synthesis. The microwave process served two purposes: to terminate the biosynthesis
process and stabilize the NPs, and to carbonize cells and enhance their conductivity for
specific applications, for example, electrochemical catalysis. The complexes obtained here
are termed “hybrids”. Conventional methods include hydrothermal reactions and high-
temperature carbonization (156, 315-317). Hydrothermal reactions are preferred for
biosynthesized NPs with cells compared to high-temperature carbonization because the
aggregation of NPs as well as the biomass is prevent (156, 315). Microwave heating is
similar to hydrothermal heating and both of them introduce high temperature and high
pressure. However, microwave heating is more efficient than hydrothermal heating
because microwave heating is homogeneous throughout the sample, while hydrothermal
is relatively heterogeneous (318). Microwave heating is also more controllable than

hydrothermal heating due to the delicate control of the microwave by computer programs.

The carbonized hybrids synthesized by S. oneidensis MR-1 in M9 medium containing
Cu(Il) and Pd{I) are denoted as S/CuPd-M9_C. Correspondingly, there are S/Pd-M9_C,
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S/CuPd-NaCl_C, S/Pd-NaCl_C. The morphology of the resulting hybrids was
characterized by SEM, TEM, and SAED, and the elemental compositions evaluated using
EDS (Figure 5.3~Figure 5.22).

5.3.2.1 The effect of Cu(Il) on the biorecovery of Pd(II)

The morphology of S/CuPd-M9_C is presented in Figure 5.3. Apparently, the microwave
process in the current experiment did not damage the integrity of the MR-1 cells, since
no debris is observed in SEM. Compared to the MR-1 cells cultured in Pd(II) for 1 h
(Figure 4.2B~D, page 79), the cells are slightly shorter, and cell longer than 2 pm not
observed. This implies growth inhibition of MR-1 by the presence of Cu(Il). It is surprising
to find that numerous NPs are spread out extracellularly (Figure 5.3A and B), which is
different from the Pd NPs in the absence of Cu(Il), which are associated with the outer
membrane of MR-1 cells (Figure 4.2B~ D, page 79). In contrast, the surface of MR-1 cells
is smooth in SEM as the pristine cells cultured in M9 without Pd(IT) (Figure 4.2A, page
79). However, the Pd signal is observed in the MR-1 cells according to the Pd mapping
(Figure 5.4H). Meanwhile, the Cu signal is visibly weaker than the Pd signal in EDS
(Figure 5.4G). To facilitate comparison, the element abundance associated with cells, i.e.,
C, N, O, P, and S, and element(s) originating from NPs, i.e., Pd (and Cu for S/CuPd) are
calculated. The element P is also possibly from the M9 medium if phosphate precipitates.
The ratio of initial molar concentration of Cu(II) (0.10 mM) and Pd(IT) (0.20 mM) is 1: 2,
which is close to the ratio of Cu:Pd (2.04: 0.81) in the EDS spectrum (Figure 5.7) from the
investigated area of Figure 5.4 containing the cells and extracellular NPs in comparable
amount. However, a closer observation of the cells and extracellular NPs further details
their compositions. The EDS results of three cells and a pile of extracellular NPs reveals
that the main composition of the extracellular NPs is C, N, O, P, Cu, and Pd (Figure 5.5).
The signals of O, P, and Cu from extracellular NPs in EDS mapping are slightly stronger
than that from the cells (Figure 5.5D, E, and G).These NPs are therefore unlikely to be
pure Cu(0) NPs or Pd(0) NPs, but probably complexes consisting of Cu NPs and Pd NPs
associated with EPS. A higher molar ratio of Cu: Pd (0.76: 1.05) compared with Figure
5.4A (0.81: 2.04) indicates that Cu tends to accumulate in the extracellular NPs while Pd
accumulates in the cells.

Some large flower-like structures up to 10 pm are observed among the S/CuPd-M9_C
hybrids (Figure 5.3D). EDS mapping shows that the main elemental composition is C, N,
0O, P, and Cu (Figure 5.6). The Pd signal possibly comes from MR-1 cells attached on the
flower-like structure (Figure 5.6H). The molar ratio of Cu: Pd is as high as 3.91: 0.63 and
the content of O and P considerably higher than the counterparts in Figure 5.4 and Figure
5.5. Hence, the flower-like structures are very likely the products of precipitation of
phosphate and Cu(Il). C and N signals in EDS are likely due to the sorption of leachates
of MR-1 cells during the microwave process. Large and extracellular copper agglomerates
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(above 200 nm) were also observed when MR-1 was cultured in MOPS and Cu(Il) (158).
The authors did not explain the generation of these large copper agglomerates, but it
could be due to the precipitation of Cu(Il) at neutral pH, e.g., Cu(Il) (hydro)oxides.

gure 5.3. SEM observation of S/CuPd-M9_C. (A) — (C) SEM images at different magnifications. (D)
SEM of flower-like structure.
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1 5 CuKa1 Pd Ka1
Figure 5.4. EDS of S/CuPd-M9_C. (A) SEM image; (B) — (H) Corresponding element mapping. Scan
bar: I um.




Figure 5.5. EDS of S/CuPd-M9_C. () SEM image; (B) — (H) Corresponding elem
bar: 500 nm.
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| 2l Sh Ol _ Pd Ka1
Figure 5.6. EDS of flower-like structure in S/CuPd-M9_C. (A) SEM image; (B) — (H) Corresponding
element mapping. Scan bar: 2.5 pm.
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Figure 5.9. Summary of the EDS spectra of the flower-like structure in S/CuPd-M9_C corresponding
to Figure 5.6.
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The NPs were further investigated using TEM and SAED. The NPs are not uniform, and
the size ranges from 3 nm to 15 nm. Some of the small NPs are sparsely spread onto the
supporting film of the TEM grid, and some small NPs are enveloped in the polymer
structures (possibly EPS). Other small NPs are encapsulated in MR-1 cells (Figure 5.10A
and B). Further observations at high magnification show clear lattices, indicating that
the NPs are crystalline (Figure 5.10C and D). Four main patterns are observed in SAED
of the NPs (Figure 5.10E and F). The interplanar distance (d) of these NPs are calculated
according to the equation (319):

d = % (5.1)
where d is the interplanar distance (nm), and D the diameter of the ring (or the distance
between two symmetric spots) in SAED (1/nm). The resulting lattice distance of 0.27, 0.22,
0.19, 0.15 nm are assigned to PdO (002), Pd(111), Pd(200), and Cuz0 respectively (158,
320-322). A similar SEAD pattern of Cuz20(220) in Figure 5.10F was observed in the Cu20
NPs synthesized by MR-1 when Cu(Il) was the sole electron acceptor (158). It seems that
a relatively large portion of Pd(II) was not completely reduced due to the inhibition of
bacterial activity by Cu(I). The presence of CuzO implies that the Cu(0) NPs may be
oxidized to Cu(I) when exposed to the air, or Cu(Il) was reduced to Cu(l) without further
reduction.
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PdO(002)
— Pd(111)
——— Pd(200)
— Cu,0(220)

S 10 1/nm
Figure 5.10. TEM of S/CuPd-M9 _C. (A) — (D) TEM images of S/CuPd-M9_C at different
magnifications. (E) — (F) SAED area and corresponding diffraction pattern.
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The morphology of S/Pd-M9_C is presented in Figure 5.11. Most of the cells are completely
enveloped with Pd NPs which form a dense and rugged coating. However, the MR-1 cells
cultured in Pd(II) for 1 h are only sparsely coated with NPs, even at as high as 0.80 mM
Pd(II) (Figure 4.2B~D, page 79). The formation of Pd NPs is therefore a fast process as
noted, but one hour is not enough to recover all the Pd(IT). Besides, cells without Pd NPs
coating are also observed (as indicated by the red arrow in Figure 5.11D). These cells
probably multiplied after available PA(IT) was depleted. The presence of palingenetic cells
also justifies the maintenance of bacterial viability in the M9 medium containing Pd(II).
Different from the NPs spreading out in S/CuPd-M9_C, most of the NPs in S/Pd-M9_C
were attached to the bacterial surface. EDS mapping shows that the signal of Pd, along
with that of C, N, O, P, S, are all observed in the MR-1 cells (Figure 5.12). The NPs
clothing cells therefore contain Pd. The EDS spectrum of S/Pd-M9_C shows a high content
of Pd (Figure 5.13), i.e., an atomic ratio of 5.55% (a mass ratio of 31.37%), which is at least
three times higher than that of S/CuPd-M9_C (Figure 5.7~ Figure 5.9).

Figure 5.11. SEM observatlon of S/Pd-M9_C. (A) — (D)SEMlmages atdlf'ferent magmflcatlons Red
arrow indicates a cell without Pd NPs covering.
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Figure 5.12. EDS of S/Pd-M9_C. (A) SEM image; (B) — (G) Corresponding element mapping. Scan
bar: I um.
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0 2 4 ] ke

Figure 5.13. Summary of EDS spectra of S/Pd-M9_C corresponding to Figure 5.12.

The Pd NPs in S/Pd-M9_C were further investigated via TEM and SAED (Figure 5.14).
Some polymer structures possibly EPS coated with Pd NPs are present in the TEM images
(Figure 5.14A). The distribution of Pd NPs on the cell surface is pretty dense and the sizes
of the NPs about 5~ 10 nm (Figure 5.14B and C). It is difficult to tell whether or not the
NPs were formed in the periplasm of MR-1, as many studies suggested (161, 309), but
NPs clearly adhere to the outer membrane. Individual Pd NPs on supporting film are not
observed in TEM. Lattices can be observed at higher magnifications (Figure 5.14D), but
not as clear as that of S/CuPd-M9_C (Figure 5.10C and D) since the TEM electron beam
is difficult to penetrate the cells. Similar to S/CuPd-M9_C, Pd(111) and Pd(200) are
observed. Additionally, lattice distances of 0.14, 0.12, and 0.09 nm are allocated to
Pd(220), Pd(311), and Pd(331), respectively (Figure 5.14E and F). Pd(Il) was therefore
completely reduced and corresponding crystalline Pd(0) NPs formed on the surface of cells
or within the periplasm.

In summary, the cellular surface is covered with Pd NPs in the absence of Cu(Il), but is
smooth in the presence of Cu(Il) because Pd NPs tend to accumulate in the periplasm.
However, the phosphate seems precipitate Cu(Il), medium without phosphate is therefore
needed for further studies, which is detailed in the following section.
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Figure 5.14. TEM of S/Pd-M9_C. (A) — (D) TEM images of S/Pd-M9_C at different magnifications. (E)
— (F) SAED area and corresponding diffraction pattern.
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5.3.2.2 The effect of medium composition on the biorecovery of Pd(II)

S/CuPd and S/Pd synthesized in 0.9% NaCl solution, i.e., S/CuPd-NaCl_C and S/Pd-
NaCl_C, were also studied. Although both media (M9 and 0.9% NaCl solution) contain
Cu(Il) and Pd(II) for S/CuPd-NaCl_C and S/CuPd-M9_C, their morphologies are quite
different (Figure 5.3 and Figure 5.15). The surface of the cells in S/CuPd-NaCl_C are
smooth like the cells in S/CuPd-M9_C, except that several large particles are attached to
each cell, and the spreading of NPs are absent in S/CuPd-NaCl_C according to the SEM
results. The white dots in the SEM images (Figure 5.15) are similar to but larger than
the white dots in the MR-1 cells cultured in 0.08 mM Pd(II) for 1 h (Figure 4.2B, page 79).
Note that the Pd(II) concentration in the biosynthesis of S/CuPd-NaCl_C is 0.20 mM, and
the culture time 24 h. The presence of Cu(Il) thus altered the MR-1metabolism. The big
NPs may be formed on certain active sites free of Cu(II) inhibition. EDS mapping shows
considerable and homogeneous Pd signals from MR-1 cells (Figure 5.16), implying that
Pd is in or on the cells although the outer membrane is smooth. The molar Cu: Pd ratio is
0.08: 2.24 (Figure 5.17) which is much lower than that from S/CuPd-NaCl_C (Figure 5.7
to Figure 5.9). This is probably due to no copper precipitation because Cu(Il) is quite
stable in 0.9% NaCl solution. However, the Pd content is comparable to S/CuPd-NaCl_C
(Figure 5.7). Based on the quantitative investigation, Pd(I) and Cu(II) have been
removed from the medium with high efficiency (Figure 5.2). Copper must be therefore
within the cells where the EDS signals are undetectable, or copper is lost during the

microwave process.

Figure 5.15. SEM observation of S/CuPd-NaCl_C. (A) — (D) SEM images at different magnifications.
Note the white spots are NPs.
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Fige .16. EDS of . CuPd-NaCl_C. (A)SEM mage; (B) — (H) Corresponding element mapping.

Scan bar: 1 um.
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Figure 5.17. Summary of EDS spectra of S/CuPd-NaCl_C corresponding to Figure 5.16.

The surface of the cells of S/CuPd-NaCIl_C was further investigated using TEM and
SAED. The large NPs attached to the outer membrane are 40~ 70 nm (Figure 5.18A and
B). Smaller NPs are evenly dispersed on the cells, and TEM images at higher
magnifications show that the size of the small NPs are about 4 nm (Figure 5.18C and D).
However, lattices are not observed in these TEM images because these small NPs are
inside the periplasm. SAED results reveal that the NPs are crystalline and the Pd(111),
Pd(220), and Pd(311) patterns. The hazy halo ring around Pd(111) caused by the small
size of Pd(0) NPs (Figure 5.18E and F). No signal of copper crystals is detected, which is
probably due to the low content of copper or the amorphous property of copper products.
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Figure 5.18. TEM of S/CuPd-NaCl_C. (A) — (D) TEM images of S/CuPd-NaCl_C at different
magnifications. (E) — (F) SAED area and corresponding diffraction pattern.
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In the absence of Cu(Il), the surface of cells (S/Pd-NaCl_C) is back to coarse, but not as
rough as S/Pd-M9_C. Fewer and smaller NPs coated the outer membrane of the cells
compared to the cells in S/Pd-M9_C (Figure 5.19). The different morphology of S/Pd-
NaCl_C compared to S/Pd-M9_C is attributed to the absence of buffer agents. Similar to
S/Pd-M9_C, the cells in S/Pd-NaCl_C emit significant Pd signal in EDS mapping (Figure
5.20G). Hence, the NPs on the surface of cells are biotic Pd NPs. The Pd content in S/Pd-
NaCl_C, which is 4.17% in the atomic ratio or 25.55% in the mass ratio (Figure 5.21), is
mildly smaller than in its S/Pd-M9_C analog.

Further TEM imaging shows that some extracellular Pd NPs are gathered and connected
with cells (Figure 5.22A and B). Accumulation of Pd NPs in the periplasm is clear as the
red arrow indicates (Figure 5.22B). Closer observations show that the size of the most
NPs is about 5 nm (Figure 5.22C and D). Lattices are observed but are not very clear
(Figure 5.22D). SAED results uncover analogous patterns as S/Pd-M9_C except for the

absence of Pd(200). A similar hazy halo ring around Pd(111) is also shown, indicating that
the nanostructures in S/Pd-NaCl_C are also crystalline Pd(0) NPs.

g > g ,T
. SEM of S/Pd-NaCl_C. (A) — (D) SEM images at different magnifications.
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Figure 5.20. EDS of S/Pd-NaCl_C. (A) SEM image; (B) — (G) Corresponding element mapping. Scan
bar: I um.
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Figure 5.21. Summary of EDS spectra of S/Pd-NaCl_C to corresponding Figure 5.20.

The results detailed in this chapter illustrate the influence of Cu(II) and different media
on the bio-recovery of Pd(II) are illustrated.

When the medium is neutral or contains phosphate, after the addition of Cu(Il), part of
Cu(II) ions precipitate (e.g., copper phosphate and copper hydroxide). MR-1 then reduce
these precipitates to Cu(I) or Cu(0), and corresponding NPs are formed as the
extracellular NPs in S/CuPd-M9_C. The rest of the Cu(Il) ions interact with MR-1. The
interactions between Cu(Il) ions and MR-1 cells include biosorption, reduction, and
inhibition. Cu(Il) can be absorbed by MR-1 as other metal ions do, then the Cu(II) ions
can be reduced in the cells, for example, in the cytoplasm and the periplasm. Cu(II) mainly
inhibits the transport of Pd(0) from the periplasm to the extracellular surface of the outer
membrane. As a result, Pd(0) NPs accumulate inside the cells other than on the outer
membrane, and smooth cell surfaces are observed when the medium contains Cu(II)
(Figure 5.3 and Figure 5.15). The inhibition of Pd(II) sorption by MR-1 is only slight, but
the inhibition of the reduction of Pd(II) to Pd(0) by MR-1 as well the growth of Pd NPs are
observed. As a consequence, a few Pd(II) ions were transformed into PdO, and Pd NPs are
smaller compared to Pd NPs formed in media without Cu(Il) (Figure 5.10~ Figure 5.22).

Compared to 0.9% NaCl medium, the M9 medium can increase the bio-recovery to a small
extent according to the Pd content shown in Figure 5.13 and Figure 5.21. The addition of
buffer agents in the medium may therefore be profitable but is not critical under the
current experimental conditions.
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Figure 5.22. TEM of S/Pd-NaCl_C. (A) — (D) TEM images of S/Pd-NaCl_C at different magnifications.
Red arrow indicates NPs in the periplasm. (E) — (F) SAED area and corresponding diffraction pattern.
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5.4 Conclusions

The inhibition of Cu(Il) to Pd(II) reduction by MR-1 is different from that of other
microbes, such as E. coli. Inhibition of Cu(II) to the bio-remediation of Pd(II) was observed
but only to a mild degree. MR-1 incubated in Cu(II) for 24 h still exhibited a significant
reducing ability to Pd(I) and a removal efficiency as high as 89.8% was achieved. In
comparison, a removal efficiency of 98.7% was obtained without Cu(II) culturing.
Competition between Cu(Il) removal and Pd(II) removal was observed, and the addition
of Pd(IT) slowed the Cu(II) removal. In the bio-recovery of Pd(II), apparent differences in
morphologies of hybrid NPs presented with and without Cu(Il) in the medium were
observed. With Cu(Il), Pd NPs tend to accumulate in the periplasm, and no NPs were
evenly distributed on the outer membrane. In addition, the NPs are small, and part of
Pd(II) may not be completely reduced to Pd(0). Without Cu(Il), MR-1 cells were fully
covered with relatively larger Pd(0) NPs.

Phosphate buffer is not critical to the bio-recovery of PA(IT). The presence of phosphate in
the medium slightly increased the content of Pd(II) in the hybrids, but also precipitates
Cu(Il) in the medium. The precipitation of metal is undesired for the biorecovery. More

compatible media such as 0.9% NaCl solution are probably a better alternative.

Inhibition of Cu(Il) to the Pd(II) transportation from the periplasm across the outer
membrane is thus proposed. Further investigations are needed to detail the effect of
Cu(II) to the bio-remediation/recovery of metals by MR-1, such as the effect of Cu(II)

concentration and the inhibition of Cu(II) in other metal reduction.
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Conclusions and perspectives

As a model dissimilatory metal-reducing bacterium, the ability of S. oneidensis MR-1 (MR-
1) to transfer electrons from the inside of cells to extracellular redox partners (outward EET)
is widely studied. Cytochromes ¢ are crucial roles in this process, but detailed studies
uncovered the existence of unexplored active sites, probably cytochromes c¢ with high redox
potentials or multicopper oxidase which potentially enable other MR-1 EET pathways than
those learned hitherto.

In this Ph.D. project, the inward EET process of MR-1 was investigated in great detail. MR-
1 can transmit intracellular electrons to external redox molecules with high redox potentials
and negative charge(s) and achieve an inward EET process and electrocatalysis. The catalytic
electrooxidation manifest asymmetric voltammetric shape with an enhanced anodic peak and
a decreased cathodic peak. The inward EET is high effective and selective. Only the redox
molecules with high midpoint potential and negative charge(s) showed electrocatalysis
among the 12 redox molecules investigated. Reference bacteria, such as E. coli and
Streptococcus mutans are unable to execute electrocatalysis. The selectivity of both redox
molecules and bacteria is therefore confirmed, which means only specific bacteria show the
electrocatalysis to specific redox molecules. Notably, the addition of 10 mmol [Fe(CN)g]*
caused a higher current increase than that of 1.07 mmol lactate. EPS, in vitro cytochrome c,
and riboflavin, which exert important roles in the outward EET, make no difference in the
inward EET. Hence, the inward EET of MR-1 is possibly independent on the outward EET.
The electrocatalysis showed a dependence on the scan rate of CVs and the concentration of
[Fe(CN)g]*. Electrocatalysis is clear at low scan rates and low [Fe(CN)g]* concentrations,
indicating a different mechanism other than simple transformation between [Fe(CN)g]*/*- on
electrode surface.

The inward EET of MR-1 is fairly independent on the cellular respiration and the presence
of MtrC and OmcA. Inactive cells and a mutant without MtrC and OmcA still show
significant electrocatalysis. Notably, the presence of Pd NPs in cells, especially with large
amounts, weakened the electrocatalysis. The Pd NPs is likely to physically block the active
sites which are not MtrC and OmcA. The CV peaks were associated with the redox molecules,
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and not with the cytochromes ¢ on the outer membrane. Together, these results suggest a
model incorporating the oxidation of [Fe(CN)e]* and a mediating EET process of [Fe(CN)e]*
13- The former is an inward EET, in which MR-1 captures electrons from [Fe(CN)e]* via
unidentified active site(s). The electrons are then relocated around the outer membrane close
to the electrode, from where the electrons are shuttled to the electrode by [Fe(CN)s]*"*.
Electron transfer from the cell to the electrode is therefore an outward EET process. This
outward EET mediated by [Fe(CN)g]*”* differs from the conventional outward EET of
insoluble redox partners, and proceed both with and without MtrC and OmcA.

The combination of two different role of [Fe(CN)s]* is quite interesting. The asymmetric
voltammetric pattern implies that the MR-1 cells take electrons from [Fe(CN)g]* and give to
[Fe(CN)g]* effectively, but cannot transfer electrons in the opposite direction. The exact
mechanism on molecule level is not clear, but this discovery indicates complicated roles of
bacteria in the environment. The connection between the electrocatalysis and redox potential
seems implies the role of driving forces caused by potential difference, and “electrochemical
stress” in CV cycling. Redox molecules with high redox potential possess a stronger ability
to take electrons than those with lower redox molecules. Large local accumulation of
oxidized redox molecule with high redox potential close to a cell could lead to considerable
electron drain from the cell, which is possibly compensated by triggering the oxidation of the
reduced redox molecules around other parts of the cell. The discover of the electrocatalysis
broaden our view of EET including Mn(ll) oxidation by Shewanella spp. noted in the
introduction of Chapter 5, and can also provide information to the sensing of specific redox
molecules.

The influence of Cu(ll) and different media on the bio-remediation/recovery by MR-1 have
been studied. The pre-culture of MR-1 for 24 h showed a Pd(11) removal efficiency of 89.8%
in 24 h after the addition of Pd(Il). Co-existence of Pd(Il) and Cu(ll) decreased the removal
efficiency, implying a competition between Cu(ll) reduction and Pd(Il) reduction.
Additionally, the pre-incubation with Cu(ll) distinctly changed the morphology of obtained
hybrids of NPs on MR-1 surface. Cu(ll) possible impairs the transport of Pd(0) NPs, which
are reduced from Pd(ll) by MR-1 in the periplasm, through the outer membrane.
Consequently, the surface of cells culturing in media containing both Cu(ll) and Pd(ll) is
smooth. In comparison, the cells are enveloped with numerous NPs when no Cu(ll) was
presented in the medium. Cu(ll) can inhibit the reduction of Pd(Il) and lead to small Pd(0)
NPs and the formation of PdO. The inclusion of phosphate in medium precipitates of Cu(ll)
and cause a higher content of Pd in the hybrids, however, the increase is small.

The study of the effect of Cu(ll) and medium on the bio-remediation/recovery can bridge the
considerable laboratory research with practical implications. As a general inhibitor to
microbes, Cu(ll) is quite common in the environment and challenge the bio-
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remediation/recovery in real wastewater. Previous investigations showed that Cu(ll) can
significantly decrease the bio-remediation/recovery of different metals such as Pd(Il) and
Au(lll) by several bacteria, for example, E. coli. However, the main actor in bio-
remediation/recovery should be EAB since the major reactions are redox reactions, and the
studies of the influence of Cu(ll) are therefore very important. Notably, the behavior of EAB
is different from non-EAB, for example, EAB can survive in media containing high metal
concentration. A different effect of Cu(ll) on the bio-remediation/recovery by MR-1 is
therefore expected, which is informative to the practical operations. The influence of medium
to the bio-remediation/recovery is also needed since it is often neglected in related studies.
Real wastewater is often a mixture of different metal ions or even organic compounds. The
potential process such as redox reactions, precipitation, and complexation caused by the
medium should be considered in bio-remediation/recovery.
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