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Utilization of bacteria for nanotechnology and space

applications

Parts of this chapter (see 1.2) were published in the
Proceedings of the 69 International Astronautical Congress (IAC)
2018, Bremen, IAC-18,D3,2,4,x42651
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Most of the time we associate microorganisms with ilinesses, infections and

polluted water, but this is only one part of the story. Microbes are the most
diverse groups of organisms and we just start to understand them. Their
adaptability allowed them to master different kinds of extreme environments and
enabled them to produce as well as process a variety of molecules and materials.
Throughout history, scientists, brewers, and farmers managed to utilize microbes
for a variety of products, such as beer, wine, insulin and other medications,
biofuels and many more. Therefore, bacteria can also be seen as nano-factories
and they can be applied in many different ways. In this work, we explored the
application of microorganisms in two unconventional sectors: nanotechnology

and space applications, discussed in é 1yand 1.2 of this chapter respectively.
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1.1 The role of bacteria in nanotechnology

The research conducted throughout this thesis started with a concrete task:
producing bulk graphene more sustainably and enable a technology to
pattern its surface. Graphene is a novel material isolated in 2004 by Andre
Geim and Konstantin Novoselov [1] and awarded with the Nobel prize in
2010. Graphene has excellent electronic, optical, and mechanical properties
making it attractive for a variety of applications [2, 3]. However, the main
problem is its production using current techniques, which are expensive,
unsustainable and hard to up-scale. These issues could be resolved by a
material known as microbially reduced graphene oxide [4-6]. We started
with the abundant material graphite and oxidized it through a well-known
chemical procedure originally developed in 1958 by the chemists Hummers
and Offeman [7] (Fig. 1.1). Small modifications, additional treatment in an
ultrasonic bath and filtering of big particles yielded in a well characterized
distribution of single- and few layer graphene oxide (GO). This type of
graphene has multiple oxygen groups (epoxy, hydroxyl, carboxyl) on its
surface. In terms of conductivity and stability these group can be seen as
defects (even though they are useful in other applications: chapter 4).

The organism Shewanella oneidensis MR1 is known for its capability to
reduce, and therefore remove oxygen from metal oxides by using them as
electron acceptor [8]. This mechanism evolved to remove free electrons
produced during metabolic processes; human and most aerobic organism
use oxygen for this process. It was previously shown that Shewanella
oneidensis MR1 can also reduce GO to microbially reduce graphene oxide
(mrGO) [4]. But the characterisation of the so produced nanomaterial was
insufficient and no clear applicational were defined. In chapter 3 of this thesis
we verify the conductive properties of mrGO and compare them to
chemically reduced graphene oxide (crGO) produced via Hydrazine, the most
spread chemical to reduce GO. The properties are not as good as the pristine

graphene made by Geim and Novoselov, but we identified a variety of
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applications (e.g. composite materials, biosensors & conductive inks) where
sustainable microbial production could be beneficial.

Besides the production of graphene, its patterning via microbial processes
was another goal. Two approaches, one microscopic (e-beam lithography)
and one macroscopic (additive manufacturing) were tested. In the latter, we
managed to reliable print Shewanella oneidensis in an alginate gel with a
resolution of 1 mm (chapter 2) on a graphene oxide surface. However, we
could not provide sufficient nutrients and penetrate deep enough into the
stacked flakes of graphene oxide for the reduction process without
tremendously decreasing the printing resolution. In the microscopic one, we
spin coated PMMA on the top of graphene oxide and utilized an e-beam
lithography approach to cut patterns out of the coating. The bacteria
penetrated below the PMMA surface and reduced the entire side of the flake
(chapter 3). This made it impossible to make conductive paths but allowed
us to have only one single side of the graphene oxide reduced, which might
be beneficial for additive manufacturing approaches. Conducting this
research, we also discovered the utilization of these and other bacteria in
the change of rocks to extract elemental iron and silicon. This led to
collaborations with ESA and NASA, who are highly interested in possibilities

to mine and colonize the Moon or Mars.

Graphite Graphene Oxide (GO) Reduced Graphene Oxide
Chemical ... .
Oxidation Thermal ...
& Exfoliation Biological ...
—_— —_—
via Hummers Reduction -ﬂ
Methode i
—
100 pum 100 pm 2 um

Fig. 1.1 SEM pictures to visualize the concept of the oxidation and exfoliation of

graphite and the microbial reduction of graphene oxide to graphene.
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1.2 The role of bacteria in space applications

All biological systems, including bioreactors, humans, plants, and algae,
require a basic amount of nutrients primarily based on carbon and nitrogen
in the form of sugars and amino acids. To establish a self-sufficient colony
on another celestial body, a critical mass of these nutrients has to be
supplied, and efficient recycling systems must be installed to reuse them.
This section presents the reasoning why full-scale terraforming is not yet
possible and why we have to rely on continual recycling and resupplying to
achieve a first bio-based colony. It explains why a human presence in outer
space will require an increased focus on biological systems to be sustainable
and Earth-independent. We discuss the potential impact of current
technologies such as life-support systems, /in situ resource utilization, energy
storage, and additive manufacturing. Finally, this section reveals how
mechanochemical and biological solutions in conjunction might pave the way

for future human exploration

1.2.1 Requirements for a human outpost

A human outpost on another celestial body needs to fulfill several
requirements. For instance, transportation, shelter, supplies, waste removal,
hazard protection, and power sources have to be provided to ensure its
viability [9]. Every space exploration endeavor so far, however, used
resources originating from Earth, which leads to high transportation costs
and, ultimately, a high degree of dependence [10]. On Earth, a majority of
resources acquired are produced by our biosphere. The establishment of an
extraterrestrial biosphere might help to cut down dependence as well as the
cost for nearly all the requirements for a human outpost.

Waste removal: One intrinsic attribute of our biosphere is its “circular
economy” in which barely any resources are wasted. Different organisms
evolved in all types of niches to use and process the waste products of other
organisms. For a human outpost, we must copy this behavior. In particular,

microorganisms can be a huge help in processing human fecal, wastewater,
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and food leftovers (e.g. MELiISSA Loop [11]). This waste recycling is not
limited to organic molecules. It has been shown that inorganic molecules
(e.g. copper) can also be recycled this way [12].

Supplies: Food and oxygen supply might be the most traditional utilization
of biological systems for space exploration [13]. A variety of crops and algae
have been studied for applications in spacecrafts or human outposts.
However, microorganisms also have been demonstrated to produce
medicine on-demand, different types of plastics, and a variety of fuels and
gases [14].

Power sources & transportation: The fuels and gases produced by
microorganisms might be directly utilized for transportation [15]. Some
organisms also play a critical role in alternative types of fuel cells [16].
Shelter & hazard protection: In shelter construction, biological systems
probably have the least obvious potential for contribution. However, they are
helpful in bio-leaching of ores [17], direct extraction of resources, and the

formation of a barrier against cosmic radiation [9].

1.2.2 The benefit of microorganisms

During the last few decades, microorganisms have gained more attention in
industrial applications [14]. This increased prominence is due to the
improvement of synthetic biology and the realization of bacterial capability
as modifiable nano-factories. Our genetic toolbox allows us to produce
a variety of natural molecules in high quantities utilizing microorganisms.
One of the prime examples is insulin [18] where a genetic modification led
to a sustainable supply and, therefore, price-drop for the treatment of
diabetics.

Beside their capability as nano-factories, microorganisms can be stored
unchanging over decades in a -80 °C freezer. If one of the stored organisms
is needed, a droplet is enough due to their self-reproducing properties.
One freezer can, therefore, hold a library of different organisms that can be

utilized on-demand. In addition to being stored, organisms can evolve
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towards new environmental conditions to increase their potential in a
hazardous environment.

On earth, a large group of bacteria - namely extremophiles - has evolved to
resist for most organisms’ deadly conditions. They can survive and even
grow under strong radiation, extreme salinity or pH-values, high and low
temperature, or without water. Bacillus subtilis, a sporulating organism, was
even shown to survive the vacuum conditions of outer space [19].

All these properties (modifiable, nano-factories, storable, self-reproducing,
capable of evolution, resistance) make microorganisms an excellent choice
to support space exploration. Of course, planetary protection should always
be considered. Thus, the use of microorganisms should be limited to closed
environments on planets that have been confirmed not to host any native
species. However, a biological toolbox might enable astronauts one day to

survive at very remote places in the solar system.

1.2.3 Available nutrients

Biological systems have developed a variety of chemical processes to sustain
themselves and proliferate. The only requirement is the abundance of
sufficient quantities of carbon, nitrogen, hydrogen, oxygen, phosphorus, and
sulfur mixed with the right culture of organisms. Each planet or natural
satellite under consideration must have a sufficient amount of these
elements available or a possibility to deliver them.

The limitations of our technology do not yet allow for true terraforming of
entire planets [20]. One major reason for this failure is the deficit of
necessary elements on nearly any planet in our solar system. For example,
Mars and Neptune are missing nitrogen [21]. Saturn and Jupiter are gas
planets mainly consisting of hydrogen and some helium [22].

Missing elements would have to be supplied from other parts of the solar
system. The only planet which is likely to have all the necessary elements in
a minimal concentration available is Venus, but its strong greenhouse effect

leads to an unsuitable high surface temperature (720K) and pressure
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(70atm) [23]. Those missing elements together with the insufficiency of
available energy which is defined by the planet-sun distance makes terra-
forming on a large scale with our current technology impossible.

Nevertheless, we can “terraform” a limited landscape with a self-defined
atmosphere on almost every rocky planet, through the concentrating and
supplying of certain elements. These processes require technical as well as

biological solutions and some of them are described in this thesis.

Gas-Production

\

Conductive Material Building Blocks

Fig. 1.2 Role of in-situ resource utilization (ISRU) and biological systems for the

Microbial ISRU
Rocket Fuel

Lunar Regolith

¥ Lunar Base
Technical ISRU

human presence (e.g. on the Moon). The key focus for exploration must be on the
sustainable construction of a base, the continuous supply for astronauts (food,

water, medicine) as well as the refuelling of rockets. © Pablo Soriano Lopez for some of the

icons used.

1.2.4 Investigated biological systems

Biological approach to in-situ resource utilization (ISRU): On Earth,
several organisms have evolved to utilize metals from solid mineral
substrates as a key part of their metabolism (e.g. Shewanella oneidensis [8],
Acidithiobacillus ferrooxidans [17], and several members of the Geobacter
genus [24, 25].) These organisms could be applied to refine specific metals
from extraterrestrial regolith in mild or acidic conditions at ambient

temperatures. In such a process, the wildtype organisms themselves could
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be used, or their molecular machinery for metal interactions could be
expressed in @ model organism such as Escherichia coli [26] or B. subtilis.
To sustain the previously described processes, the organisms require a
supply of several nutrients to satisfy their need for carbon, nitrogen, and
further micronutrients. A process relying on supplies from Earth can also be
feasible if the process yields in a larger mass of purified product than input
nutrients needed. Another option is to select an organism that can combine
the extraction/leaching mechanism with the utilization of relatively energy-
poor substrates from a life support waste stream, such as volatile fatty acids
[27].

Life-Support, production of drugs, & radiation shielding: Biological
systems have predominantly been investigated for the application of water
cleaning, air recycling, food production and other in the life-support-systems
integrated steps. The most efficient recycling and organic production
mechanisms known have evolved in nature over billions of years, and the
utilization of these will be key for human presence on any other planet or
Moon [28]. Not only standard life support but also an on-demand supply of
medication and other complex chemicals could theoretically be provided by
microorganisms. A library of organisms ready to be cultivated when needed
as well as processes to clean up the product (downstream) would be

necessary to achieve biological life-support.

1.2.5 Conclusion

To colonize other planets, we will need to mimic working nutrient cycles on
Earth, albeit in much smaller quantities and with fewer organisms. The
smaller scale is necessary because it is not possible to terraform an entire
planet, yet. Nearly all reachable planets are missing quantities of some
critical elements that will have to be resupplied from somewhere else. A
smart starting supply for the new colony, together with utilizing and
concentrating of existing resources, is therefore key to a successful colony.

This approach could be referred to as a “small-scale terraforming”. The
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available resources of the planet would thereby be concentrated to make a
small closed environment suitable for human needs.

The needs can be described as (1) waste management, (2) supplies, (3)
power-supply & transportation, and (4) shelter. For all these systems, a
conjunction of biological and mechanochemical methodologies is necessary.
Experience has showed us that there will always be a net loss of certain
elements and molecules. In particular, the refueling of rockets will extract
elements from the loop, and we have not yet achieved waste management
with 100% efficiency. We will, therefore, be dependent on occasional
resupply from Earth. Better biological processes result in more freedom and
a less dependent colony.

In summary, a successful space colonialization will require a combination of
the traditional mechanochemical approaches as well as novel microbial
approaches. The reliability of current technological processes combined with
the self-reproducing and more sustainable bacterial methods will lead to a
mutual benefit. An identification of the exact necessities to achieve a semi-
sufficient colony requires intensive tests [chapter 7] coupled with theoretical
modeling [chapter 6,8]. However, these methodologies may lead humanity

into a new era of space colonialization.
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1.3 Thesis Outline

Chapter 2 on page 17: “A straightforward approach for 3D bacterial
printing”.

In chapter two we combine a standard additive manufacturing system with
alginate chemistry to allow for 3D printing of bacteria in a reliable and
reproducible way. This newly developed methodology uses an of the shelf
3D-printer with a regular syringe pump and allows to print bacteria in a
variety of 2- and 3-dimensional structures. We combined this with synthetic
biology to allow the production of specific chemicals after printing of the
bacteria. The alginate gives a reversible scaffold which can be removed after
the bacteria produced the wished material. Doing so this methodology can
be applied to pattern surfaces with bacteria, produce certain molecules or

allow a matrix for biofilm formation in a specific geometric form.

Chapter 3 on page 37: “Creation of conductive graphene materials by
bacterial reduction”.

Shewanella oneidensis MR-1 was used to remove oxygen from graphene
oxide and restore the mechanical and electric properties. To define clear
applications for microbially reduced graphene oxide (mrGO) we analysed the
chemical and electrical properties of mrGO. The analysis compared the so-
produced mrGO with chemically reduced graphene oxide (crGO). We showed
a comparable but smaller conductive behaviour in single flakes as well as
bulk of mrGO. This is mainly, due to incomplete reduction of oxygen groups
on the surface of graphene oxide. Nevertheless, mrGO maintained the high
surface to volume ratio better than crGO and is more sustainable in its
production. We identified nanocomposites, biosensors and conductive inks
as potential applications for mrGO. Further, we used a new cleanroom
methodology for bacterial patterning to reduce single sides of graphene

oxide, which might enable alignment for additive manufacturing approaches.
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Chapter 4 on page 65: "Homogenous covalent biocompatible coating of
graphene oxide for biomedical applications”.

The for microbial reduction produced graphene oxide can also directly be
modified for biomedical applications. In chapter 4 we present a novel way of
a covalent binding with colamine (CA) and polyethylene glycol (PEG). This
modification passivates the surface, which increases binding sensitivity and
selectivity of target molecules. Our GO-CA-PEG construct can be used for a
variety of biomedical applications (e.g. biosensors, drug delivery, tissue
printing). The covalent passivation prevents unwanted interactions with
other molecules, the high sensitivity decreases the needed concentration to
detect potential targets and the high selectivity makes the process very

specific.

Chapter 5 on page 85: “End-to-end mission design for microbial in-situ
resource utilization activities as preparation for a moon village”.

In chapter 5, a mission design to utilize bacteria for /n-situ resource
utilization (ISRU) on the Moon is presented. We propose a lander to hold a
trial chamber for microbial and cell-culture experiments, a radionucleotide
generator as power source and a rover to gather Lunar material. This
architecture represents a precursor mission to understand microbial
interaction and resource extraction from the Lunar regolith as well as toxicity
tests for a variety of cell types. Two specific examples of extractions are
namely discussed, the extraction of silicon and the extraction of iron from

the Lunar regolith simulant JSC-1AF using synthetically modified bacteria.

Chapter 6 on page 117: “Mining Moon & Mars with microbes: Biological
approaches to extract iron from Lunar and Martian regolith”.

The feasibility of bacterial material extraction for space application on Moon
and Mars was assessed in chapter 6. Bacterial kinetics and performance were
modelled for a variety of proposed organisms (Shewanella oneidensis,

Acidithiobacillus ferrooxidans, Magnetospirilum magneticum and Escherichia
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coli) with a focus on iron extraction. Shewanella oneidensis was selected as
the best organism to extract iron from a Martian surface through the
reduction of iron(III) with an optimal mass payback time of 3.3 years.
Acidithiobacillus ferrooxidans was selected as an optimal organism for iron
extraction from the lunar surface through the oxidation of iron(II). However,
A. ferrooxidans can only be feasibly used if the acids to keep it between a

pH of 1-2 are produced /n-situ.

Chapter 7 on page 145: “Extraction of iron from Lunar and Martian
regolith simulants using a microbial approach in conjunction with 3D
printing”.

Chapter 7 investigates the experimental verification of Shewanella
oneidensis induced magnetic extraction from the Martian regolith simulant
JSC-Mars1. We successfully increased the amount of extracted material by
up to 5.5 times after a 168h bacterial treatment and a handheld magnetic
extraction methodology. Additional Lunar regolith simulants, which are
having unlike real Lunar material also considerable amounts of iron(III),
were successfully tested. The iron wt% in the samples increased between
17.1% (JSC-2A) and 43.6% (EAC-1) compared to untreated material. Those
results make a successful application of our methodology in a real Mars

colony very likely.

Chapter 8 on page 179: “Theoretical bioreactor design to perform
microbial mining activities on Mars”.

The implementation of the biomining reactor as a central building block is
the core of chapter 8. Simulations of an upscaled 1400 litre S. oneidensis
reactor combined with a 60 litre algae reactor for additional nutrients
resolves in the production of 0.51 kg iron and 0.28 kg oxygen per day. The
biomass, oxygen, carbon dioxide concentrations as well as the flow profiles
and photosynthesis rates of one individual photobioreactor plate is modelled

for the algae system. Regolith particle distribution, kinetics and flow velocity
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is analysed for the biomining system. In the last part, planetary protection,
an additional plant compartment and the impact of radiation are briefly

discussed and incorporated into a full strategy for a Martian operation.

Chapter 9 on page 223: “Final remarks and future direction of this work”.

In the final chapter, an overview of further improvements in the reduction
mechanism, the limits of the microbial reduction, experiments to further
advance microbial nanomaterial treatment and the space applications as well

as an outlook on biomining applications for space exploration is given.
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Sustainable and personally tailored materials production is an emerging
challenge to society. Living organisms can produce and pattern an
extraordinarily wide range of different molecules in a sustainable way. These
natural systems offer an abundant source of inspiration for the development of
new environmentally-friendly materials production techniques. In this chapter,
we describe the first steps towards the 3-dimensional printing of bacterial
cultures for materials production and patterning. This methodology combines
the capability of bacteria to form new materials with the reproducibility and
tailored approach of 3D printing systems. For this purpose, a commercial 3D
printer was modified for bacterial systems, and new alginate-based bio-ink
chemistry was developed. Printing temperature, printhead speed, and bio-ink
extrusion rate were all adapted and customized to maximize bacterial health
and spatial resolution of printed structures. Our combination of 3D printing

technology with biological systems enables a sustainable approach for the

production of numerous new materials.
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2.1 Introduction

The development of more sustainable materials production is an urgent
need for our current society. Traditional materials production processes can
utilize massive quantities of polluting chemicals, and too often the products
are not naturally degradable [1]. One newly emerging approach to solve
this problem is the production of materials by bacteria, either synthetically
modified [2-4] or unmodified [5,6]. Many bacteria can carry out advanced
chemical reactions to produce materials, including amyloid-based adhesives
[7], bio-based electrical switches [8], microbially-produced nacre [9], and a
variety of bioplastics [10], under ambient conditions without using or
producing toxic compounds. However, current microbial materials
production techniques do not allow the generation of bespoke material
structures in a reliable or reproducible way. To allow for the production of
complex patterned biomaterials, we have coupled bacterial materials
production with 3D printing technology [11].

Additive manufacturing allows for the production of tailored products
fulfilling individual needs and enables entrepreneurs and companies to
produce small batches or only on-demand [12]. A wide variety of 3D
printing approaches have been developed for additive manufacturing of
non-biological materials, including stereolithography, selective laser
sintering, electron beam melting (EBM), Laser Engineered Net Shaping,
and PolyJet [13, 14]. The vast majority of current 3D printing techniques
involve one or more steps that are deadly for cells. Therefore, new
technologies have been developed for cellular printing with medical and
biological  applications including visualization,  education, and
transplantation [15-17]. To date, these techniques are quite expensive
(between 5,000 and 200,000 USD [18]) and not yet well adapted for
bacteria.

The area of biological printing is primarily dominated by three different

technologies. Thermal inkjet bioprinting uses CT or MRI images as guides
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to deploy fluid dots layer by layer, which solidify to a gel after a short
heating phase in the extruder [19]. Direct write bioprinting utilizes print-
heads made of syringes or needles that transport liquid bioink via
mechanical or pneumatic systems and uses a low-melting-point scaffold
material [20, 21]. Spheroid organ printing employs tiny tissue spheroids to
assist the self-organizational and self-assembling character of real tissues
[22]. A few efforts have been made to apply these technologies to
bacterial printing, but all current approaches suffer limitations of poor
spatial resolution [23] or require laborious clean-room fabrication of
microstructures that shape the printed bacteria [24]. To achieve a cost-
efficient technology for bacterial printing that is compatible with incubation
of printed bacteria at elevated temperatures, a new technology must be
developed that allows high printing resolution without the requirement for
cleanroom facilities.

Our newly developed microbial 3D printer can deposit bacteria cells in
specific three-dimensional patterns for the ultimate goal of materials
production. Our printing platform uses a modified commercially available
3D printer to extrude a mixture of bacteria and alginate that solidifies into
a gel upon contact with a calcium chloride-treated printing surface. This
combination of straightforward chemistry and easy, readily available
technology enabled us to print reproducible 3-dimensional samples with
high spatial resolution. The combination of our straightforward technique
to print 3D microbial structures with the material-modifying properties of
bacteria will result in high-resolution deposition of bacteria and the

fabrication of spatially patterned materials.
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2.2 Results and Discussion
2.2.1 3D printer and bio-ink

In order to create a straightforward bacterial 3D printer, multiple
modifications were made to an inexpensive (300 USD) commercial 3D
printer (Fig. 2.1A). The extruder of the printer was removed and replaced
with a pipette tip (Fig. 2.1B, 3a) and a system of tubing (Fig 2.1B, 3c). This
alteration allows the liquid biological ink (“bio-ink”) to be transported under
ambient temperatures that are amenable to microbes, rather than the
elevated temperatures that are applied to melt plastic filament. A
secondary pipette tip was affixed to the printhead (Fig. 2.1B, 3b) to allow
for rapid alternation between the deposition of different types of bio-ink. A
syringe pump (Fig 2.1A, 1) was added to the system to generate
continuous but adjustable flows of bio-ink through the sets of tubing into
the pipette tips. Printed shapes are created through the flow of bio-ink
through the movable printhead while it is in motion, the trajectory of which
is programmably controlled by an external computer. The shape of printed
objects can be created /n silico through computer-aided design (CAD)
programs, then converted into printing instructions for the 3D printer using
slicing and printer-specific software. These adaptations can be performed
on all 3D printing systems that employ an accessible and removable
extruder.

A custom bio-ink was developed that would allow bacteria and chemical
substrates for materials production to flow through the printhead in liquid
state, then rapidly solidify upon contact with the printing surface to form a
stably patterned shape. The bio-ink consists of live bacteria mixed with
dissolved alginate. When the bio-ink is extruded onto a surface containing
calcium ions during the printing process, cross-linking of the alginate
molecules is triggered, forming a stable, biocompatible aerogel scaffold
within seconds [25, 26]. In order to optimize the bio-ink composition, the

alginate and calcium ion concentration were systematically varied (from
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0.5% w/v to 6% w/v alginate; and 0.0087 mol/cm? to 0.44 mol/cm? CaCly)
and tested in the printing system. Insufficient concentrations of alginate
and calcium ions resulted in poor gelation and low printing resolution, while
excessive concentrations led to premature gelation of the bio-ink, blocking
the pipette tip and preventing further printing. The optimal conditions were
found to be 1 M CaCl, and 2.5% w/v alginate. With our printer system,
each printed layer can only contain materials that are present in the active
syringe; the mixture of materials from two different syringes within one
layer is not possible due to the rate of scaffold formation. However, a wide
range of different types of materials is compatible with alginate
polymerization and may be admixed in the active syringe for inclusion in

individual printed layers [21, 27].

Fig. 2.1 Bacterial 3D printing system. (A) Overview of all bioprinter components. 1:
syringe pump, 2: syringe filled with bio-ink, 3: extruder holder, 4: one of three
step-motors for positioning, 5: breadboard and hardware of the printer, 6: frame
of the printer. (B) Detailed view of the modified extruder. 3a: active pipette tip,

3b: secondary pipette tip for layering materials, 3c: tubing system.

2.2.2 Printing reproducibility and resolution
The reproducibility and consistency of the printing process was assessed by

analysing patterned monolayers that were printed using the optimized bio-
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ink. An elliptical form with two long straight lines on each side was chosen
as the printing object in order to test the performance of the printer in
fabricating both curved and straight-edged structures (Fig. 2.2A). Following
printing, the width of each printed structure was measured at six different
positions, sampling a variety of straight and curved portions. No
statistically significant differences were seen among any of the widths
measured at the same position in different prints (One-way ANOVA with
Tukey PostHoc, p-value: 0.964, CV%: 11.16) (Fig. 2.2B). These data
indicate that our printer and bio-ink can fabricate printed structures of

varying shapes in a consistently uniform manner.
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Fig. 2.2 Reproducible printing of alginate structures. (A) A representative printed
elliptical structure. The numbers indicate the locations of the 6 measurement
positions. (B) The distribution of measured line widths at 6 different positions
within elliptical printed structures (n = 3). The tops and bottoms of the boxes
represent the 75th and the 25th percentiles, respectively; the lines within the
boxes are the median values; and the tops and bottoms of the vertical lines are
the maximum and minimum values. No significant differences exist between the
width distributions of any of the different positions (One-way ANOVA, Tukey
PostHoc test, p-value: 0.964).

In order to maximize the printer resolution, a range of printing parameters

was tested. The two most critical factors affecting the printed line width
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were found to be the extrusion rate of the syringe pump and the
movement speed of the printhead, in agreement with previous work [28].
A range of printhead movement speeds (100-500 mm/min) and syringe
pump extrusion rates (17-50 pL/min) were applied to print straight lines of
bio-ink. In general, increased printing resolution could only be achieved by
adjusting both parameters in parallel: e.g. slower printhead movement
speeds required slower syringe pump rates. Other less-critical factors
contributing to printer resolution were the distance between the printhead
and the printing surface, as well as the uniformity of the printing surface.
The narrowest line width obtainable was 1.00 £ 0.15 mm, achieved with a
printhead movement speed of 200 mm/min and a syringe pump extrusion
rate of 33 pL/min (Fig. 2.3A).

The printer can be directed to deposit bio-ink directly on top of previously
printed material to create multi-layered structures. A second aerogel layer
can be printed on top of a base layer at a range of different syringe pump
extrusion rates, with no modification of the printing commands (Fig. 2.3A).
Fabrication of structures taller than two layers in height requires an
increase of the z-position of the printhead by 0.15 mm/layer. Stacked
layers of bio-ink are able to solidify due to interaction with calcium ions
that have diffused from the printing surface up through the first printed
layer(s). Each additional printed layer resulted in a fractional increase in
the width of the final structure, due to the time required for the new layer
to gelate (Fig. 2.2A, B). No significant change in the final width was
observed when the time between printing of successive layers was varied
between 40 and 240 seconds (Student’s T-test, p-value: 0.963, CV4os:
18.36, CVa40s: 20.82), indicating that multi-layered structures can be
printed at different paces with no loss of resolution. The total time required
to print a 14-layered ellipse with a pause of 40 seconds between printing

successive layers was 15 minutes.
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To characterize the spatial resolution of 3-dimensional printed structures,
14-layered elliptical structures were printed. The structures’ widths were
measured following deposition of each layer. The heights of the structures
were measured for only a subset of layers, since each height measurement
required removal of the gel from the printing surface, halting the printing
process. The average line width increased significantly but incrementally
for the first six layers, with an average increase of 0.14 £ 0.01 mm per
layer between layers 1 and 6 (Fig. 2.3B). Following the sixth layer, the line
widths approached a plateau; no significant differences were observed
between the line widths of any of the layers between layers 6 and 14
(One-way ANOVA with Tukey Posthoc test, p-value: 0.995). The height of
the printed material was observed to increase continually, by an average of
0.16 £ 0.02 mm per layer. The final 14-layered structures were 2.14 +
0.11 mm in height, with a width of 2.32 £ 0.37 mm. These measurements
indicate that our printing system is capable of fabricating 3-dimensional
structures at sub-millimeter-scale precision in all dimensions. Further
improvements in resolution may be possible by rebuilding our system using
a commercial 3D printer employing more accurate printhead positioning
[15].
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Fig. 2.3 Printing at millimeter-scale resolution in three dimensions. (A) The
distribution of widths of single- and double-layered structures printed at different
syringe pump speeds (n=4). The printhead movement speed was 200 mm/min in
all cases. The tops and bottoms of the boxes represent the 75th and the 25th

percentiles, respectively; the lines within the boxes are the median values; and
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the tops and bottoms of the vertical lines are the maximum and minimum values.
(B) The line width (blue) and line height (red) of printed structures containing up
to 14 layers (n=3). Error bars indicate the standard error.

Since some applications may require the printing of multi-layered
structures containing spatially separated bacterial strains, the internal
structure of multi-layered printed bacteria was analyzed. Bi-layered
structures were printed containing engineered Escherichia coli, in which the
bacteria in bottom layer of bio-ink expressed the yellow fluorescent protein
mVenus, and the bacteria in the top layer expressed the blue fluorescent
protein mCerulean. Each layer was printed using separate tubing and
pipette tips to prevent contamination of the top layer by bacteria printed in
the previous layer. After 24 hours of incubation, the structure was imaged
at different depths using confocal microscopy, and the extent of bacterial
mixing between the layers was quantified through image analysis. The
bottom layer was 81% £ 5% homogeneous, while the top layer was 93%
+ 5% homogeneous (Fig. 2.4).

Fig. 2.4 Internal structure of printed layers. Modified strains of £. coli expressing

two different fluorescent proteins were printed one on top of the other in a 2-
layered square. After 24 hours of incubation, the internal structure of the printed
bacterial layers was inspected by confocal microscopy. The bottom layer
contained 81% £ 5% blue fluorescent cells, while the top layer contained 93% =+

5% vyellow cells.
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This analysis indicates good separation of bacteria between adjacent
printed layers, even after extensive periods of incubation. The lower layer
may have been less pure due to incomplete solidification before printing of
the top layer, which could be improved via an increased waiting time

between printing of layers.

2.2.3 Survival and metabolic activity of printed bacteria

In order for our alignate-based printing system to be successfully applied
to microbial materials production, bacteria must be able to survive well
within the alginate gel. To test this property, £. coli was incorporated into
alginate aerogels, and gels were incubated for varying amounts of time
from 0 to 48 hours at 37°C. The gels were then added to a solution of
sodium citrate to chelate the calcium ions and dissolve the gel. The
samples were grown on Luria-Bertani (LB)-agar plates to determine the
number of viable cells (colony forming units). An increase in colony forming
units observed between the first two data points may indicate that
bacterial growth occurs within the alginate gel during the first 24 hours
after gel production (Fig. 2.5A). Thereafter, colony forming units remained
fairly constant for up to 48 hours. Comparison with bacteria that were
incubated in non-printed, liquid bio-ink indicated that the printing process
initially reduces the viability of £ coli by approximately 50% (Fig. 2.5B).
Thereafter, the levels of viable bacteria in the non-printed bio-ink remained
nearly constant, likely due to nutrient limitation. The dramatic increase in
the number of viable bacteria in the printed gel resulted in an overall
increase in viability of approximately 200% in comparison to the non-
printed bio-ink, which may be due to the additional nutrients in the agar
printing substrate and the lower bacterial density after printing. Bacteria
can thus remain viable within the alginate gel of our bio-ink for at least two
days following gel formation, providing sufficient time for microbial-

mediated materials production or patterning to occur.
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Fig. 2.5 Robust bacterial survival within printed alginate gels and planktonic bio-
ink. The number of colony forming units is shown for E. coli printed within
alginate gels (A) or as a planktonic sample (B), incubated for varying amounts of

time (n=6). Error bars indicate the standard error.

Both survival and metabolic activity of the printed bacteria are key factors
to demonstrate the applicability of our printing system. To assess the
ability of our printed bacteria to create a product, £. coli containing the
rhamnose-inducible red fluorescent protein RFP were printed onto an agar
plate containing the rhamnose inducer. The gel was incubated, and the
color of the gel was monitored over 48 hours. After 8 hours of incubation,
the induced bio-ink showed a noticeable red colour, which became very
intense after 48 hours (Fig. 2.6). This experiment demonstrates that our
printed bio-ink is able to support the production of bacterially-made
materials over short periods of time. Our printing system could be readily
applied to the patterned production of bacterially-created materials in a
variety of different formats. Bio-ink containing both active bacteria and
material precursors could be printed onto a neutral surface, to create a
three-dimensionally patterned aerogel within which the bacteria chemically
convert the precursors to the desired final product. The thorough
comingling of bacteria and chemical substrates within the gel in this
configuration would lead to high efficiency of material production.
Alternately, alginate gel containing only the chemical precursor could be
printed and then immersed within a liquid bacterial culture to create a final

3D-patterned material that is largely bacteria-free. In a third scenario,
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bacteria-containing bio-ink could be printed onto a surface that is coated
with material precursors, which the bacteria could then convert into a two-
dimensionally patterned final product. This approach has the appealing
feature that the alginate gel could be dissolved away after the fact, leaving

behind only the final material.

Oh 8h 24h 48 h

1

Control '

RFP |

Fig. 2.6 Metabolic activity within printed alginate gels. £. coli with and without a
rhamnose-inducible RFP plasmid were printed onto a substrate containing
rhamnose. Printed gels were incubated at 37°C, and color changes were observed

over time.

2.3 Conclusion

The work shown here demonstrates the development of macroscopic
material printing with millimeter-scale resolution using removable aerogels
and bacterial chemistry. This approach enables us also to print precursor or
supportive material directly with the bacteria. The printing technique is
inexpensive, straight-forward, and can produce bacterial structures of a
wide variety of three-dimensional shapes without requiring printing
scaffolds, excepting structures that contain internal bridges or enclosed
hollow spaces. The technology is well-suited for the use of wild-type

organisms or synthetically modified bacteria, which could be designed to
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carry out new combinations of microbial reactions to create a great number
of different types of materials. Connecting our novel and straightforward
bacteria printing techniques with approaches of synthetic biology will
further improve its value as a “green” material production process and
patterning methodology. The ease and simplicity of our printing approach
will allow any interested research group to adapt and improve this process

at low cost for multiple possible applications.

2.4 Materials and Methods

2.4.1 Printing system

The extruder and heater of a standard 3D printer (CoLiDo DIY) were
removed and replaced by a pipette tip, a tubing system, and a syringe
pump (Fig. 2.1). Silicon tubing (VWR DENE 3100103/25) with an inner
diameter of 1 mm and an outer diameter of 3 mm was used to connect a
200 pL pipette tip to a 10 mL syringe. The syringe was loaded with 10 mL
of printer bio-ink and mounted in a syringe pump (ProSense B.V. NE-300).
A secondary 200 L pipette tip was affixed to the printhead (Fig. 2.1A, 3b)
and connected to silicon tubing to allow for rapid exchange of the pipette
tip to deposit a second type of material. Printed objects were drawn in the
free online CAD program Tinkercad, sliced via the RepRap Slic3r software,
and manually adapted and implemented for printing using CoLiDo

software.

2.4.2 Bacterial strains, plasmids, and culturing

Escherichia coli K12 MG1655 was transformed with an SB101 plasmid
containing RFP under the control of a rhamnose-inducible promoter.
Escherichia coli Topl0 cells were transformed with plasmids AM420 or
AM421. Cells were cultured overnight in LB media supplemented with the
appropriate antibiotic (25 pg/mL ampicillin or kanamycin) at 37°C with

continuous shaking at 250 rpm.
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Plasmid AM420 is a p15A-derived plasmid carrying an ampicillin resistance
gene, a constitutively expressed /ac/ gene, and the gene for the blue
fluorescent protein mCerulean (gene sequence originally from pzZS2-123
[29], Addgene plasmid # 26598) behind an IPTG-inducible promoter.
Plasmid AM421 is a pSCl101-derived plasmid carrying a kanamycin
resistance gene, a constitutively expressed tetR gene, and the gene for the
yellow fluorescent protein mVenus (gene sequence originally from mVenus
N1 [30], Addgene plasmid # 27793) behind an anhydrotetracycline-

inducible promoter.

2.4.3 Printer bio-ink & substrate

To obtain 10 mL of bio-ink containing £. colj, 10 mL of overnight bacterial
culture (O.D.soo Of approximately 2.5) was spun down at 4000 rpm for 3
minutes and the supernatant discarded. The cells were resuspended in 5
mL of sterile LB medium (Sigma Aldrich). A 5 mL mixture of sodium
alginate (5% wy/v, Sigma Aldrich) was added to the solution, followed by
vortexing.

A Petri dish (150 mm x 15 mm) was filled with 20 mL of agar (1.5% w/v)
dissolved in LB medium. The printing surface was prepared by the equally

distributed application of 500 pL 1 M CaCl; onto the agar surface.

2.4.4 Resolution and height measurements

Printing resolution was determined by measuring the width and height of
printed samples with a digital caliper (GEDORE No. 711) three times per
position for each layer. Prior to the start of printing, the petri dish lid
containing the agar printing surface was affixed to the printer platform
using double-faced adhesive tape to prevent changes in the position of the
substrate during measurements. Width measurements were recorded for
successive layers printed onto the same base layer. Measurement positions
within printed ellipses were selected prior to printing: two random points

within curved end regions, two random points in straight-edged side
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regions, and two random points in the transitional area between curved
and straight regions. To determine the height of printed samples, the
printed structure was removed from the agar printing surface, therefore

additional printed layers could not be added post measurement.

2.4.5 Printing and imaging of layered alginate gels containing fluorescent
bacteria

Printing substrate including inducers (1 mM IPTG to induce mCerulean
expression, 50 ng/mL anhydrotetracycline to induce mVenus expression)
was prepared in a Petri dish. A sheet of dialysis membrane (Spectra/Por 2
Dialysis Tubing, 12-14 kD MWCO, Spectrum Europe B.V., The Netherlands)
was placed on the agar prior to printing, to ensure diffusion of nutrients
and inducers from the agar substrate to the printed gel while facilitating
eventual transfer of the gel onto a microscope slide. A single rectangular
layer of bio-ink was printed containing £. coli with AM421, then a second
rectangular layer of bio-ink containing £. coli with AM420 was printed on
top of the first layer, using separate tubing and pipette tips to avoid
bacterial cross-contamination.

After 24 hours of incubation at 37°C, the printed gels and underlying
dialysis membranes were sliced with a scalpel. Samples were transferred
onto a microscope slide and imaged with a Nikon Al* fluorescence
confocal microscope (magnification 200x, excitation wavelengths 457 or
514 nm, detected wavelengths 465-500 or 525-555 nm for mCerulean or

mVenus, respectively).

2.4.6 Bacterial survival

To determine bacterial survival, 5 mL of an overnight culture of £. coliK12
MG1655 (0O.D.e0o of approximately 2.5) was spun down at 4000 rpm for 3
minutes and the supernatant discarded. The bacterial pellet was
resuspended in 5 mL of fresh LB medium containing 2% w/v sodium

alginate by vortexing until all ingredients were entirely dissolved. A portion
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of the bio-ink was used to print a 6-layered rectangular quadrangle. The
gel was allowed to solidify for 30 minutes before the first sample was
taken. The remainder of the bio-ink was incubated in unsolidified liquid
form at 37°C as a positive control showing planktonic growth. After 0 h, 24
h, or 48 h of incubation at 37°C, 0.3 g of the gel was removed and
dissolved in 1.75 mL of 1 M sodium citrate solution. For planktonic
samples, 200 pL samples were removed, containing approximately the
same volume of bio-ink as that sampled from the printed gel. Colony
forming units (CFU) were determined following the protocol of Karas et al.
[31]. In short, each sample was serially diluted three times (in ten-fold
increments from 10! to 108), and 5 pL of each dilution was pipetted in
triplicate onto a LB-agar plate. The plates were incubated at 37°C for 24

hours, and visible colonies were counted.

2.4.7 Production of RFP by printed bacteria

Two 6-layered, square-shaped gels were printed on an LB-agar plate
containing 0.2% rhamnose. One gel contained E£. coli with a rhamnose-
inducible RFP-producing plasmid, and the other one contained wild-type E.
coli K12 MG1655. The agar around the printed gel was removed to
increase its visibility. The printed gels were photographed under constant

light conditions over a 48-hour period.

2.4.8 Statistical methods

R-Studio was used to perform the statistical analyses. All datasets were
assumed to be normally distributed and were checked for outliers with a
Dixon’s Q-Test. Unless noted, no outliers were removed from the datasets.
One-way ANOVA was used to compare multiple data sets, and two-sample
Student’s t-test was used for comparing two data sets. In cases where the
ANOVA test showed a significant difference, a Tukey’s post-hoc test was
used to obtain an overview of all significant differences occuring within the

dataset.
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This chapter describes a microbial reduction approach for producing graphene
that utilizes the bacterium Shewanella oneidensis in combination with modern
nanotechnology to enable a low-cost, large-scale production method. The
bacterial reduction approach presented in this paper increases the conductance
of single graphene oxide flakes as well as bulk graphene oxide sheets by 2.1 to
2.7 orders of magnitude respectively while simultaneously retaining a high
surface-area-to-thickness ratio. Shewanel/la-mediated reduction was employed
in conjunction with electron-beam lithography to reduce one surface of
individual graphene oxide flakes. This methodology yielded conducting flakes
with differing functionalization on the top and bottom faces. Therefore,
microbial reduction of graphene oxide enables the development and up-scaling
of new types of graphene-based materials and devices with a variety of

applications including nano-composites, conductive inks, and biosensors, while

avoiding usage of hazardous, environmentally-unfriendly chemicals.
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3.1 Introduction

Pristine graphene was the first two-dimensional material to be identified
[1]. The one-atom thickness of single-layer graphene gives it the highest
possible surface-to-volume ratio and 97% optical transparency [2]. Its
electrical conductivity of up to 108 S/m and thermal conductivity of 4800 to
5300 W/mK are superior to those of the most conductive elements (i.e.,
silver, gold and copper) [3, 4]. Additionally, the Young’s modulus of 1 TPa
and intrinsic strength of 130 GPa identify graphene as the strongest
measured material to date [5]. These exceptional properties have led to
various applications for graphene in bioanalytics, drug carriers, composite
materials, improved transistors, batteries, hydrogen storage, and
photocatalysis, among others [6-14]. However, the primary hurdle to the
widespread usage of graphene-based materials is the lack of reliable,
clean, cost-efficient, and scalable graphene production.

The two predominant production methods for graphene are chemical vapor
deposition (CVD) and exfoliation of graphite. CVD set-ups utilize a
substrate material (e.g. copper) onto which methane is deposited, forming
single-layer graphene. Their major drawbacks are the limited surface area
of the substrate, the need for a specialized atmosphere for graphene
growth, and difficulties in removing the grown graphene from the substrate
[15]. While the quality of CVD-produced graphene is typically high,
industrial up-scaling is challenging and expensive [16, 17]. Methodologies
for exfoliation of graphite are diverse, but one promising technique for
scalable production is the oxidation and exfoliation of graphite to graphene
oxide (GO), followed by its subsequent reduction to graphene (Fig. 3.1)
[14, 18-20]. The production of graphite oxide and its exfoliation to GO can
be performed using synthetic chemistry and have been demonstrated to be
scalable as well as cost-efficient [18, 19, 21]. In contrast, the reduction of
GO to graphene often involves the usage of harsh chemistry (e.g.

hydrazine), which can add undesired nitrogen groups onto the surface, has
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very high energy demands, and can cause n—n stacking of the freshly-
produced layers of reduced graphene oxide, removing the advantageous
properties that result from the two-dimensionality of graphene [14, 22,
23].

One intriguing possibility to reduce graphene oxide in a more sustainable,
easily up-scalable, and cost-efficient way is via the metal-oxide-reducing
bacterium Shewanella oneidensis [24-26]. S. oneidensis has evolved to use
inorganic materials as an electron acceptor during anaerobic respiration
[27]. S. oneidensis can deliver electrons to inorganic acceptor materials
both by electron shuttles and via direct surface-to-surface contact
mediated by its Mtr respiratory pathway, which consists of multiple
different proteins which pass electrons from the bacterial cytoplasm,
through the cell membranes, and up to the surface of the bacterium
[25,26]. When graphene oxide is provided, the electrons from &S.
oneidensis react with the oxygen groups of the graphene oxide, leading to
a restoration of the sp? orbitals forming the characteristic hexagonal lattice
of graphene. Graphene oxide contains epoxyl, carboxyl, and hydroxyl
groups both on the upper and lower surfaces of the flakes [14]. These
groups have different binding energies, and it is not yet known which of
those groups can be reduced by Shewanella oneidensis.

The bacterial mechanism of GO reduction avoids harsh chemicals and could
potentially be wupscaled using bioreactors [24-26]. However, the
conductivity of single flakes, the average thickness after reduction, and the
structural quality of microbially-reduced graphene oxide (mrGO) have not
yet been determined, making it impossible to identify the feasibility of the
microbial production approach and the range of potential applications for
reduced graphene oxide produced through this method. A high
conductance and surface-to-volume ratio would make mrGO applicable to
field effect transistors (FET), biosensors, transparent conductors, batteries,

graphene polymer nanocomposites, and conductive inks [28-33].
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Thorough characterization of the conductive properties of mrGO requires a
combination of single-flake measurements, to identify the intrinsic
resistance within flakes, and bulk measurements, to evaluate the
effectiveness of inter-flake charge movement. In this chapter, we
combined for the first time conductance measurements of microbially-
reduced flakes with determination of their surface-area-to-thickness ratio
and compared them to GO and chemically-reduced graphene oxide (crGO).
Our analyses indicate that microbial reduction of a GO suspension produces
a 2.5 orders-of-magnitude increase in conductance, with no significant
change in the flake thickness. X-ray photoelectron spectroscopy (XPS)
analysis of the microbially-reduced graphene oxide revealed that C-O(H)
hydroxyl bonds were strongly influenced by the bacterial reduction, while
C=0 groups were not affected, in dramatic contrast to the chemically-
reduced GO. The flake thickness of mrGO was shown to be significantly
lower than in crGO and remained constant over a two-week storage period,
which is essential for bio-ink and biosensor applications. By combining the
reduction capabilities of Shewanella oneidensis with electron-beam
lithography a completely new methodology was developed to functionalize
the surfaces of single graphene oxide flakes on only one side, which could
improve the selectivity of biosensors or tune the structural properties of

nanocomposites.

3.2 Results & discussion

3.2.1 Microbial reduction of graphene oxide

In order to produce microbially-reduced graphene oxide, graphite was first
oxidized and exfoliated to graphite oxide via an optimized Hummers and
Offeman method (Fig. 3.1) [19, 21]. Graphite oxide production was
monitored via a color change from black to yellow (Fig 3.2A). The multi-
layered graphite oxide stacks were sonicated and filtered to obtain one-

layer to few-layer flakes of graphene oxide (Fig. 3.1). The resultant flakes
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were then incubated with S. oneidensis in rich growth medium under either
aerobic or anaerobic conditions (Fig. 3.2B), and reduction to mrGO was
observed via the reverse color change from yellow to black (Fig. 3.2A) and
continuous optical density measurement (O.D.so0) using a UV-VIS
Spectrometer at 600 nm (Fig. 3.2C). To compare the degree of reduction,
the average absorbance due to the growth of bacteria under the same
conditions (n=9) and the baseline absorbance of graphene oxide were
subtracted (Fig. 3.2D). Both the aerobic and anaerobic conditions for
microbial reduction yielded a robust increase in the amount of rGO, which
plateaued after 30 hours. The aerobic reduction initially displayed a lag
phase, potentially because of the usage of oxygen as additional electron
acceptor. There was no significant difference between the amount of rGO
production under aerobic vs. anaerobic conditions after 48 hours (Students

T-test two-tailed, two samples with equal variance, p=0.52, n=6).

Graphite Graphene oxide Reduced graphene oxide

Oxidation &
exfoliation

Reduction
(microbial)

30 pm 3 um 3um

Fig. 3.1 Schematic overview of the generation of reduced graphene oxide by
oxidizing and exfoliating graphite to form graphene oxide (GO), which is then
reduced to produce reduced graphene oxide (rGO). Grey hexagons represent the
carbon back-bone, the blue dots represent oxygen, and the red dots represent
hydrogen. Scanning Electron Microscopy (SEM) images obtained of flakes

extracted from the bulk solution are included to illustrate each step.
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Fig. 3.2 Chemical analyses of microbially- and chemically-reduced graphene oxide.
(A) Change of optical properties during generation of reduced graphene oxide.
Samples are, from left to right, graphite (Gr), graphene oxide (GO), microbially-
reduced graphene oxide (mrGO), and chemically-reduced graphene oxide (crGO).
(B) Schematic of microbial GO reduction. Shewanella reduced GO flakes at room
temperature in liquid medium via direct contact as well as through secreted
electron transporter molecules. (C) Production of rGO over time for aerobic (dark
green) and anaerobic (light green) microbial reduction in TSB growth medium,
measured via optical density at 600 nm. The O.D.s00 values of a sample containing
only Shewanella bacteria in TSB and the baseline O.D.s0 value of a sample
containing only GO have been subtracted from each data set. A no-bacteria
control, composed of only GO in TSB is shown in red. (D) Raman spectra of
graphite (black), GO (orange), mrGO (green), and crGO (blue). (E) X-Ray
Photoelectron Spectroscopy (XPS) of GO (left), mrGO (middle), and crGO (right).
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Additional tests utilizing a minimal growth medium and added carbon
sources (e.g. lactate) were conducted but did not result in a more efficient
reduction of GO. For all further experiments, we performed microbial
reduction using a rich growth medium in an aerobic environment
(schematically shown in Fig. 3.2B), due to the ease and inexpensiveness of
the procedure. To determine the quality of the reduced GO samples, the
chemical properties of the graphene derivatives were analyzed following
the reduction of graphene oxide utilizing S. oneidensis (for mrGO) or
hydrazine (for crGO). The reduction efficiency (carbon/oxygen ratio) and
the amount of defects were determined, since these properties contribute
substantially to the emergent electrical and physical properties of graphene
materials [22]. We used Raman spectroscopy to evaluate the status of the
sp? and sp? orbitals in the GO, mrGO, and crGO samples. The amounts of
defects in graphene can be estimated via the ratio of the intensities of the
D peak and the G peak in the Raman spectrum, (I(D)/I1(G)), as well as the
width of these peaks [34]. The G peak results from in-plane vibrations
primarily from sp? hybridization characteristic of highly-ordered materials
such as graphene or graphite, while out-of-plane vibrations due to
structural defects or sp? bonds resulting from oxygen binding are the main
contributor to the D peak [35]. After oxidation, both peaks became wider
due to the increased amount of disorder in comparison to graphite (Gr vs.
GO, Fig 3.2D) [36]. Oxidation also resulted in an increase in the I(D)/1(G)
ratio, apparently due to a decreased contribution of in-plane vibrations (G-
peak), as well as oxygen binding to the carbon lattice, which caused
increased out-of-plane vibrations (D-peak). The I(D)/I(G) ratio continued
to increase upon chemical as well as microbial reduction. This change can
be attributed to the formation of new sp? domains increasing the number
of graphene-like domains [37].

For mrGO, we obtained an I(D)/(I(G) ratio of 1.00 £ 0.09 (n=4), which

was not significantly different from the I(D)/(I(G) ratio measured for crGO
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(1.00 £ 0.03, n=4, p=0.79). Both values were 15% larger and significantly
different from the I(D)/(I(G) ratio obtained for GO (0.85 £ 0.03, n=4)
(One-way ANOVA with Tukey PostHoc test, p-values: GO-mrGO = 0.049,
GO-crGO = 0.012, n=4), indicating a decreased amount of defects in the
microbially-reduced GO samples in comparison to GO.

As the number of layers, as well as wrinkles and multiple types of defects
in the lattice, may contribute to the D peak in graphene materials [38], the
I(D)/I(G) ratio is a less reliable indicator to quantify the grade of reduction.
X-Ray photoelectron spectroscopy (XPS) allows for a better quantification
of reduction as well as the identification of the elemental composition and
the chemical states in the sample (i.e. C-C and C=C bonds vs. C-O bonds
or C=0 bonds) of mrGO in comparison to crGO and GO (Fig. 3.2E). The
atomic percentage (atomic %), calculated via the peak area, of C-C and
C=C bonds, was 32.7 £ 1.0% for GO and increased to 48.0 £ 1.0% in
mrGO and 72.9 £ 1.0% in crGO. This percentage increase in carbon bonds
was caused by the removal of oxygen during the reduction processes.
Accordingly, the peak area of C-O and C=0 bonds was 31.6 £+ 0.2% for GO
and decreased to 22.5 £ 2.0% for mrGO and 11.8 + 1.2% for crGO. The
data also showed that the peak area (in atomic %) of C=0 bonds was not
affected by microbial reduction (5.6 £ 0.3% GO and 6.4 £ 1.9% in mrGO)
but decreased after chemical reduction (0.7 £ 0.7% in crGO [17, 25]. A
colony forming unit (CFU) assay was performed to assess the toxicity of
GO for Shewanella oneidensis. No harmful effects on the growth of the

bacteria in presence of graphene oxide were found (Fig. 3.3).
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Fig. 3.3 Colony forming units (CFU) during the bacterial reduction of graphene
oxide. During bacterial reduction of graphene oxide (GO) in solution, samples
were removed after 0, 6, 24, and 48 hours, and the concentration of colony
forming units was determined (*GO” condition). A control condition without GO
was assessed (“TSB” condition), as well as a sample containing no bacteria, which
consistently displayed no colony forming units (not shown). The sample
containing GO displayed significantly higher colony forming units after 48 hours
compared to the no-GO control (One-way ANOVA with Tukey PostHoc test
48h_GO to 48h_TSB: p = 0.0016, n=6). All significant differences are denoted
with (***) for highly significant (p-value < 0.01). Error bars are the standard

error of the mean.

3.3.2 Conductive characterization of graphene oxide

To quantify the electronic properties of our microbially-reduced GO, we
measured the current as a function of a bias voltage (I-V curves) of bulk
samples (Fig. 3.4A) as well as of single flakes (Fig. 3.4B, C, D). For the
bulk conductance measurements, GO, mrGO, and crGO were deposited
onto non-conductive filter paper. Microbial reduction caused an average
increase in the current of 2.1 orders of magnitude, and chemical reduction
caused an increase of 3.2 orders of magnitude at the same bias voltage.
The conductance of these bulk samples are directly comparable because
the samples share the same physical dimensions. The conductance of
graphene materials in a bulk ensemble can arise from electrons travelling

either within single flakes or due to flake-to-flake transport. To understand
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the role of charge carrier movement between flakes versus charge
movement within our GO flakes, single-flake conductance were measured.
Single flakes of GO, mrGO, and crGO were deposited onto a Si/SiO2 chip
(Fig. 3.4B). Atomic force microscopy (AFM) measurements were performed
to obtain geometrical data for the individual flakes (thickness, width, and
length), in order to compensate for differing flake geometries. The I-V
curves of flakes with similar geometry (a length-to-width ratio between 2.1
and 2.4) showed a 2.7 order-of-magnitude increase of the current at the
same bias voltage for mrGO (55.32 S/m) relative to GO (0.11 S/m), and a
3.3 order-of-magnitude increase for crGO (216.56 S/m) relative to GO
(0.11 S/m) (Fig. 3.4C).

The data from the I-V curves and AFM analysis was used to calculate the
sheet resistance (Rs) of GO, mrGO, and crGO (n= 11-18). These values are
independent of the individual flake widths and lengths and are thus directly
comparable. Rs was calculated using Rs = R * W / L with R the measured
resistance, W width of the flake, and L its length or distance between the
probes. The Rs value for GO (817 + 423 MQ) is 1.6 orders of magnitude
higher than mrGO (13.2 £ 5.2 MQ) and 2.3 orders of magnitude larger
than crGO (2.5 £ 0.6 MQ) flakes. To rule out the possibility that the
resistance could be a function of the thickness, a population of flakes
thinner than 10 nm (Fig. 3.4E) was analysed. No significant differences
were identified between the sheet resistances of single flakes that were
thinner than 10 nm (GO: 972 + 591 MQ; mrGO: 9.9 £ 3.2 MQ; crGO: 2.1
+ 0.9 MQ) in comparison with single flakes from the same species with
thicknesses between 10 and 100 nm (One-way ANOVA with Tukey PostHoc
test, p > 0.05).
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Fig. 3.4 Resistance and patterning of microbially-reduced graphene oxide. (A)
Bulk measurements of conductance performed on graphene oxide (orange),
chemically-reduced graphene oxide (blue), and microbially-reduced graphene
oxide (green) with a voltage bias of +/- 0.1 V. The conductance increased by 3.2
orders of magnitude upon chemical reduction and by 2.1 orders of magnitude
upon microbial reduction. Insets show bulk samples deposited onto filter paper.
(B) Light microscopy and AFM image (inset) of a chip used to perform single-flake
conductance measurements. (C) Conductance measurements of single flakes
(shown in insets by AFM imaging) with comparable geometries at a voltage bias
of +/- 0.2 V. The conductance increased by 3.3 orders of magnitude upon
chemical reduction (blue) and by 2.7 orders of magnitude upon microbial
reduction (green). (D) Conductance measurements of microbially-reduced and
microbially-patterned single flakes with comparable shapes (shown in insets by
AFM imaging) at a voltage bias of +/- 0.2 V. Patterned flakes (patGO, grey) were
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selectively reduced on only one side of the flake, resulting in an increase of
conductance by 1.1 orders of magnitude. (E) The average sheet resistance
determined for single-flake samples. The Rs value for GO (817 + 423 MQ (SEM))
is 1.6 orders of magnitude higher than for mrGO flakes (13.2 £ 5.2 MQ (SEM))
and 2.3 orders of magnitude larger than for crGO (2.5 = 0.6 MQ (SEM)) flakes.
Measured flakes were divided into two groups based on the flake thicknesses:

thickness between 10-100 nm, or thickness less than 10 nm (labelled “<10 nm”).

To generate patterned graphene oxide (patGO) flakes with only one
reduced surface, GO was drop-casted onto a Si/SiO2 chip. Afterwards, two
layers of PMMA were spin-coated on top of the GO layer. E-beam
lithography was used to create one to three windows per flake in the
PMMA layer lying overtop of the GO flakes, with an average surface area of
25 pm?. The exact dimensions and number of windows varied with the size
of the flake. The windows were designed to allow bacteria to interact with
the surface of the GO so that bacterial reduction could occur only on one
side of the GO flake. These devices were microbially reduced with S.
oneidensis, after which the conductance was determined in the same
manner as for the single-flake conductance measurements. The
conductance of patterned GO was 1.1 orders of magnitude larger than for
GO (patGO: 171 + 265 MQ), which is intermediate between the
conductance increase of mrGO with respect to GO (Fig. 3.4D, E). The
microbially-reduced graphene oxide flakes were analysed by AFM to detect
any remaining adherent bacteria. After the final washing steps, only one
out of eleven mrGO flakes showed a bacterium on its surface (Fig. 3.5). In
contrast, an average of ~2 bacteria per flake were identified in the AFM
scans of the patterned GO flakes, likely due to the decreased amount of

washing in this procedure (Fig. 3.6).
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Fig. 3.5 AFM scans of microbially reduced graphene oxide (mrGO) flakes. In only
one out of eight flakes (top row, 3rd from the left) was a bacterium visible. The

size and shape of the bacterium was atypically large and unhealthy.

Fig. 3.6 AFM scans of the patterned graphene oxide (patGO) flakes. Multiple
flakes had bacteria on their upper surface. These remaining bacteria are likely due

to the reduced washing steps and the deposition of the entire device into a liquid

filled with bacteria.
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3.2.3 Thickness and surface-area of the so-obtained flakes

Aggregation of reduced graphene oxide materials over time can lead to a
more graphite-like structure, negatively impacting their electrical and
physical properties [39]. To quantify the thickness distributions and surface
area of the microbially-produced graphene oxide flakes, we performed AFM
and light microscopy measurements of the graphene oxide samples (GO,
mrGO, crGO). Half of the samples of a particular batch were measured
immediately (“fresh” samples), and the other half were measured after two
weeks of storage in water at room temperature (“stored” samples). Single
flakes of GO, mrGO, and crGO were deposited onto a Si/SiO2 chip using
the same method as for the previous single-flake conductance
measurements, and we compared their thicknesses via AFM measurements
(Fig. 3.7A).

When comparing the thicknesses of the stored vs. fresh samples, no
significant differences were observed for either mrGO or GO (One-way
ANOVA with Tukey PostHoc test, p > 0.05). However, the chemically-
reduced GO flakes showed a significant change after storage, with a
doubling of the average thickness (One-way ANOVA with Tukey PostHoc
test, p = 0.032). When different GO materials were compared, the average
thickness values for the fresh samples showed higher average values for
crGO than for GO and mrGO, but the differences were not significant
(crGO: 31.3 £ 7.0 nm; GO: 10.2 £ 0.4 nm; mrGO: 10.4 £ 0.4 nm). Among
stored samples, the average thickness values for stored crGO flakes (56.4
+ 14.1 nm) were significantly higher than those of stored GO (10.4 £+ 1.5
nm, p = 2e-6) and stored mrGO (11.6 £ 0.2 nm, p = 2e-6) (One-way
ANOVA with Tukey PostHoc test).

Most applications favour graphene with minimal thickness (1-3 layers) and
maximal surface area. This combination allows a transfer of the material’s
nanomaterial properties (high tensile strength, conductance) into
macroscopic technology. To compare the surface-area-to-thickness

proportionality of our mrGO samples, the surface area of individual flakes
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was determined via light microscopy imaging, and the thickness values
obtained from AFM measurements. The calculated surface-area-to-
thickness ratio for each flake was assigned to one of four groups (>1000:1,
1000:1-2000:1, 2000:1-3000:1, >3000:1) (Fig. 3.7B). Graphene oxide
showed the best distribution of surface-area-to-thickness ratios; 27% of
the flakes had a ratio of over 3000:1, 27% had a ratio between 3000:1 and
2000:1, 33% of the flakes had a ratio between 2000:1 and 1000:1, and
only 13% had a ratio below 1000:1. For mrGO, 15% of the flakes had a
ratio higher than 3000:1; 8% had a ratio between 3000:1 and 2000:1,
38% had a ratio between 2000:1 to 1000:1, and 39% had a ratio below
1000:1. The proportion of high surface-area-to-thickness was the lowest
for crGO, where no flakes showed a ratio above 2000:1. The ratio between
2000:1 to 1000:1 was only 23%, and a large majority of 77% was below
1000:1. The mean values for the surface-area-to-thickness showed a
significant difference between crGO (707.88 %= 495.79 pm) and GO
(2647.38 £ 485.51 ym, p = 0.0007), but no significant differences were
observed between GO and mrGO (p = 0.0677) or mrGO and crGO (p =
0.1988) (One-way ANOVA with Tukey PostHoc test, n=13). Thus, overall
mrGO flakes maintained lower thickness and higher surface-area-to-

thickness ratios in comparison to crGO flakes.
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Fig 3.7 The thickness and surface-area-to-thickness ratio of mrGO flakes are key
attributes for potential applications. (A) The average thickness of single flakes
were determined via AFM. Graphene oxide (GO), microbially-reduced graphene
oxide (mrGO), and chemically-reduced graphene oxide (crGO) were measured
fresh ("f”) and after a two-week storage (“s”) in water. A significant difference
was measured between the thicknesses of the crGO and the microbially-reduced
and the GO flakes (mrGO: p = 2e-6, GO: p = 2e-6), but not between the stored
and fresh crGO flakes (p = 0.32) (One-way ANOVA with Tukey PostHoc test). (B)
The surface-area-to-thickness ratio was determined for single flakes of GO, mrGO,
and crGO and assigned to one of four groups (> 3000:1, 3000:1-2000:1, 2000:1-
1000:1, < 1000:1). (C) Proposed applications for mrGO based on its thickness
and conductance properties. Biosensors are of interest because of the high
surface-area-to-thickness ratio, the storability, and the remaining C=0 double
bonds which allow the possibility of chemical modifications. Nanocomposites could
also benefit from the C=0 double bonds as well as the feasibility of patterning,
and the conductive ink industry could benefit from the conductivity combined with
the improved storability in water as compared to chemically-reduced graphene

oxide.
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3.4 Conclusion
This work is the first study to show the properties and applicability of

microbially reduced and patterned graphene oxide with a focus on its
conductance and surface-area-to-thickness ratio. Shewanella oneidensis
was used as a model organism for microbial reduction, and we compared
the microbially-produced mrGO to graphene oxide that was chemically
reduced using hydrazine, the most popular method to produce rGO. Raman
spectrometry, O.D. measurements, and XPS were utilized to determine the
chemical and optical changes during the microbial and chemical reduction.
AFM, SEM, and light microscopy revealed the flake dimensions in different
reduction states. Conductivity measurements of bulk and single flakes
allowed for an electrical characterization of our samples.

Analyses of the microbial reduction process under aerobic and anaerobic
conditions confirmed that both conditions can allow for robust mrGO
production (Fig. 3.2C). The anaerobic process is more suitable for large-
scale bioreactor applications since no oxygenation is needed, and it is more
cost-efficient [40]. In contrast, the aerobic process is easier to handle on a
smaller scale since no anaerobic equipment is required, and the samples
may easily be transported.

The XPS and Raman measurements of differently-produced graphene oxide
samples showed that chemical treatment with hydrazine removes almost
all oxygen bonds from GO, while microbial reduction has little effect on the
carbon-oxygen double bonds (Fig. 3.2D, E). This comparison with the
starting material (graphene oxide) allows a better understanding of the
fundamental reduction capability of Shewanella oneidensis. We hypothesize
that the higher bond energy of C=0 in comparison to C-OH and C-O-C
makes it unable to be reduced via the Shewanella reduction mechanism.
Similarly, Shewanella is only able to utilize a limited set of inorganic
terminal electron acceptors [41] due to the moderate reduction capabilities

of its electron-donating proteins and small molecules. Microbial reduction
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of GO resulted in a 2.7 order-of-magnitude increase of conductance for
single flakes of mrGO as well as an increase in conductance of 2.1 orders
of magnitude in bulk mrGO samples (Fig. 3.4A, C). Even though the
conductivity of mrGO is lower than that measured for crGO, the presence
of the C=0 double bonds in mrGO may prevent additional n-n stacking of
the rGO flakes, leading to the observation that the flake thickness seems to
be better conserved upon mrGO production than for crGO production (Fig.
3.7A). The production of smaller-thickness flakes for mrGO samples could
be a significant advantage for applications that rely on a high surface-to-
volume ratio.

Our experimental results showed that chemically-reduced flakes are more
likely to form thicker aggregates than microbially-reduced flakes. In both
fresh and stored samples, crGO flakes were thicker and had a worse
surface-area-to-thickness ratio in comparison to GO and mrGO.
Furthermore, the average flake thickness of crGO samples increased
significantly after a two-week storage period, which was not observed for
either GO or mrGO samples. The increased amount of layers in chemically-
reduced samples may be due to n-n stacking of crGO flakes occurring
during the reduction process and continuing during storage. Thus, the high
surface-area-to-thickness ratio and the improved storability of mrGO in
comparison to crGO identifies mrGO as an effective material for
applications requiring prolonged storage, such as conductive inks,
biosensors, and materials for additive manufacturing.

The distinct chemical and conductive properties of mrGO in relation to
crGO and GO indicate several promising application areas for mrGO (Fig.
3.7C). The conservation of the carbon-oxygen double bonds in mrGO,
shown through the XPS measurements, could be a valuable source for
chemical modifications, which are necessary for most biosensors [42]. At
the same time, the mrGO is up to 2.7 magnitudes more conductive than
graphene oxide, which would enable applications requiring both chemical

modification and electrical measurements (e.g. for field-effect transistor
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biosensors) [42, 43]. The lower proportion of carbon-oxygen single bonds
in mrGO compared to GO could decrease the amount of accidentally-bound
biomolecules during biosensing in comparison to GO and, therefore,
increase the selectivity of biosensors made from mrGO in comparison to
GO [44]. The improved storability of mrGO in water coupled with the 2.7
orders-of-magnitude increase in conductance may be beneficial for
conductive inks as well. Finally, the possibility to spatially pattern mrGO
flakes and the associated single-sided reduction would help to improve 3D-
structural alignment in nanocomposites [45] such as high-resolution
bioprinting applications or composite (nano) materials, and could
potentially be used for self-alignment of materials and sensors.

Microbially-reduced graphene is distinguished from crGO by its improved
surface-to-volume ratio (displayed via the surface-area-to-thickness ratio),
better storability, the conservation of its carbon-oxygen double bonds, and
a more sustainable production methodology, while having a comparable
conductivity. Further improvement in the degree of reduction of mrGO
could be possible through the use of a different metal-reducing bacteria
strain [46, 47], highlighting the importance of continuous efforts towards
cultivating and characterizing environmental bacteria. A direct
improvement of the reductive behavior of S. oneidensis and its kinetics has
also been achieved by increasing the number of electron shuttles, both by
adding additional synthetic electron shuttles to the medium as well as by
introducing genetic modifications to the bacterium itself to increase
endogenous production of electron shuttle molecules [26, 48]. All samples
in this study were produced on a laboratory scale, and the next logical step
towards economic feasibility would be upscaling in a bioreactor system.
The upscaling of our methodology would allow a continuous process for
the production of reduced GO to be initiated in bioreactors that would
operate without the use of harsh chemistry or high energies. The results
here obtained also indicate that the bacterial residues can be nearly

completely washed away post-reduction. This approach would, therefore,
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be more sustainable and eco-friendlier than the currently-used thermal or
chemical methodologies, while maintaining the surface-to-volume ratio,

which is critical for various applications of reduced graphene oxide.

3.4 Materials and Methods

3.4.1 Bacterial strains and culturing

Shewanella oneidensis MR-1 (ATCC® 700550™) was aerobically and
anaerobically cultured in rich Tryptic Soy Broth (TSB) media (Sigma
Aldrich) or minimal media (28 mM NH4Cl, 1.34 mM KCl, 5 mM NaH>PO4, 0.7
mM NaxSOs, 1 mM MgSO4 * 7H.0, 20 mM PIPES [piperazine-N, V-bis(2-
ethanesulfonic acid)], 52 mM NaCl, 0.2 mM CaCl,, and trace elements (1
liter of medium contains 10 mg FeCl; * 4H,0, 5 mg MnCl; * 4H,0, 3 mg
CoClz * 4H,0, 2 mg ZnCly, 0.5 mg Na;MoO4 * 4H,0, 0.2 mg H3BO3, 1 mg
NiSO4* 6H20, 0.02 mg CuCl; - 2H,0, 0.06 mg NaySeOs * 5H,0, and 0.08
mg Na;WOs * 2H,0) [49] containing 20mM L-lactate (Sigma Aldrich) and/or
20mM Sodium fumarate dibasic (Sigma Aldrich) overnight at 30°C under

continuous shaking (250 rpm).

3.4.2 Graphene oxide production

Graphite oxide was prepared using a modified Hummers and Offeman
method [26, 46]. Briefly, 0.5 g graphite (pure graphite flakes with an
average flake size of 45 ym (Ma -399.5 RG), NGS Trading & Consulting
GmbH) was mixed with 20 mL H>SO4 (Sigma Aldrich) and 5 mL HNOs
(Sigma Aldrich) under continuous stirring and on an ice bath. After 30
minutes of stirring, 3 g KMnO4 (Sigma Aldrich) was added, after which the
solution was stirred on an ice bath for 30 minutes, followed by incubation
on the ice bath for one hour. The sample was heated to 35°C for 3 hours
and diluted with 40 mL ultrapure water, followed by an incubation at 35°C
for 2 hours. Then 100 mL ultrapure water was added and a second
oxidation with 20 mL of H,O, was initiated. The graphite oxide solution was

ultra-sonicated at 40 kHz (Carl Roth D30 ultrasonicator) for 2 hours and
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was allowed to settle overnight. The supernatant, now mainly consisting of
graphene oxide, was decanted and washed with 5% HCI (Sigma Aldrich),
acetone (Sigma Aldrich), and distilled water. Finally, the non-exfoliated
flakes were removed via centrifugation (3000 rpm for 10 min), and the
exfoliated flakes were lyophilized at -50°C for 1 day (Christ Alpha 1-2 LD
Plus lyophilizer) [50].

3.4.3 Chemical reduction of graphene oxide

For the chemical conversion of graphene oxide to its reduced form, 30 mg
of graphene oxide was dissolved in 100 mL distilled water and mixed
vigorously. The sample was placed into a fume hood, and 120 pL hydrazine
(35 wt% in H20, Sigma Aldrich) and 1 mL ammonia solution (28 wt% in
H.O, VWR International BV) were added. The solution was stirred at a
temperature of 95°C for 3 hours. Since the weight ratio of hydrazine to
graphene oxide was 7:10, all hydrazine was used up during the reaction
[51].

3.4.4 Biological reduction of graphene oxide

TSB medium including a concentration of 0.5 mg/mL graphene oxide was
prepared and vigorously mixed. An overnight culture of Shewanella
oneidensis MR-1 was diluted with this solution to an O.D.s0o of 0.1 A.U..
The reduction was performed aerobically or anaerobically for 48 hours
under continuous shaking (250 rpm) at room temperature in a 96-well
plate (Sigma Aldrich). The anaerobic experiments were performed in
anaerobic vessels (Sigma Aldrich) within a glove box (Plas Labs) and under
nitrogen atmosphere. The growth of the bacteria was observed via
measurement of optical density at 600 nm using a plate reader (Synergy
HTX, Multimode reader).

3.4.5 Single-flake deposition and inspection
A volume of 0.25 mL graphene oxide flakes, microbially-reduced graphene

oxide flakes, or chemically-reduced graphene oxide flakes with a
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concentration of 0.1 mg/mL in water was drop-casted onto a Si/SiO; (285
nm SiO;) device (Microchemicals) with premade gold markers. The residual
solvent was washed away with acetone and isopropanol for all samples.
The devices were inspected for sufficient sample deposition under an
optical microscope (Olympus BX 5, with DP25 camera), and images were
acquired of samples. After alignment of the images using QCAD®
software, electrical leads were drawn onto selected flakes via the following
procedure. Two layers of PMMA (PMMA A6 495K followed by PMMA A3
950K) were sequentially spin-coated onto the surface of the device at 4500
rpm and baked for 12 minutes at 175°C. The CAD file was uploaded to and
patterned with an e-beam system (Raith EBPG 5000+), and layers of
titanium (5 nm) and gold (75 nm) were evaporated onto the surface using
an e-gun for metal evaporation of metals (Temescal FC2000). The PMMA
was lifted off in hot acetone (80°C), and an isopropanol washing step was
performed. The device was inspected again under the optical microscope
to check for lost flakes or improperly drawn leads prior to conductance
measurement. After conductance measurements, the graphene oxide
flakes were inspected again via optical microscopy as well as via a
scanning electron microscope (FEI NovaNanoSEM) using 5-15 kV voltage

and 5 mm working distance.

3.4.6 Single flake conductance measurements

A probe station (TTP4 Desert, Lakeshore) was used to measure a varying
voltage bias (+/- 0.2 V) applied to GO, mrGO, crGO, and patGO samples.
The current as a function of the voltage bias was recorded and used to
calculate the resistance of individual flakes over a set of distances (R
(resistance) = V (voltage) / I (current)). AFM measurements (AFM
Dimension FastScan, Brucker, tapping mode in air, fast-scan tip) were
taken of the outer dimensions and the thickness of the single flakes to

determine the size distribution of the flakes and calculate the intrinsic
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resistivity (p (resistivity) = R (resistance) * A (area) / L (length)) and sheet
resistance (Rs (sheet resistance) = R (resistance) * W (width) / L (length)).

3.4.7 Bulk conductance measurement

Graphite, graphene oxide, microbially-reduced graphene oxide, and
chemically-reduced graphene oxide were prepared, and 15 mL of a 0.5
mg/mL solution of each sample was vacuum filtered (Vacuum Filtration
Unit Buchner Medium 60 mL Frit Funnel 250 mL Erlenmeyer Flask) through
a 0.2 ym PTFE filter (Whatman, PTFE membrane filters). The deposited
material was rinsed once in a 10% solution of HCl and 5 times in MilliQ
water. Thereafter, the filter paper was air-dried, and conductance was
measured over its full diameter using a probe station (TTP4 Desert,

Lakeshore).

3.4.8 Bacterial lithography

Graphene oxide was deposited via drop casting onto a Si/SiO. device
(Microchemicals). Suitable flakes (high surface area low thickness) were
inspected and selected under an optical microscope (Olympus BX 5, with
DP25 camera). Two layers of PMMA were spin-coated onto the surface of
the device. QCAD® software was used to design windows (dimensions 5x5
um?) in the PMMA layers, which were cut out via an e-beam system (Raith
EBPG 5000+). After five washing steps in distilled water, the devices were
placed into a Shewanella solution with a starting O.D.soo of 0.1. The
devices were incubated in the solution for 48 hours at room temperature.
The conductance was measured following the method for single-flake

conductance measurements.

3.4.9 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron (XPS) spectra were recorded on a ThermoFisher K-
Alpha system using Al Ka radiation with a photon energy of 1486.7 eV. The

samples were immobilized onto a copper tape (Plano GmbH, G3397) and
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loaded into the XPS chamber without further purification. High-resolution
XPS spectra were acquired using a spot size of 400 um, 50 eV pass energy,
and 0.1 step size, with 40 scans (for carbon and nitrogen spectra) or 10
scans (for oxygen spectrum) with charge neutralizing. The peaks were
calibrated for the C 1s peak at 285 eV. Quantitative analysis of the
separate binding states was carried out by deconvoluting the high-
resolution spectra using ThermoFisher Advantaged software. Gaussian-
Lorentzian product functions were used to fit the peaks after Smart-type
background subtraction. The chemical bond ratios were then calculated by
correcting the peak areas with the TPP-2M sensitivity factor. All fits that

occurred in both spectra were cross-checked to verify their fit-match.

3.5.10 Statistics

R-Studio was used for data analysis and visualization. All datasets were
checked for outliers with a Dixon’s Q-Test. Unless noted, no outliers were
removed from the datasets. The variance was tested using an F-test, and
Student’s t-test with either equal or unequal variances was used for
comparing two data sets, with a significance level of a = 0.05. We used a
one-way ANOVA with Tukey PostHoc Test to compare more than two

datasets.

3.5.11 Surface-Area-to-Thickness ratio

For analysis of the surface-area-to-thickness ratios of individual flakes,
flakes were separated into four distinct groups (< 1000:1, 1000:1 -
2000:1, 2000:1 — 3000:1, > 3000:1). The surface area was measured from
SEM images using Image] and divided by the average thickness obtained

from the AFM to calculate the ratio.

3.5.12 Colony Forming Units (CFU) to check the bacterial survival rate
Colony forming units (CFU) were determined following the protocol of

Karas et al [52]. In short, each sample was serially diluted in ten-fold
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increments from 10° to 10”. A volume of 5 pL from each dilution was
pipetted in triplicates onto a LB agar plate. The plates were incubated at

22°C for 24 hours, and visible colonies were counted.
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Graphene oxide (GO) has immense potential for widespread usage in
biomedical applications due to its stability, maximal surface-to-volume ratio and
modifiability. However, development of GO-based therapies/tools has been
hindered due to its poor chemical properties causing unspecific bonds. Here,
we present a simple yet powerful method for covalently functionalizing
graphene oxide with colamine and poly(ethylene glycol) that results in dramatic
improvement in the chemical stability, biocompatibility and coating density
while suppressing non-specific adhesion. This modified graphene oxide is how

well-suited for a variety of new /n-situ applications including biosensors,

nanocomposites and drug carriers.
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4.1 Introduction

Since its discovery in 2004, graphene in both its pristine and oxidized
form has been proposed for a wide variety of applications, ranging
from nanocomposite material developments to biomedical
applications [1, 2]. The unique combination of characteristics of this
2D material, such as the high surface-to-volume ratio, coupled with
excellent electrical properties, chemical resistance, thermal stability,
and solubility in aqueous solutions, make graphene oxide (GO) of
particular interest for biomedical applications including label-free
biosensors and, more recently, drug delivery carriers [1, 3] For
example, previous studies have shown the feasibility of using GO in
applications for drug delivery (e.g. Paxitacel, FTY720, siRNA, PCA),
early disease-detecting biosensors (e.g. Parkinson’s disease,
Alzheimer, prostate cancer, glucose immunosensing), tissue
engineering, and cell imaging, among others [1, 3-8].

From a physicochemical point of view, these applications share the
same critical requirements to enable their applicability and overall
performance. Ideally, the organo-chemical coating of GO should
provide a homogenous surface coverage with high (bio)molecule
density, stable chemical attachment, and high biocompatibility, while
suppressing non-specific biomolecule adhesion [9-11]. These
characteristics have been shown to directly impact the target
biomolecule selectivity and sensitivity (in the case of biosensors), and
the immune response in organisms [9-14].

While the challenges of biocompatibility and suppression of
nonspecific biomolecule adhesion can be addressed by using
physically and chemically inert ethylene glycol polymer (PEG) material
coating, achieving chemically stable, dense, and homogenous
functionalization of GO remains difficult [13]. To date, the

immobilization of biomolecules to GO is primarily realized using weak



Covalently coated graphene oxide | 67

non-covalent and reversible binding strategies for attachment of
(bio)molecules based on electrostatic forces (e.g. n-stacking, van der
Waals forces), and only a few approaches have been developed for
covalent attachment of chemical moeities to residual oxygen-
containing functional groups of GO [8, 15]. Candidates for possible
covalent attachment points of GO include the randomly distributed
epoxide and the relatively abundant hydroxyl groups within the GO
hexagonal lattice, as well as the less-abundant carboxylic groups and
the ketones located at the edges of GO flakes [1, 3]. One current
strategy is the functionalization of carboxylic groups at GO flake
edges to provide anchors for covalent biomolecule attachment. This
modification can be achieved either via chemical reduction using
hydrazine, which in turn also removes most of the other oxygen-
containing functional groups, or via peptide binding through exposure
to EDC (N-(3-dimethyl-aminopropyl-N"-ethyl carbodiimide)) together
with NHS (N-hydroxy-succinimide) reactive groups [5, 16]. However,
this strategy is imperfect, particularly for GO. In flakes with larger
dimensions, the use of carboxylic groups does not provide the
required coating density on the GO lattice and provides insufficient
biocompatibility [12, 14].

To improve GO coating coverage, more recent developments have
focused on the covalent attachment of an alkoxysilane crosslinker to
surface hydroxyl groups scattered across the GO plane. APTES (3-
aminopropyl-triethoxysilane) has been a common choice for this
approach despite the fact that APTES modification can promote the
formation of inhomogeneous and polymerized multilayers, thus
proving to be inadequate for applications involving nanostructures
[13,17-19]. As a promising alternative, colamine (B-hydroxy
ethylamine) has recently shown a superior functionalization
performance for nanoscale semiconductor structures, for which it can

provide dense and homogeneous monolayer coatings bound to




68 | Chapter 4

hydroxyl groups [13, 20]. In the case of GO, the use of colamine as a
crosslinker would modify both hydroxyl and epoxide groups across

the material plane, potentially increasing the coating coverage.

4.2 Results & discussion

In this work, we demonstrate the applicability of colamine and subsequent
PEG functionalization to GO mono-, bi-, and multilayers. In a stepwise and
bottom-up fashion, we address on a quantitative level the surface coating
quality and biomolecule recognition efficiency for DNA, as well as the
nonspecific biomolecule adhesion-suppressing performance of different

coatings.

4.2.1 Comparison between colamine and APTES coatings

We first coated SiO, supports with APTES, colamine (CA), or CA conjugated
with PEG and evaluated the ability of each coating to suppress nonspecific
ssDNA adhesion (Fig. 4.1A). Deposition of the coatings onto SiO,-standards
was carried out using wet chemistry approaches to avoid any possible
impacts of different curing temperatures and low pressures on the
chemical integrity of the GO [19]. Atto647N-labeled 40-base-pair ssDNA
was allowed to non-specifically adhere onto the different coatings, and
quantitative fluorescence microscopy was used to measure its density (Fig.
4.1B). In comparison to the standard APTES coating, CA coating exhibited
a statistically significant 40% decrease in nonspecific ssDNA adhesion. The
decrease in adhesion can be explained by the more homogeneous and
denser surface coverage of the CA, while APTES coverage is incomplete
and exposes bare areas of SiO, where electrostatic binding of ssDNA can
occur. The addition of biocompatible PEG to CA strongly improved the
suppression of nonspecific ssDNA-adhesion by ~95% compared to APTES.
This profound improvement likely resulted from both the chemically and
physically inert character of PEG and the increased distance between the

surface and biomolecule that PEG provides (with a Flory radius of ~5 nm)
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to overcome the effective Debye length range (~1 nm in physiological
conditions) where strong electrostatic interactions occur [21]. Since the use
of CA and PEG coatings fulfilled the physicochemical requirements for
coating inertness and biocompatibility needed for /n situ biomedical
applications, we next focused on developing a functionalization procedure
for CA+PEG-coated GO.
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Fig. 4.1 (A) Suppression of nonspecific DNA adhesion by colamine coating and
functionalization of graphene oxide. (B) For different coatings (APTES, colamine
(CA), colamine and polyethylene glycol (PEG)) covalently bound to surface
hydroxyl groups, nonspecific adhesion of Atto647N-labeled 40b ssDNA was
quantitatively assessed via fluorescence intensity (n = 5; AVG£SD), normalized to
the value for APTES (unpaired two-tailed t-test, p: *** < 0.001). (C) After
exfoliation and oxidation of graphite to GO, colamine was covalently bound to
both epoxide and hydroxyl groups on the GO surface plane. A secondary
biocompatible layer consisting of NHS-PEG-R was covalently attached to primary
amino groups provided by the colamine coating. Potential covalent immobilization
of biomolecules and drugs to PEGylated GO are displayed. Various binding
strategies using different functional groups (R*) for PEG and target molecules are
possible (e.g. peptide binding, sulfhydryl crosslinking).
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4.2.2 Synthesis and inspection of graphene oxide

The bottom-up workflow of our strategy for functionalizing GO can be
divided into three major steps (Fig. 4.1C). First, graphite is chemically
exfoliated and oxidized using a modified Hummers and Offeman method to
produce GO [22]. In a second step, the hydroxyl (and epoxide) groups of
the GO are covalently functionalized with CA in an anhydrous solvent. The
last step is the covalent coupling of heterobifunctional NHS-PEG-R to the
surface amine groups. The functional group R can be adjusted to any
chemical biomolecule-coupling strategy (Fig. 4.1C).

Prior to the covalent CA coating, the dimensions, layer-thickness, and
degree of oxidation of GO were assessed via Scanning Electron Microscopy
(SEM), Atomic Force Microscopy (AFM), and Raman spectroscopy. AFM
topography measurements (Fig. 4.2A) revealed an average GO layer
thickness (Fig. 4.2B) of 7£4 nm, equivalent to three to four layers of GO.
With a measured average total GO surface area (Fig. 4.2C, H.0) of 320 +
60 um?, the GO flakes displayed a high surface-to-volume ratio (SVR) of
~290, which is an important quality factor to achieve a high molecule/drug
density at small carrier sizes and increase stability in nanocomposites.
Scanning Electron Microscopy showed a fundamentally changed surface
topology between graphite (Fig 4.3A) and graphene oxide (Fig. 4.3B).
Raman spectroscopy inspection (Fig. 4.3C) of the GO flakes revealed a
slight shift of the G peak, caused by in-plane vibrations of sp?-bonded
carbon atoms, and the appearance of a second-order vibrational D peak.
The latter was likely caused by out-of-plane vibrations attributable to
defects in the hexagonal carbon lattice and existing oxidative functional
groups. The global increase observed in peak widths could have reflected
an increase of structural disorder [23]. The GO flakes with high surface-to-
volume ratio and verified oxidation were tested for monodispersity in two
commonly used organic solvents prior to covalent CA coating. As the
functionalization with CA occurred over 12 h, we tested the monodispersity

of the GO flakes over 24 h in the polar aprotic solvents DMSO (dimethyl
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sulfoxide) and DMF (dimethyl formamide) (Fig. 4.2C). Compared to GO
flakes in H20, the GO flakes in both organic solvents showed no significant
differences in flake dimensions, and as such, either is suitable for

maintaining monodispersity during the CA-coating process.
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Fig. 4.2 Dimensions of GO flakes after graphite exfoliation and oxidation. (A)
Example AFM topography image of a single-layer GO flake with a thickness of
~1.4£0.2 nm (cyan dotted line depicts measured example cross section). (B) GO
flake thickness distribution measured via AFM. A majority of GO flakes exhibit
few-layer graphene with an average thickness of 7 £ 4 nm (red Gaussian fit; n =
33). (F) Average total surface area (£ SD; n = 100) of GO flakes stored in water
(7 days), DMSO, and DMF (24 h each) exhibits no significant differences (one-way
ANOVA with Tukey post-hoc test (n.s. = non-significant)).
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Fig. 4.3 Scanning electron microscopy (SEM) and Raman spectroscopy of primary
graphite material and exfoliated graphene oxide (GO). (A) SEM micrograph of a
graphite flake used as primary material before exfoliation and oxidation on a
silicon dioxide surface. (B) SEM micrograph of an exfoliated and reduced GO
flake on a silicon dioxide surface. (C) Raman spectrometry of primary graphite
(black) material and GO sheets (red). The D peak appears after oxidation due to
out-of-plane vibrations caused by oxygen atoms. All peaks in GO are broader

than in graphite due to the increased amount of induced structural defects.
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4.2.3 Functionalization of graphene oxide
We next performed the covalent functionalization of GO with CA in DMSO

and DMF using the same protocol as for SiO.. The presence of CA and the
ether formation of oxygen-containing functional groups (Fig. 4.4A) upon
CA addition was measured via X-ray photoelectron spectroscopy (XPS).
Following GO functionalization with CA, the presence of CA on the GO
surface was indicated by the emergence of a new peak for C-N bonds
(286.17 eV) in the carbon spectrum (DMSO: Fig. 4.4B; DMF: Fig. 4.5A),
together with a significant relative increase in N-C bonds (401.57 eV)
content (Fig. 4.4E) in the nitrogen spectrum (DMSO: Fig. 4.4C; DMF: Fig.
4.5B). The N-N bond peak (399.55 eV) likely originated from the fixation
tape, and N-C bonds from residual contamination in the untreated GO
sample. Upon treatment with CA, the C-O-C peak (288.70 eV) notably
increased in the oxygen spectrum (Fig. 4.4E; DMSO: Fig. 4.4D; DMF: Fig.
4.5C), indicating successful ether formation between CA and GO surface
hydroxyl and epoxide functional groups. The changes in N-C and C-O-C
bond content upon CA coating (Fig. 4.4E) were approximately the same in
both solvents ([N-C]ca/[N-Clcontrol ~5; [C-O-C]ca/[C-O-Clcontrol ~2).
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Fig. 4.4 X-ray photoelectron spectroscopy (XPS) analysis of CA-functionalized GO.
(A) Schematic of covalent binding of CA to surface hydroxyl and epoxide groups.
(B) Carbon, (C) nitrogen, and (D) oxygen XPS spectra before (top panels) and
after (bottom panels) addition of CA in DMSO. (E) Relative atomic amounts of
oxygen and nitrogen extracted from the peak fittings to the XPS spectra depicted
in (C), (D) and Fig. 4.5. The oxygen content decreased significantly while nitrogen
content showed a 2-fold increase using DMSO and DMF. Grey lines in (B) and (C)
represent deconvoluted multi-peak fittings (unpaired two-tailed t-test, significance
level P: *** < 0.001).
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Fig. 4.5 X-ray photoelectron spectroscopy (XPS) analysis of CA-functionalized of
GO in DMF. (A) Carbon, (B) nitrogen, and (C) oxygen XPS spectra before (top
panels) and after (bottom panels) addition of CA. A carbon-nitrogen binding
exhibited the best fit for the XPS spectrum with CA treatment (bottom panels),
reflecting a 2-fold increase in peak intensity. Grey lines represent deconvoluted

multi-peak fittings.
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4.2.4 Passivation and labelling of the GO-CA complex
The CA-coated GO flakes were next functionalized with heterobifunctional

NHS-PEG-COOH (MW 3,400) using the same process as for SiO,. To
evaluate the surface coverage and the ability of this coating to suppress
nonspecific adhesion of DNA, we again used fluorescence microscopy.
Since GO exhibits strong auto-fluorescence in the green over the red
emission wavelength (Fig. 4.6), in agreement with previous reports, we

chose the fluorophore Atto647N as a label [24] for 40 base-pair receptor
ssDNA.
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Fig. 4.6. Autofluorescence of exfoliated graphene oxide (GO). (A) SEM micrograph
of exfoliated GO tested for autofluorescence. (B) Example false-colour
fluorescence images of a GO flake show different autofluorescence intensity in the
green and red emission wavelength regimes (lem = 550/50 and 690/20 nm,
respectively). (C) Quantified fluorescence intensity of GO areas at different
wavelengths exhibit significantly lower autofluorescence in the red wavelength

regime (unpaired two-tailed t-test, significance level P: *** < 0.001).
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The amino-labelled ssDNA (Fig. 4.7A) was then covalently coupled to the
PEG via standard peptide binding. Upon addition of Att647N-labeled ssDNA
of the same sequence we observed a low fluorescence intensity (Fig. 4.7A,
control), indicating that PEG coverage was sufficiently high so that it
suppressed nonspecific DNA adhesion. In contrast, the addition of
complementary target ssDNA exhibited, on average, a 10-fold higher
fluorescence intensity (Fig. 4.7A, target), indicating successful coupling of
the receptor ssDNA to the PEG molecules. To analyse the coverage of the
PEG coating added to GO, CA-PEG-ssDNA functionalized GO flakes were
allowed to hybridize to complementary target ssDNA labelled with
Atto647N. False-colour fluorescence microscopy of these samples (Fig.
4.7B) exhibited dense and homogeneous coating. The slight irregularities
can originate from defects in GO material integrity or from the edges of GO
sheets of different dimensions stacking upon each another. Complementary
photobleaching experiments (Fig. 4.7B) revealed spatially uniform
bleaching of DNA-coupled fluorophores (Fig. 4.7B, t = 6 min) with a 2-fold
decrease in intensity (Fig. 4.7C).
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Fig. 4.7 Specific binding and nonspecific adhesion of ssDNA on functionalized GO.
(A) Experiment schematics (left) and fluorescence intensity (right) of receptor
ssDNA-functionalized (n = 8) GO flakes upon adding both Atto647N-labeled non-
complementary (control) and complementary ssDNA (target). (B) Photobleaching
experiment demonstrated uniform photobleaching of target ssDNA after t = 6 min
continuous light irradiation. (C) Fluorescence intensity of n = 3 ssDNA-
functionalized GO samples before and after t = 6 min of continuous light

irradiation (unpaired two-tailed t-test: p: ** < 0.01; *** < 0.001).
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4.3 Conclusion

Our study demonstrates the successful covalent functionalization of organic
two-dimensional GO using a simple yet powerful methodology. We show a
vast improvement in coating density and homogeneity by applying CA in
comparison to alcoxysilanes (APTES) using wet chemistry. By adding PEG
crosslinkers, the methodology can lead to efficient nonspecific adhesion-
suppressing performance, which improves the biocompatibility required for
drug carriers as well as the signal-to-noise ratio for early disease-detection
biosensor platforms. Additionally, the freedom to select different functional
groups at the PEG polymer terminal expands the technique to molecules
which are restricted in the selection of functional groups with different
covalent coupling strategies.

Furthermore, the significant enhancement of chemical robustness,
biocompatibility, and reliability of functionalized GO produced via this
methodology meets the requirements for GO-based biosensors and
nanocomposites used for tissue printing and other organic reconstruction
methodologies [25, 26]. This chemical modification can be readily
extended to current applications using conductive nanoscale structures for

electrochemical measurements within living tissues and cells [27].
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4.4 Materials and Methods

4.4.1 Preparation of graphene oxide Sheets

Graphene oxide (GO) was prepared using a modified Hummers method
from natural crystalline colloidal graphite (Pure graphite flakes NGS Trading
& Consulting GmbH with an average flake size of 45 pm (Ma -399.5 RG))
[28]. A volume of 69 mL concentrated H,SO4 was added to a mixture
containing 3 g of graphite flakes and 1.5 g of NaNOsz and cooled to 0 °C.
Afterwards, 9 g KMnO4 was gently titrated while monitoring that the
reaction temperature remains below 20 °C. The mixture was then heated
up to 35 °C under stirring for further 30 min. A volume of 138 mL water
was added slowly in small portions to produce a large exotherm, up to 98
°C, and the temperature was maintained for another 15 min. Afterwards,
the sample mixture was cooled using an ice bath for 10 min. A volume of
420 mL water and 3 mL H>O, were added producing another exotherm.
After air cooling, the mixture was filtered with a polyester fibre filter
(Millipore, 0.22 micron pore size, Merck Millipore, Germany). The filtrate
was centrifuged at 4,000 rpm for 4 h and the supernatant was discarded.
The remaining material was washed several times, each with 200 mL
ddH>O, 200 mL of 30 % (v/v) HCI and 200 mL of ethanol. After each
washing step, the mixture was again filtered and centrifuged as described
above. The resulting material was coagulated with 200 mL of ether and
filtered using a PTFE membrane (Merck Millipore, Germany) with a pore
size of 0.45 pm. The resulting solid was vacuum-dried (14 psi) for 12 h at

room temperature.

4.4.2 Scanning electron microscopy of graphene oxide

Graphene oxide (GO) preparation was evaluated using scanning electron
microscopy (SEM) imaging. GO material was imaged with a desktop SEM
(FEI NovaNanoSEM) on prime Si + SiO; (dry) wafers (Microchemicals).

Imaging was performed using 5-15 kV voltage and 5 mm working distance.
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4.4.3 X-ray photoelectron spectroscopy of functionalized graphene oxide

X-ray photoelectron (XPS) spectra were acquired on a ThermoFisher K-
Alpha system using Al Ka radiation with a photon energy of 1,486.7 eV.
The samples were loaded into the spectrometer without further
purification, immobilized onto a copper tape (Plano GmbH, G3397). High
resolution XPS spectra were acquired using a spot size of 400 um, 50 eV
pass energy, and 0.1 step size, conducting 40 scans (for carbon and
nitrogen spectra). Charge neutralization was applied to minimize the effect
of surface charges. All peaks were calibrated referencing the carbon 1s
peak to 285 eV. The additional high-resolution spectra were used to
determine the binding states by deconvolution the peaks using Thermo
Avantage (v 5.952). After smart-type background subtraction, the peaks
were fitted using Gaussian-Lorentzian product functions. The atomic ratios
were then quantitatively determined by correcting the peak areas with the
TPP-2M sensitivity factor and were compared with their corresponding

peaks to verify the fits.

4.4.4 Raman Spectrometry and Atomic Force Microscopy (AFM)

Graphite and graphene oxide samples were deposited by drop-casting on
Si + SiO, wafers. Confocal Raman spectrometry (inVia Reflex, Renishaw,
UK) was performed using a diode laser at 785 nm at 10% laser intensity
with a signal integration time of 10 s, coupled to a low-noise CCD detector
(Centrus, Renishaw, UK). Sample positioning was executed manually, and
5 to 10 flakes were measured for each experimental condition. Spectrum
analysis was performed with R-Studio.

AFM topography images (AFM Dimension FastScan, Brucker) were acquired
in air in tapping mode using silicon nitride cantilevers (FASTSCAN-A,
Bruker) with a nominal spring constant of ~18 N/m and resonance
frequency of ~800 kHz. The dimensions and height of the GO flakes (5

measurements/flake) were extracted and analysed with ImageJ.
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4.4.5 Graphene oxide surface functionalization

The applied surface functionalization procedure within this study (Fig.
4.1C) is based on a modified method described previously [13, 28]. Here,
GO flakes were incubated for 12 h in anhydrous DMSO (dimethyl sulfoxide,
Sigma, USA) or DMF (dimethyl fumarate, Sigma Aldrich) containing 5 M 2-
Aminoethanol hydrochloride (Sigma Aldrich, USA), after initial sonication
for 30 min. Afterwards, 100 pL of the GO-solution was deposited onto a
cleaned borosilicate cover glass support, washed with DMSO (or DMF,
respectively), twice with ethanol, and finally rinsed with ddH;O. After
drying in a nitrogen flow, the physiosorbed GO-sheets were PEGylated by
depositing 2 mM of heterobifunctional NHS-PEG-COOH (MW 3,400,
LaysanBio, USA) in anhydrous chloroform containing 0.5 % (v/v)
triethylamine for 1 h at room temperature. After the PEGylation process,
the supports were washed five times with ddH,O and dried in a nitrogen
flow. For covalent ssDNA attachment, amino-labeled 40b ssDNA
oligonucleotides (5 "-NH2-CCACTCG TGACGCATTCACCTCAGC AGCACTCCTC
CTCGG-3°, Purimex, Germany) were conjugated to the PEG-coated
substrates via peptide binding using a concentration of 10 pmol/uL ssDNA
in 100 mM MES (2-(N-morpholino)ethanesulfonic acid, Sigma, USA) buffer
(pH 4.7) containing 50 mM EDC (1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide, Sigma, USA) for 1 h reaction time at room temperature. After
ssDNA immobilization, the support was washed twice with water, 10 min in
a 10 mM KClI (potassium chloride, Sigma, USA) solution to eliminate
unspecific adhered oligonucleotides, and finally 5 min in ddH,0 followed by
drying in a nitrogen flow. The hybridization of the Atto647N-labeled
complementary 40b ssDNA strand (5 -Atto647N-CCGAGGAGGAGTGCTG
CTGAGGTGAATGCGTCACGAGTGG-3 ", Purimex, Germany) was carried out
for 1 h at room temperature in TRIS-HCI buffer (20 mM TRIS, 100 mM
NaCl, pH 8.4). Afterwards, the samples were washed in 2xSSC (saline-
sodium citrate, pH 8.4) buffer for 5 min, and in 0.01xSSC buffer for

another 5 min to remove non-specific adsorbed ssDNA.
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4.4.6 Fluorescence microscopy

The successful immobilization of ssDNA was performed using an
epifluorescence microscope (Nikon TE2000U, USA) with a Peltier-cooled
back-illuminated EMCCD camera (IXON3, 1024x1024 pixels, Andor,
Ireland) for sensitive fluorescence detection in combination with a 100x
oil-immersion objective (CFI APO TIRF, NA. 1.45, Nikon, USA). Fluorophore
excitation was achieved by a 150 W mercury-vapor lamp combined with
specific filter set (F41-008 AHF, Tibingen, Germany) according to the
excitation and emission wavelength of the Att647N fluorophore (640 nm,
690/20 nm, respectively) used in this study. For each sample, the
fluorescence intensity (in photon counts/s) was measured by taking the
average over five areas consisting of 10x10 pixels. Each experiment was

repeated three times to test the reproducibility and for statistical analysis.

4.4.7 Quantitative evaluation of non-specific DNA adhesion-suppressing
coatings performance

Wide field fluorescence microscopy was used to evaluate the degree of
non-specific adhesion of DNA on the different chemical surface
compositions. For these experiments, 24x24 mm borosilicate cover glasses
(Menzel GmbH, Germany) were cleaned by incubating them in a 5% (v/v)
aqueous Hellmanex II-solution (Hellma GmbH, Germany) and sonicated for
20 min at 40°C. Afterwards, the glasses were washed thoroughly with
ddH.0O and sonicated again for 20 min in ddH>0. The glass supports were
then dried in a nitrogen flow and the generation of hydroxyl-groups was
carried out applying oxygen plasma (SE80, Barrel Asher Plasma
Technology, USA) for 15 min (50 sccm O, 200 W, 100 mTorr). For the
different surface coating, APTES ((3-Aminoproply)triethoxysilane, Sigma
Aldrich, USA) and colamine (B-hydroxyethylamine, Sigma Aldrich, USA)
were attached covalently to the treated cover glasses. The silanization with
APTES was performed by adding 10 ul APTES between two cleaned cover

glasses followed by an incubation for 15 min at 75°C. The silanized glass
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supports were then rinsed thoroughly with ethanol, ddH;O, and dried in a
nitrogen flow. The colamine coating and PEGylation were performed in the
same way as described for GO functionalization.

The non-specific adhesion of ssDNA on these coated glass slides with
APTES, colamine, and the additional PEG crosslinker used in this study was
tested via fluorescently labelled DNA. To do so, 1 uM of Atto647N-labeled
40b ssDNA in TRIS/HCI buffer 20 mM TRIS, 100 mM NaCl, pH 8.4) was
added to the differently coated surfaces and incubated for 1 h at room
temperature in a humid atmosphere. Afterwards, the surfaces were
washed three times with TRIS/HCI buffer for 5 min each, shortly with

ddH;0, and dried gently in a nitrogen flow before fluorescence microscopy.
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consists of a lander with a fully autonomous bioreactor able to process Lunar
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missions are studied, and technical details are analysed. This design might not
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5.1 Introduction

Multiple efforts are now under way to enable sustainable exploration
beyond the ISS and LEO. Space agencies are embracing exploration with
commercial and international partners in order to return to the Lunar
surface, and in doing so, bring back new knowledge and potentially
resources, and open new opportunities for innovation. In this context, new
technological concept demonstrations are increasingly sought for surface
missions and payloads. In particular, activities that can potentially enable
sustainable exploration for missions on the surface for lengths up to and
surpassing 40 days, are being considered. In this chapter, we present a
novel mission design which leverages modern advances and understanding
in synthetic biology to realize an ISRU focused concept that could become
an exploration enabling architecture, as well as enabling valuable scientific

investigations pertaining to the Lunar environment.

5.1.1 Mission objectives & benefits

Developing the capability to use local planetary resources is critical for
future sustainable long-duration missions on the Lunar and Martian
surface. The mission here described proposes a novel ISRU biology-based
method, which would permit the extraction of metals and gases from Lunar
regolith, helping to reduce the cost of human missions [1]. While a primary
role of ISRU for a Lunar Outpost would be the production of oxygen [2],
accessing Lunar metals is needed for the development of a Lunar
infrastructure, and supply from Earth would be mass and thus cost
prohibitive [3]. The production of metals and gases from this mission will
not enable full independence of Earth supplies, but it would prove the
potential of biological ISRU and reduce the resources that are brought from
Earth [4].

The objectives of this mission concept are:

a) Test a life-support system designed for the bacteria working in an

encapsuled Lunar environment.
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b) Demonstrate the ability to process Lunar regolith and extract elemental
iron, silicon and more by landing a fully autonomous bioreactor on the
Lunar surface. The extracted material could be used as raw material, e.g.
for manufacturing using 3D printing technology.

¢) Prove the capability of storing gases (Hz, O,, CO,, CH4) generated by the
bacteria during the metabolic process. Over time, this arrangement could
store significant amounts of gas-by-products, useful for a permanent
human outpost.

d) Test the toxicity of Lunar dust, low-gravity and the high-radiation
environment on simple organisms.

c) Extend the International Space Station (ISS) cooperation model,
allowing international partners to develop systems/subsystems of the rover
and bioreactor.

d) Increasing the number of complex biomolecules on the Moon to enable
future food supply (The availability for certain biomolecules (carbon,

nitrogen-containing) is key to enable sustainable food supply /n situ) [5].

5.2.2 Assumptions

Several major assumptions were made in the conceptual design of the
mission architecture and are listed below:

(1) The mission is assumed to advance the objectives of, and take place
within, the overall framework of the Global Exploration Roadmap [6].
Taken as part of a broader effort, the mission would have a higher chance
of success, would build key resource utilization knowledge prior to human
exploration, and leverage the presence of other capabilities being
developed as part of the global exploration roadmap (GER).

(2) The mission will be a collaboration between several ISECG members
with different contributions.

(3) The mission will be a technology development and demonstration
mission to advance capabilities required for further incremental,

sustainable robotic and human-robotic exploration.
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(3) The bioreactor system will have the capacity of being fully autonomous.

(4) Public or private launch vehicles capable of carrying the proposed

payload space agencies or private companies will be available by the

timeframe of the mission.

5. 1.3 Similar mission architectures

NASA, ESA, and other space agencies have for long exposed the

importance of ISRU to reduce the cost of the missions. Upcoming missions

include robotic capabilities to acquire and process local resources:

ESA drills and science instruments on Roscosmos's Luna 27
(PROSPECT) will demonstrate the thermochemical extraction of
water from Lunar regolith [6].

Selected to fly on NASA’s Mars 2020 mission, MOXIE (Mars Oxygen
ISRU Experiment) is a payload that will produce oxygen from the
Martian atmosphere using solid oxide electrolysis (SOXE) [7].
Instruments aboard the lander and rover from the ISRO’s
Chandrayaan-2 mission will collect data on the Moon’s thin envelope
of plasma [8].

As part of the recently canceled Prospector Mission, a rover would
have excavated volatiles such as hydrogen, oxygen, and water from
the Moon [9].

Other missions include biological experiments to perform on the
Lunar surface: the Chang’e 4 Chinese mission executed in 2018
delivered a lander to the far side of the Moon carrying, among other
instruments and experiments, a container with potatoes, Arabidopsis
thaliana seeds and silkworm eggs. Together, the plants and

silkworms are expected to create a simple ecosystem [10, 11].
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Fig. 5.1 Overview of the mission architecture. A heavy launcher (SLS, Arianne 6,
Delta IV heavy or Falcon heavy) will be used to transport the lander to the Lunar
surface. After the landing and an initial system test, during dawn its rover will be
released, unfolded and start to collect Lunar regolith. The rover returns the
samples to the lander/bioreactor and several biological tests can be performed.
Throughout Lunar night the rover will stay in the lander and start after the night
again with step 1. A similar experiment is performed at the LUNA facility at the
European Astronaut Centre. This enables direct comparison of the cellular growth.

Also, other methods have been studied to evaluate their potential to
produce oxygen and metal from Lunar resources to support human
exploration of space.

For example, the electrolysis of molten Lunar regolith, also termed Magma
process, requires an electrolytic cell where the regolith is molten, and in
which a potential is applied such that oxygen evolves at the anode and
metal deposits at the cathode [12].

The electrolysis of solid Lunar regolith approach, which derived from the
FFC-Cambridge process for the electro-deoxidation of metals and metal
oxides [13]. Additionally, there are numerous mission architectures

proposed in scientific literature [14, 15].
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5.2 The general mission architecture

5.2.1 Overview

The mission architecture, laid out in this section, is intended to fit within
the sustainability principles of the global exploration roadmap (GER)
including affordability and partnerships, exploration benefit, and capability
evolution [6]. A partnership between different nations is proposed to
increase affordability and provide opportunities for different partners to
contribute in their areas of interest and expertise. ISRU technologies which
will be of use in future space exploration missions are demonstrated, and
advancements in the technology would be available for terrestrial uses
such as on-demand pharmaceutical production.

The mission consists of two main systems to be landed on the Lunar
surface together; a landing vehicle containing a bioreactor and all
necessary support subsystems, and a robotic rover capable of autonomous
and teleoperations. The rover will be capable of collecting and depositing
regolith into the bioreactor to perform the main mission objectives and will
perform operations throughout the Lunar day. During the Lunar night, the

rover will be housed inside the landing vehicle for protection.

The major stages of the mission are as follows:

1) Landing of the reactor and gatherer-rover, initial system commissioning.
2) Regolith collection operations begin — the rover will gather Lunar
regolith with a surface drill and with a shovel (collection of regolith with
smaller particle sizes is targeted as it is more easily processed by the
bacteria).

3) Biological experiments are performed in the bioreactor (e.g. material
extraction).

4) Repetition of mission stages 2 and 3.

Throughout the mission, the repetition of regolith collection and material

extraction will allow different cell systems to be tested with a variety of
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microorganisms as well as cell-cultures, to maximize science output and
test different approaches. Regolith from different areas of interest could be
collected for analysis. Direct comparisons will also be made with terrestrial
analog experimentation, for example, experiments performed at the LUNA

facility of the European Space Agency [16].

5.3.2 Landing Site

In order to find a suitable site for a settlement, many parameters have to
be taken into account. These parameters can generally be separated into
three categories: (1) Operational conditions; (2) Availability of natural
resources; (3) Features of scientific interest.

Historically, the operational conditions were always prioritized as the
selection of the site was primarily constrained by technical factors. In 1959,
the Project Horizon study [17] determined that, given the constraints
related to the environment, the communication systems and the energy
requirements for the rockets, the site should not be located further than
20° from the optical center of the Moon. During the Apollo program, Lunar
topography was also taken into account for the selection of a landing site
[18] as a smooth terrain is critical for landing operations.

In the near future, more powerful launchers such as the SLS and the
Falcon Heavy as well as relay satellites[19] will make it possible for a Lunar
base to be located virtually anywhere on the Moon’s surface. The latest
technologies in the domain of autonomous landing and hazard detection
[20] will also make sites with rougher terrain accessible.

For this mission, the priority is set on operational factors. In this context,
one of the biggest constraints is power production. Therefore, we consider
sites located at the poles, where particular topographic features combined
with orbital mechanics allow good illumination conditions for long periods
of time. These areas are also characterized by relatively stable temperature
conditions, which may be critical to the mission operations. The same

region was chosen by NASA for its Lunar outpost reference design [21].
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A particularly interesting possibility is the summit of the Malapert
mountain, close to the south pole it has been estimated that this site
receives sunlight for 93% of the Lunar year [22]. Due to its elevation of
about 4700 meters above the Lunar reference radius [23], this location
also allows for a line of sight communication with Earth, possibly a second
base on the rim of the Shackleton crater and many regions of scientific
interest around the South Pole. Features of scientific interest are also
located in the direct vicinity of Malapert mountain. A crater located at the
south of the peak is considered a possible “cold trap” [24]. A portion of the
south pole Lunar map was evaluated regarding a suitable area for mission
operations and landing. (Fig. 5.2A). An important factor was the average
slopes and distances in this area to allow for a smooth movement of the
rover.

The area chosen for mission operation is characterized by an average slope
of about 12° (Fig. 5.2B). This approximated value is obtained by modeling
the region as a geometrical plane passing through points A, B, L (Fig.
5.2A). The region close to the point C shows a flatter terrain and is more
suitable for lander operation (Fig. 5.2B). Point C is also close to the summit
of Malapert mountain, reaching better illumination condition, and avoiding
shadows generated by surrounding reliefs. Nevertheless, the area around
point C is characterized by a rough terrain and several impact craters that
can be easily explored and avoided by rover operations but can be
disastrous for the landing. As a result, even if point C remains a good
candidate as a landing site, point L is preferred in this mission since it
supposed that illumination conditions are not very different with respect to

point C.
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Fig. 5.2 Landing site analysis. (A) Position of the landing site (point L), and
approximative area of operations (square ABCD). Coordinates, distances and
average slopes in between the field of operation are displayed on the right. (B)
The marked areas (green) indicate terrain slope values below 10 degrees.
[http://bit.ly/2PE69Ru, quickmap.lroc.asu.edu]

5.3 Bioreactor/Lander

5.3.1 Lander design

The approximate lander dimensions are 5 metric tons (+ rocket fuel for
landing), 4.5 m wide and 6 m high. Based on these dimensions, a heavy
lifter would be needed to transport this reactor to the Moon [25-28]. A
main part of the reactor is its resupply tanks and radioisotope thermal
generator (RTG) power source to ensure continuous operations for years
(Fig. 5.3A). All tanks would be equipped with an external valve allowing
them for refilling if needed [29].
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Fig. 5.3 Overview of the lander with its external structures: heat radiators (1),
landing engine (2), gas tank (3), medium tank (4), water tank (5), landing legs
(6), rover ramp (7), and communication antenna (8). (A) Central cut of the lander
showing the main internal structures to resupply and run the bioreactor as well as
store the rover throughout space-travel and Lunar nights. (B) External structures
of the lander in its closed position (left) with the radiators (1) attached to the
body and the ramp (7) still closed as well as in its open position (7) (right) with
the radiators (1) spread out and the rover being released.

5.3.2 Tanks

The main tank (top and mid of the reactor) is filled with sterilized water
(Fig. 5.3 (5)) which has several functions. Passively it will be used as a
radiation shield against cosmic rays and a heat reservoir throughout the

Lunar night. For the latter function, heat coils connected to the RTG are



Mission architecture | 95

used to keep the water above its freezing point and to store heat there
before the night starts. Water used in the bioreactor will be transported
back into the tank via evaporation after each growth experiment. The main
loss of water per iteration will be caused by the liquid used during the
microbial growth. An optional design would store the water in separate
hydrogen and oxygen tanks and use a fuel cell to produce water and
energy on demand (not shown here).

The tanks at the lower part of the reactor are filled with growth medium
(Fig. 5.3 (4)), a gas mixture (Fig. 5.3 (3)) and rocket fuel (Fig. 5.3 (2)).
The growth medium is in the form of a compressed, sterilized powder and
it will be premixed with water while being pushed into the bioreactor. The
gas (mainly Oz, Np) is used to mix the reactor liquid (bubble reactor)
continuously [29].

Assuming a delta-v of 1870 m/s and a mass of 5 tons, approximately 4300
kg of fuel will be needed for the initial landing. Five spherical tanks with a
volume of one m?3 each are providing the necessary space for this fuel. The
emptied fuel tanks will be reused after the landing to store excess gas

produced throughout the experiments.

5.3.3 Bioreactor
The central piece of equipment is the 5 L bioreactor coupled to the
scientific instruments. All supply valves and ports are installed in
redundancy to ensure proper function of the system. This reactor is filled
up in several steps (Fig. 5.4):

I.  Lunar regolith gathered by the rover is transported into the reactor

with an Archimedean screw mounted in a 45° angle;

II. Water and medium are premixed and used to fill up the reactor;
ITII.  The gas flow is initiated to achieve improved mixing;

IV. A syringe is used to inoculate the bioreactor with the organism of

interest (stored in a freezer);
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VL.

VIL

VIIL

IX.

Start of the actual experiment: Every hour the optical density at 650
nm (0O.D.ss0) and total cell counts are observed (see chapter 3.3).
The tested material is stored in an extra area and regularly sterilized
with UV radiation. The experiment runs between 12 and 48 hours at
a constant temperature depending on the scientific or operational
question. A scale, centrifuge, ChemCam [30] and electromagnet can
be used for further analysis or extraction. The gas is reused for the
entire experiment duration;

UV lamps will be used to sterilize the bioreactor and terminate the
processes. Two additional optical density and cell count
measurements should verify this termination;

The temperature in the reactor is increased, and the gases are
evacuated and measured;

Water will be evaporated and fed back into the water tanks. The
solid material (cells, rest of the medium and regolith) will be
transported in a storage compartment and further sterilization
processes are initiated. The compartment has an airlock to remove
material from the storage and transport it outside;

The whole system will be sterilized again and is ready for a new
experiment. If a different type of regolith is used (other area or
different drilling depth), all regolith storage chambers must be

emptied;
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Fig. 5.4 Overview of the rover and lander operations. Arrows in light brown
indicate operations only done on the start of a Lunar day. Grey arrows are
optional operations depending on the exact experiment, and black ones show
repeating processes. The rover has normally only one iteration per Lunar
day/night cycle, while the bioreactor can have up to 7 iterations. (*) All regolith
stored and used in the bioreactor can be released to allow testing of different

locations and drilling depths.

5.3.4 Additional systems

The lander has four landing legs similar to the Apollo missions [31] and
eight radiators (two each side) to get rid of excess heat during Lunar day
and shield it during Lunar night. The rover storage area is used for initial
transport of the rover, safeguarding the rover throughout Lunar night and

transfer regolith from and to the rover. Antennas are used to enable
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communication between the rover and the lander as well as to transfer
data to the Earth.

5.3.5 Extraction process

The rover supplies the lander with regolith to be mixed with bacteria,
water, and growth medium. The modified bacteria can extract or alter
certain elements from the regolith (e.g., iron, silicon, gases). The extracted
materials will be stored in an additional tank and can be accessed via an
airlock. The produced gas will be stored in the empty fuel tanks. Growth
medium can only be used once, but water can be evaporated and reused
for multiple runs. Bacterial kinetics and total number are continuously
observed by optical density. After the extraction process a small number of
bacteria can be stored for an additional batch, while the rest of the reactor

is decontaminated and the materials (iron, silicon, gases) are extracted.

5.3.6 Silicon extraction

Silicon is an important building block for all types of electronic devices and
in particular energy devices (solar cells, fuel cells). Genetic modifications of
E. coli (Top 10) allowed the bacterium to express the enzyme silicatein-
alpha at the surface. This enzyme is used by marine demosponges to build
layers of poly-silicate, a complex of SiO4? salts bound to a protein [32, 33].
The TU Delft iGEM team 2016 visualized this formation of a poly-silicate
using a sodium silicate solution and fluorescence microscopy [34]. We
applied the same methodology to test the capability of this genetically
modified £. coli to extract silicon from the Lunar regolith simulant EAC-1.
The cells were grown with a Lunar simulant concentration of 4 g/L in Luria-
Bertani (LB) medium under continuous shaking (250 rpm) and 37 °C. The
optical density (0.D.so0) value was observed hourly in a photo
spectrometer, and 0,1 mM IPTG solution was added after the 0O.D.s00
reached 0.4 (an indication that the bacteria are in exponential growth and

are having a maximal metabolic activity). After 4 hours of incubation, the
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cells were stained with 2 pg/mL rhodamine 123 for 10 minutes and kept in
the dark to prevent bleaching. Six washing steps (exchanging the whole
volume with phosphate buffer saline (PBS)) were performed and the cells
were resuspended in PBS. An inverted fluorescent microscope (Nikon
Eclipse Ti inverted microscope with A1R confocal module) was used to
visualize the stained and unstained cells (Fig. 5.5). Quantification of the
cells (n > 19) was automated using a macro implemented in the image
analyzing software Fjji. The quantification of stained cells is selected based
on intensity, size and shape. The findings indicate that the genetically
modified bacteria can utilize the alkoxy silicates present in the Lunar
regolith simulant to encapsulate themselves with a poly-silicate layer (Fig.
5.5). In the presence of 4 g/L regolith simulant (EAC-1), 13.4 £ 0.9% of
the genetically modified bacteria and 1.3 + 0.2% of the wild-type bacteria
are covered with a poly-silicate layer. Without regolith simulant, 6.7 +
1.3% of the genetically modified bacteria show silicate expression (errors
are standard errors of the mean). The extraction of silicon covered bacteria
from the rest of the regolith is still problematic because they share the
mechanochemical properties of regolith particles. An agglomeration of the
silicon rich surfaces based on a changing pH value could resolve this issue

but has still to be optimized.
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Fig. 5.5 Fluorescence microscopy showed the modified £. colito be able to form a
silicone layer from Lunar regolith simulant (EAC-1) around its cell membrane. (A)
Exemplary light microscopy (top) and fluorescence pictures (bottom) of
rhodamine 123 stained £. coli cells. The left two refer to the genetically modified,
the right one to the wild-type E. coli. The numbers in the left top show the total
number of visible cells. (B) Quantitative analysis of the modified and unmodified

with rhodamine 123 stained bacteria.
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5.3.7 Iron extraction

Stable structures on Earth rely strongly on iron and its derivatives.
Construction material, as well as replacement parts on another planetary
surface, can be built from iron as well. The main disadvantage of iron
derivatives, the high mass, plays a minor role in in-space applications on
low-gravity planets and Moons, where their weight is lower. Iron is also
very abundant in Lunar and even more in Martian regolith; it is a very
bioactive element.

Our collaborators at Newcastle university engineered an additional £. coli
strain (DH5a) to incorporate a high amount of iron ions from a liquid
solution. Magnetic forces (neodymium magnets) separate the iron stored
within the bacteria from the rest of the material (Fig. 5.6A). The bacterial
growth was performed aerobically in a 30 °C incubator under constant
shaking with 250 rpm. Colony forming units and O.D.sso measurements
were done every 3 hours. For the magnetic extraction, 3 mL were pipetted
onto a cover glass slide and washed with 5 mL distilled water. The
extracted amount of regolith increased significantly from 3.34 £ 0.58 mg to
7.25 + 1.83 mg after a 48-hour treatment with bacteria but showed no
significant difference in the no-bacteria control (3.34 £ 1.15 mg at Oh and
4.57 £ 1.13 mg after 40h) (ANOVA Turkey PostHoc test: pro-t4s: 0.600, peo-

eag: 0.004, peo-to: 0.999, pess-148: 0.010; errors are standard deviation).
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Fig 5.6 Bacterial modification of the regolith allows for an improved magnetic
extraction rate than without treatment (A) Laboratory set-up for the magnetic
extraction. The neodymium magnet was mounted in a 55° angle, which allows for
extraction of only strongly-magnetically attracted material (the rest will be washed
away). The material is deposited on cover glass slides to quantify and compare
the total amount of extracted material. (B) Weight measurements of the
magnetically extracted regolith. Bacterial samples: E...£ .coli and non-bacterial
controls: T...TSB were performed after Oh and 48 h (Errors are the standard

deviation of the mean).
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5.3.8 Gas and other extraction types

During any metabolically active process, bacteria produce technical useful
gases (CH4, CO2, Oz Hy), which are collected into the emptied fuel tanks.
The amount of these gases is measured after each iteration (see section
5.3.3). Over time, this arrangement stores a significant amount of gas-by-
products useful for rocket fuel, life-support system, and similar
applications. Bacteria can also be used for other types of extraction. It was
shown that they could help to recycle copper from electrical circuits [35],
leach the ores for further mechanical methodologies [36] and even
produce biofuel or medicine [37] on demand. One bioreactor can host
several different operational modes and might be used for a variety of
different purposes depending on the current need. Resupply missions of
the bioreactor can supply not only fresh medium and water but also

different organisms.

5.3.9 Scientific analysis

The understanding of the interaction between biological systems and the
Lunar environment will be critical for any future Moon mission. It is
possible (Vis-spectroscopy and flow-cytometry) for an autonomous system
to observe the health of microorganisms or even cell cultures. The
proposed Vis-spectroscopy uses a laser with a wavelength of 600 nm to
measure the optical density (0.D.) of four 5 pL samples every two hours.
The result shows the number of grown bacteria in the sample and can be
used to understand the kinetics of the microorganisms grown. The flow-
cytometer complements this measurement with the total number of
life/dead stained cells in four additional 5 pL samples at the same time
points [38].

Gas sensors (02, CHs, CO2, Hz) will observe the composition and production
of gases with different organisms and environmental conditions. An
electromagnet together with a scale will specifically help in understanding

how much iron/magnetic material can be extracted from different Lunar
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soil samples with and without treatment. The integrated ChemCam
enables, meanwhile, the measurement and Vvisualization of ore
compositions and the comparison of ores before and after bacterial
treatment as well as in different ground depths and areas (shovel & drill)
[30, 39].

The same bioreactor will work simultaneously in LUNA [16] a Lunar training
hall currently under construction at the European Astronaut Centre (EAC)
on Earth. The terrestrial bioreactor allows for a better understanding of the
biotoxicity caused by Lunar radiation and Lunar dust as well as an exact
comparison of Lunar regolith with its simulant. This mission will acquire
critical data to understand the effect of Lunar dust particles and the high
radiation field on the Moon towards biological systems. Furthermore, it will
measure the production yields of microorganisms under Lunar conditions in

comparison to conditions on Earth.

5.3.10 Potential problems regarding bacterial growth in a closed
containment on the Moon

Mutation rate: After the extraction, the same bacterial culture can be
used to re-inoculate a new batch. This process is limited due to the, in
comparison to Earth, increased mutation rate caused by higher cosmic
radiation and the nanoparticles expected in Lunar regolith. If the yield or
health of the bacterial culture declines or the extraction methodology is
switched, fresh bacteria can be used from a frozen stock (-80°C). The
frozen stock is due to the inactive metabolism of the bacteria barely
affected by the radiation.

There is a low chance of having a strong disturbing mutation during a
single batch if the process takes longer than a few days. However, the core
extraction processes suggested here are done in 48 hours which makes
this issue neglectable. Biofilm formation: Bacteria tend to form biofilms
which can cloak tubing and cause other mechanochemical and biochemical

issues leading to a decreased yield or even failure of our bioreactor.
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Several studies showed the enhanced biofilm formation of different
organisms under stress [40] and in the case of low gravitational fields [41].
Our reactor design induces a turbulent flow to counteract this effect, but a
pretest performed with the exact reactor on Earth will be necessary to
better understand the potential problems for the mission due to biofilm
formation. Slicing of cells: Lunar regolith is composed of sharp-edged
nanoparticles which can be a severe threat for the microorganisms [42]. A
better understanding of the interaction of Moon dust with cellular systems
will be of utmost importance for any human endeavor to the Moon. Our
here proposed mission can be seen as a first scientific testbed for this

interaction.

5.4 The gather rover
5.4.1 Rover design

The main task of the rover is to gather and transport Lunar regolith to the
bioreactor. It consists of a front shovel and a vertical drill to gather the
material from different positions as well as a chamber for internal storage.
Next to the drill are transfer-ports to drop the material into the lander. The
rover's navigation is partly telerobotic and partly autonomous, its
navigation is mainly done via optical cameras including infrared sensors at
the head camera and the back camera. The solar cells are mounted on a
rotating frame to always face the sun (Fig. 5.7A). The rover dimension will
be very similar to resource prospector (approximately 300 kg, 1.4 m x 1.4
m x 2 m) [9] and the rover will reuse originally for resource prospector
designed instrumentation. The main difference is the design with six legs
instead of four which allows for redundancy and driving in terrains with

higher slopes.




106 | Chapter 5

Long range antenna

A

Self cleaning vertical solar cells

\

Short range antenna

Head-camera

Regolith storage

Back-camera———
Shovel

C

OM©

Fig. 5.7 Rover positions and tasks. (A) Overview of the instruments and parts of
the rover. (B) Rover in transport-position with open transfer ports (1), retracted
legs (2), folded shovel (3) and head camera (4). C: Rover in drilling position with
closed transfer ports (1) retracted legs (2), half-folded shovel (3) and active drill
(4). D: Rover in shovelling position starting with a grounded shovel (1) and a
forward movement (2). Ending in a standing position (3) with a raised shovel (4)
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5.4.2 Transport & night position

The rover is designed to be transported inside the lander and is, therefore,
foldable (Fig 5.7B). In this position, the legs are retracted which leads to a
blocking of the tires. The drill is retracted not to scratch the lander nor to
get damaged throughout the journey. The head camera is inactive and
folded together with the shovel. In this position, the rover is unlikely to
slide around and can withstand the launch and landing (with additional
support). After the landing, the legs are partly extended to enable the
rover to move out of the lander. The back camera can be used for this
maneuver.

To avoid damaged electronics and to add new Lunar regolith to the lander
the rover approaches its indoor position during Lunar nights as well. The
rover is moved backward towards the gateway to enter the lander, the
head camera is deactivated and folded together with the shovel. The legs
are retracted to the minimal moving position, and the rover is navigated
autonomously into the lander. Its regolith transfer ports are opened, and

the gathered material drops into the lander’s storage.

5.4.3 Driflling & shovel position

The head camera is used to move the rover to a previously screened and
for drilling suitable location. As soon as the drill is aligned the rover retracts
its legs, blocks the tires and the shovel gets half-way folded. After the
rover is in a stable position, the drill starts spinning and is extended to
engage the ground. The material is moved throughout the drilling process
into the storage area of the rover. The so-gathered material will be
transported back to the lander (Fig. 5.7C). The drill concept is mainly to
acquire regolith and, therefore, the drilling depth is limited to a few
centimeters. The head camera is used to navigate the rover to a for
shovelling suitable location. The shovel is moved downwards to touch the
ground, and the rover is moved slowly forward to gather material in the

shovel. The shovel is raised to lift the material into the storage chamber.
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5.5 Power supply and thermal shielding

The design of the electrical power supply unit for the mission is crucially
dependent on diverse mission drivers; the most important of which is the
selection of the landing site. In fact, a selection of a permanently
illuminated site would probably push the selection of the power source as
mainly solar. However, given the assumptions made in 5.2.2, it is best to
strive for a design which is as robust and flexible as possible, that is, which
could be re-adapted for different environments. So, the main power source
would be based on radioisotope thermoelectric generator (RTG)

technology, with additional support coming from solar panels for the rover.

The main components of the system are:

a) The bioreactor: running at 30-40 °C with short peaks of 100 °C.

b) The water tank: high volume of water, which shall be reused. Heating
the bioreactor to 100 degrees and refilling the tank after each cycle.

¢) Pumps: Airflow pumps (< 5 L) to move the gas through the reactor into
the inflatable module and waterflow pumps (< 5 L) to move the liquid to
the reactor and mix it with the medium and regolith.

d) Extraction mechanism: magnetic or weight dependent extraction (i.e.
electromagnet), and/or small centrifuge.

e) Freezer for the different cell types and scientific/analytical instruments

f) Communications system.

g) UV lamps for sterilization.

h) Controlling electronics: automatic controlling of the valves, pumps,

heating system with potential human interference from Earth.
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5.5.1 Lander/Bioreactor power supply

The power requirement for the bioreactor and attached systems is
estimated at 2.4 kW (including all previously mentioned systems). The
power will be mainly supplied via RTG technology. In fact, as per section
5.1.2, even on a semi-permanent illuminated area, it is too optimistic to
rely on solar panels only, with a rover that would move and potentially
cover the solar panels partially with Lunar dust. To survive the Lunar night,
the need for a high-efficiency thermoelectric transformation technology
appears to be still crucial. Currently, the most realistic method is to utilize
the RTG, which is based on the Seebeck principle to transform the heat
energy into the electric energy. When generating electric power, the RTG
can also supply great heat energy to regulate temperature. Generally, Pu-
238 is used as the RTG source [43].

However, to strive for a more sustainable form of energy supply in the
framework of a Lunar habitat, the potential solar panels will be designed to
satisfy most of the power requirements. Since the Earth-Moon system is in
heliocentric orbit, they share a similar solar constant of about 1.36 kW/m?
[44]. Given the current Solar panel technology and considering solar cells
arrangement, an efficiency of about 30% can be considered, which gives
roughly 330 W/m? on state-of-the-art spacecraft. So, producing 2.4 kW of
power would require approximately 7.2 m? of solar panels with a weight of
40 kg. Considering the environmental conditions of a Lunar south sole
landing site [see section 5.2.2], the focus shall be set on Sun illumination
angles: while Azimuth varies 0-360 degrees in a Moon cycle (~27 days),
elevation angles features much lower variations during the same period.
The power system design features the selection of a “Power Generation
Area”, which shall be as flat as possible to allow for Sun tracking during the
entire mission lifetime and avoid possible panel shadings due to orography.
The solar panel will track the Sun only in Azimuth, neglecting the small

variations in Elevation.
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In order to support this sun tracking feature, the base of the panel will be
equipped with a DC motor [45], the rotation speed needed is affordable for
state of the art components (360 deg in 27 days is a very slow rotation).
The solar panels will gather sun power and store it in rechargeable
batteries; this power will be used for Lunar nights and in case of
contingency (e.g. low/no power available due to malfunctions, dust on

cells, etc.).

5.5.2 Rover power supply

The rover will be designed to be a smart machine, with the purpose in
mind to achieve a mobility item that is agile, rapid, and simple. It is crucial
to reduce at most its complexity and its weight: the rover will be powered
by a combination of solar panel and rechargeable batteries, which are used
to maintain system survivability during times without sun illumination (e.g.
shadowed areas). In such cases, the rover will activate a series of heaters
to allow it to resist to the low temperatures and possibly move back to an

illuminated area.

5.6 Discussion & conclusion

Space agencies all over the globe are proposing return missions to the
Moon and the Lunar vicinity with the ultimate goal of human exploration
and habitation. Our understanding of how biological systems interact with
the very hostile environmental factors on the Lunar surface is insufficient
and only based on the short visits during the Apollo missions. This data,
however, is essential to understand the behavior of life support systems,
biomining or bioleaching approaches and of course the health risks posed
to astronauts throughout a prolonged visit. The mission proposed here will
act as a test-bed to gather such data and findings for a variety of biological
systems and will also act as a technical demonstration in a closed

environment on the Lunar surface.
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The summit of the Malapert mountain, near the South Pole, was
considered the best location for this mission. Being designed as precursor
research, it makes sense for this mission to take place on a site that is
already evaluated for a future settlement. With its exceptional environment
in term of illumination, temperature, and topography, this site does not
only provide excellent conditions for operations, but it is also close to
numerous areas of scientific interest.

The rover and the lander are well-equipped to test critical ISRU processes
such as the transport of Lunar regolith from the surface into a closed
environment, shoveling as well as low-depth drilling operations to gather
regolith, controlled liquid as well as gas-flow under low gravity and the
mixture of telerobotic with autonomous operations of the rover.

Direct extraction and production experiments done via microbial processes
will build on prior tests with regolith simulant here on Earth. There are
several proposals to use microorganisms as nano-factories and to produce,
for example, on-demand medication, extract materials from the regolith or
produce gases for life-support systems and as rocket fuel.

Our successful tests to bind silicon from Lunar regolith simulant onto our
genetically engineered bacteria showed that 13.4 £ 0.9% of the total cells
are covered with silicon in comparison to 1.3 £ 0.2% in control with no
modified bacteria. Currently, we are investigating methods to extract the
silicon-covered bacteria from the rest of the regolith. Also, experiments
with magnetic iron extraction were improved from 3.34 £ 0.58 mg to 7.25
+ 1.83 mg after a 48-hour treatment with bacteria using a differently
modified E. coli.

The experimental set-up and scientific instrumentation allow for an analysis
of the biotoxicity caused by Lunar dust and Lunar regolith particles in
general. The simultaneous running experiment in LUNA at the EAC in
Cologne will directly compare these results to bacteria grown with regolith
simulant. We expect to have higher toxicity due to the sharp edges and

small sizes occurring in Lunar regolith. Experiments with eukaryotic cells or
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even cell cultures might enable even further insights into their toxicity on
humans.

Different approaches for the power supply of the system and its
communication with Earth are discussed. To our knowledge, this is the first
mission architecture designing a bioreactor for the Lunar environment and
enabling biological tests in the sectors life-support-systems, biotoxicity,
biological ISRU and technological demonstrations. These are critical for a

human presence on another planet or Moon.
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6.1 Introduction

The next step in human space exploration will revolve around the Moon, as
a stepping stone for an eventual human presence on Mars [1]. In the
context of longer stays on the Moon'’s surface, the supply and maintenance
of a functional habitat requires the input of resources. Transport of these
resources is a major cost for an extra-terrestrial base, and reducing this
cost will bring us closer to realizing a sustained human presence on
another celestial body [2]. In situ resource utilization (ISRU), the use of
local resources for production and maintenance, can help us bring down
long-term transport requirements and brings us closer to colonizing
another celestial body [3]. In this chapter, to help address this challenge,
we investigate the use of microorganisms for the extraction of iron from
Lunar and Martian regolith.

Microorganisms as used in production processes can be described as self-
reproducing modifiable nano-factories, catalysing a wide range of chemical
conversions. Some branches of microbial life on earth have developed a
metabolism around the use of metal oxides as electron donors or acceptors
[4]. A subsection of these organisms can utilize solid metal oxides as
substrate, converting them to more soluble forms, which makes them
interesting for use in mining operations [5]. Such use of microorganisms on
earth is widespread and is actively used in the biomining of copper, cobalt,
gold, uranium and other metals [6, 7]. In the case of copper, biomining
accounts for more than 20% of the yearly worldwide production [8]. These
facts give a promising outlook on the application of biomining in space
exploration [9]. Lab-scale experiments on the interaction between bacteria
and Lunar regolith simulant confirm this expectation [10]. However, so far,
no design for full-scale biomining operations in space has been presented.
Iron is one of the most utilized metals on Earth and a variety of building
materials rely on it in some way. It can be hypothesized that the

construction and maintenance of an extra-terrestrial base will also rely on
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iron. Considering the abundance of iron in both Lunar and Martian regolith,
at 5-22 wt% and 17.9 0.6 wt%, respectively [11, 12], this element is
likely to be useful in construction-oriented ISRU. Within this chapter, we
show a general setup for a biological iron extraction process, we
investigate the feasibility of several candidate organisms and perform a
sensitivity analysis for the payback time of the biological process.
Shewanella oneidensis was evaluated as the most feasible organism with a
payback time of about 3.3 years and its survivability in a Martian regolith
simulant was studied Combined with a lander concept [13] , this provides a
framework for future evaluations of biomining processes in space

exploration and a basis for evaluation of other bioprocesses.

6.2 Results and Discussion

6.2.1 Biomining process

The general process of using bacteria for mining applications in space, is
the dissolution and accumulation of specific resources from Lunar or
Martian regolith (Fig 6.1A). The biological methodologies can be split up in
two categories: (1) Accumulation of dissolved iron in concentrated form,
allowing for magnetic extraction (Fig 6.1B). (2) Leaching of iron from
mineral ores, bringing it in a dissolved state, allowing for precipitation of
magnetic particles and ores (6.1C).

These categories could be combined to allow for the magnetic extraction of
iron from a variety of ferrous mineral ores. The leaching process alone can
also be connected to electrochemical manipulation of the solution to

promote magnetite precipitation [31-33].
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Fig. 6.1 (A) Conceptual workflow of the bacterial iron extraction. (B) Bio-

accumulation processes using £. coli to bind aquatic Fe?* in a modified Ferritin
molecule, and M. gryphiswaldense to combine aquatic Fe** molecules in
magnetosomes. (C) Biomining and Bioleaching approaches using S.oneidensis, to
reduce in ore bound Fe** to Fe* and allow for magnetite precipitation, and A.

ferroxidans to oxidize Fe?* to Fe3* and allow for magnetite precipitation.
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The considered candidates for the accumulation are a genetically modified
Escherichia coli strain and the magnetotactic wildtype bacterium
Magnetospirillum gryphiswaldense. The constructed E£. coli overexpresses a
modified ferritin complex, has a dysfunctional iron export mechanism and
an improved iron import mechanism [34]. The combination of those
modifications leads to a high intracellular iron concentration.

M. gryphiswaldense accumulates iron to produce magnetosomes,
intracellular vesicles filled with magnetite that form a backbone for the
organism [35]. The resulting capability to swim along magnetic field lines is
commonly known as magnetotactic behavior [36]. M. gryphiswaldense
readily uses lactate as electron donor and carbon source.

For the bioleaching category, Shewanella oneidensis and Acidithiobacillus
ferrooxidans were considered. S. oneidensis is well-known for its capability
to use a wide range of electron acceptors [37], one of which is Fe3*, both
in aqueous and solid state [18, 22]. Fe3* from mineral sources is converted
into Fe2*, which is both excreted in aqueous form and precipitated on the
cell surface in magnetite [38, 39]. In the current work, the use of lactate
as electron donor and carbon source is considered, which is then oxidized
to acetate and CO» (Fig 6.1C). Other possible electron donors are pyruvate,
formate, amino acids or N-acetylglucosamine [40, 41].

A. ferrooxidans is often used in biomining operations on earth [5]. It
preferably grows in very acidic conditions (pH 1-2) and can fix both carbon
and nitrogen from atmospheric sources. For the current work, nitrogen
from ammonium is considered instead of atmospheric nitrogen. A.
ferrooxidans requires oxygen as electron acceptor when it oxidizes Fe?* to

Fe3+,

6.2.2 Nutrient consumption
The kinetics (Tab. 6.2) were used to set up mass balances, which were
solved over time to the point where one of the nutrients was used up (Fig

6.2). For an ideal process, the growth is expected to resemble batch
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growth, with an exponential increase in biomass concentration. In the
accumulation processes by E£. coli and M. gryphiswaldense, significant
uptake of extracellular dissolved iron is expected. For the leaching
processes by S. oneidensis and A. ferrooxidans, the iron conversion is a
key part of the organism’s metabolism, so growth should be accompanied
by a rapid iron conversion.

The accumulation process in £. coli (Fig 6.2A), takes slightly over 50 hours
to consume the initially provided lactate (7.2 g/L). The predicted growth
profile is initially exponential, but changes into a linear profile after 15
hours. The decreasing dissolved oxygen concentration indicates that the
growth is limited by the oxygen transfer rate. If the process would show
otherwise favourable results, methods for an increased oxygen transfer
rate could be explored to decrease process time. However, the extracellular
iron concentration does not decrease notably over the course of the
simulation and thus the process does not fulfil its main purpose of
accumulating dissolved iron. The overexpression of the encapsulated
ferritin leads to an estimated 20-50 encapsulated ferritin complexes per
cell, which corresponds to an iron concentration in biomass of only 8-20 ug
/ gx. This value is too low to have a significant effect on the extracellular
concentration.

The model for M. gryphiswaldense (Fig 6.2B) predicts batch growth for the
39 hours to fully consume the initial lactate and ammonium. The
decreasing level of dissolved oxygen indicates its consumption, but the
oxygen transfer rate is not the limiting factor. Again, the concentration of
extracellular iron does not decrease notably. M. gryphiswaldense reportedly
accumulates iron to a concentration of 4.4 mg / gx [17], three orders of
magnitude more than the proposed E. coli strain. Still, this is not enough to
have a substantial impact on the extracellular iron concentration.

For the bio-accumulation of iron to be a feasible approach to ISRU
activities, the amount of iron accumulated in one gram of biomass should

outweigh the amount of transported nutrients required to generate that
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one gram of biomass. In the case of M. gryphiswaldense growing on
lactate, it means that one gram of lean biomass should contain 2.8 grams
of iron (Tab 6.1), i.e. 74% of total biomass should be iron. For E. coli
growing on lactate, these values are 7.73 gram and 88.5%.

This strict requirement regarding how many percent of the total biomass
will have to be iron is likely to become more lenient when the process is
integrated with other biological systems. These systems can provide
nutrients for the mining operation or make use of the by-products of the
process.

The Fe3* reduction by S. oneidensis (Fig 6.2C) takes 22 hours to reduce all
the initial Fe3* and doesn't follow a full exponential growth curve. The
growth rate slowly decreases from 80 to 70% of the pu,,,, value in the first
20 hours, and rapidly drops further after that. The reduction of the growth
rate occurs due to a decrease of both the lactate and iron concentration.
The acetate concentration (not shown) will increase over the course of the
process, mirroring the concentration profile of lactate. Acetate has an
inhibitory effect on S. oneidensis [42], but the extent of that effect in
anaerobic conditions has not been quantified.

The Fe?* oxidation by A. ferrooxidans (Fig 6.2D) is by far the slowest
process in the analysis and requires 500 hours to fully consume the initial
iron. The slow process is mainly due to the inhibitory effect of Fe3*. In the
current model, no further reactions consuming dissolved Fe3* or
precipitation are considered, and the resulting continuous accumulation is
detrimental for the growth rate of A. ferrooxidans. The dissolved gasses in
the bottom panel show that no O, or CO: limitation is expected with the

current growth rates.
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Fig. 6.2 Literature-based growth models for E. coli M. gryphiswaldense, S.
oneidensis and A. ferrooxidans, showing nutrient consumption, dissolved gasses
and iron dynamics. (A) Predicted growth and iron accumulation by £. coli with an
overexpressed ferritin complex. After 10 hours, the oxygen transfer rate is
predicted to be the limiting factor. The uptake of extracellular iron is negligible.
(B) Predicted growth and iron accumulation by M. gryphiswaldense. The
exponential growth rate is maintained until lactate is depleted. The uptake of
extracellular iron is negligible. (C) Predicted growth and iron conversion for S.
oneidensis reducing Fe3* to Fe?* from solid mineral substrates. Exponential
growth is maintained until iron is depleted. AA’s: Amino Acids (D) The predicted
growth and iron conversion for A. ferrooxidans oxidizing Fe** to Fe3*. Product

inhibition by Fe3* results in a linear growth profile.
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E. coli M. S. A.
gryphiswaldense oneidensis ferrooxidans
* *
Fe2* -2.1%10°
Fe3+ -4.4%103 200.7
Fe203 -817.74
(Fe) (566)**
FeO -258.22
Fe304 790.45
(Fe) (566)**
Lactate -4.95 -2.22 -78.90
Acetate 1.31 51.64
NH4* -0.24 -0.19 -0.13 -0.13
NO3- -0.33
CO:2 3.62 0.65 37.84 -1.65
02 -2.61 -0.05 -27.60
H20 1.83 15.85 96.64
Arginine -41.1*103
Serine -45.9%103
Glutama -0.12
te
HCI -0.006 -392.9

*The S. oneidensis process considers the biological conversion of Fe3* and

precipitation of magnetite (Fes04) simultaneously, since both these processes

occur at a similar pH-level. The A. ferrooxidans process considers just the

biological conversion due to the low pH required for A. ferrooxidans growth.

** Equivalent Fe mass.

Table 6.1 Mass-wise yields for the considered components in each process,

normalized for the production of one gram biomass. All values in gram / gram

biomass. Iron uptake in both £. coli and M. gryphiswaldense is multiple orders of

magnitude smaller than the consumption of other nutrients.
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The yields and nutrient requirements of the four organisms were analysed
in further detail (Tab 6.3). The large difference between iron uptake and
consumption of nutrients for both £ coli and M. gryphiswaldense is
emphasized once more. In the case of S. oneidensis, its essential amino
acids were added to the equation to evaluate their impact on the mass
yield. Even though the amino acids are essential for growth, their impact in
terms of mass is negligible. In the S. oneidensis process, performed at a
pH level of 7, the reduction of iron is combined with the precipitation of
magnetite. In this combination, the precipitation of magnetite is assumed
to be non-limiting and to consume all bio-reduced iron. Since the biological
process consumes protons, but the precipitation produces protons, the
combination results in only a very small acid consumption.

In the A. ferrooxidans process, performed at a pH level of 2, this
combination is not possible, and thus a large amount of acid is required to
maintain the process pH-value. The resulting acid requirement, converted
to a mass of HCl, is larger than the amount of leached iron, which makes
this process unfeasible.

There are several key changes for bioprocesses carried out on the Moon or
Mars as opposed to those carried out on Earth. The process has to work
under lower gravity, which will impact fluid dynamics, but might also have
an impact on bacterial performance [43, 44]. On top of that, the
composition of the local regolith can have a negative effect on survival
rates of some organisms, such as the case with perchlorates in the Martian
soil [45].
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6.2.3 Bacterial survivability on Martian regolith simulant

The bacterial survivability if they are mixed with Martian regolith is a key
factor for the successful appliance of bacterial /in situ resource utilization
(ISRU). S. oneidensis was, therefore, added and grown in two different
concentrations of JSC-Marsl intermixed with magnesium perchlorate,
which was reported of being toxic to a variety of organisms [45,46] and
abundant on the Martian surface.

First, the bacteria were observed via 3D microscopy while growing in a
high concentration setting with about 50 g/L JSC1-Marsl (Fig 3AB). To
quantify the so-obtained data and test the effect of the perchlorates,
optical density (OD) measurements at a wavelength of 600 nm were
performed. The concentration of the iron had to be lowered to 0.5 g/L and
5 g/L for the planktonic culture to limit the effect of light reflection by the
ore-particles at this wavelength.

The growth curves of two different sub strains of S. oneidensis (MR1 and
ANA 3) showed no differences between the tryptic soy broth (TSB) bacteria
only, the 0.5 g/L JSC-Marsl sample and the 0.5 g/L JSC-Mars1 one mixed
with 0.05 M magnesium perchlorate (Fig. 3C). The no-bacteria control of
the JSC-Marsl medium together with the 0.05 M magnesium perchlorate
showed a strong fluctuation. This might be due to the acidity of perchloric
acid and its interaction and oxidation of the regolith ores in the aquatic
solution [47].

The increased baseline and fluctuations of the O.D.esso curves was even
more severe in the samples with 5 g/L JSC-Mars1 (Fig. 3D). The AQO.D.ss0
and, therefore, the growth of the bacteria seems to be lower in the JSC-
Marsl and JSC-Mars1+Mg(ClO4), samples, but these results are not
significant because of the high fluctuations. With the lower concentration
of regolith simulant and perchlorate S. oneidensis MR1 and ANA3 growth is
not influenced for high concentrations of regolith a quantification is barely
possible, but the visual check of 3D microscopy showed normal growth
activity.
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Fig. 6.3 Growth of S. oneidensis MR1 and ANA3 in ]JSC-Marsl. (A) Bacterial
growth observed via a 3D microscope. After 8 and 16 hours clear increase in the
bacterial sample is visible. (B) Control experiment without bacteria. No change in
the 3D microscopy pictures was observed. (C) Bacterial growth of S. oneidensis
ANA3 & MR1 under the influence of 0.5 g/L JSC-Mars1 and 0.06 mol/L magnesium
perchlorate. No differences in the growth behavior was seen. (D) Bacterial growth
of S. oneidensis ANA3 & MR1 under the influence of 5 g/L JSC-Marsl and 0.6
mol/L magnesium perchlorate. The baseline of the control was shifted due to the
higher number of particles in the solution. The absolute growth rate was not

influenced.
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6.2.4 Payback time analysis

The S. oneidensis process was used for a further analysis, where the
process performance was combined with estimated bioreactor lander
characteristics [13] to calculate the payback time of the entire process (Fig.
6.4). This process uses ferric iron (Fe3*) as a starting material, and thus is
focused on Martian applications. The process consists of three phases:

1) Intake phase: Fresh regolith is loaded in the reactor, water and
nutrients are added and finally inoculated with S. oneidensis biomass.

2) Growth phase: S. oneidensis grows exponentially while reducing and
leaching iron from the regolith.

3) Extraction phase. Magnetite and other magnetically active minerals are
separated from the rest of the medium, the water is evaporated and
recycled, and the rest of the regolith is sterilized and disposed.

The duration of the growth phase is determined with the kinetics from Tab.
1, while the other two phases combined are assumed to take 24 hours.
The minimal payback time is defined as the moment where the mass of
extracted iron exceeds the initial mass of the lander.

The impact of several parameters on the payback time was investigated
(Fig 6.4). An increase in initial biomass concentration will lead to a faster
process and increased mass gains per hour, but more inoculate from a
frozen stock (assumed 10 gx / L) is needed per run, increasing the required
transported mass (Fig 6.4A). These effects counteract each other; when
the initial biomass is increased up to 5 mg / L, the payback time decreases,
but any further increase result in a decrease of the performance. The
optimal initial biomass concentration was found to be 4.5 mg / L.

The efficiency of the water recycling step was varied, and it was found that
a certain minimal efficiency was required (Fig 6.4B). At lower efficiencies,
the process loses more water than it gains in iron. Higher efficiency always
leads to a better payback time. For the base case, with an initial iron

concentration of 0.27 mol / L, the minimum required recycling efficiency is
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99.79%. For most further analyses, a water recycling efficiency of 99.9% is
assumed [48], unless stated otherwise.

If the process starts with a higher iron concentration, a higher amount of
iron is extracted at the end of the process, which weighs up against the
water loss in the recycling steps. On top of that, a higher initial iron
concentration increases the duration of the growth phase, so the
productive time per run increases. With the water recycling efficiency of
99.79% (Fig. 6.4C left), the base case initial iron concentration of 0.27 mol
/ L was also found to be the minimum required for a positive payback time.
If the water recycling efficiency was increased to 99.90% (Fig. 4C right),
the minimum initial iron concentration decreased to 0.13 mol / L. Higher
initial iron concentrations always lead to a reduced payback time. It should
be noted that mixing issues due to the resulting slurry and abrasion from
the increased regolith concentration have not been considered and so no
maximum concentration will be found with the current models.

The relation between minimum water recycling efficiency and minimum
initial iron concentration was further investigated, and a linear relation
between the two was found (Fig. 6.4D). The higher the water recycling
efficiency, the lower the initial iron concentration needs to be for a positive
payback time. A combination of very efficient water recycling and high
initial iron concentration leads to lower payback times.

The environment of another celestial body will have an impact on the
performance of a bioprocess. The increased radiation and altered gravity
can lead to increased stress for the organism, changing its performance.
This effect was simulated by changing the maximal growth rate and
analysing the effect on the payback time (Fig. 6.4E). The process was
found to be sensitive to low growth rates, with high sensitivity between 0
and 0.3 h'l. The chosen growth rate of 0.1 h'l is in this regime, so a small

change in the growth rate will have a large impact on the payback time.
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Fig. 6.3 Sensitivity analysis on the mass-dependent payback time. (A) Impact of
initial biomass concentration on process payback time, assuming 99.9% water
recycling efficiency. Asymptotic behaviour is observed when the initial biomass
concentration exceeds 0.014 g / L. (B) Payback time shows high sensitivity to the
water recycling efficiency. A higher water recycling efficiency leads to lower
payback times. Asymptotic behaviour is observed when recycling efficiency drops
below 99.8%. (C) Impact of initial iron concentration both with 99.79% water
recycling efficiency and 99.90% recycling efficiency. The payback time decreases
with increasing initial iron concentration. (D) The linear relation between water
recycling efficiency and minimum required initial iron concentration for a positive
payback time is displayed. (E) The impact of maximum growth rate (Mmax) On
payback time is shown. A higher pmax leads to shorter payback times and

asymptotic behaviour is observed when pmax drops below 0.02 h,
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The insights about the different parameters were combined, and a payback
time of 3.3 years was found at a water recycling efficiency of 99.99%, an
initial iron concentration of 0.8 mol / L (300 g regolith / L) and an initial
biomass concentration of 0.088 g / L. Addition of Martian ice water can
reduce the required water recycling efficiency to more achievable levels.

Independent of the exact biological properties, the fact that bioprocesses
take place in watery solutions results in general process limitations. A key
trade-off is that high concentrations of solids will lead to impaired mixing
and reduced gas-liquid mass transfer, but at the same time these high
solids concentrations result in more concentrated iron output. Assuming a
maximum regolith concentration of 500 g / L with an iron content of
~15%, a maximum of 75 g iron will be extracted with one litre of biological
culture. This puts a lower limit on the water recycling efficiency: a 92.5%
recycling efficiency is required to extract more iron than the lost water.
When ores with higher iron concentration are fed, lower water recycling
efficiency is required; at 22% iron the minimum water recycling efficiency
is 88.9%. Dependent on the characteristics of mixing in reduced gravity
and iron content of the ores, a precise maximum solids concentration and

minimum recycling efficiency can be determined.

6.3 Conclusion

In this chapter, a general process setup for biological extraction of iron
from Lunar or Martian regolith is presented, consisting of a leaching step
and an accumulation or precipitation step. These are combined with a
magnetic extraction to obtain the iron-rich minerals. Four organisms were
investigated for their use in either an iron leaching or iron accumulation
step. Their yields and kinetics were derived from elemental balancing as
well as literature, and kinetic models were set up. M. gryphiswaldense,
modified £. coliand A. ferrooxidans were found to be incompatible with the

envisioned process due to a disappointing level of accumulation and low
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yield. Their nutrient requirements outweigh the extracted iron, which
makes the process inherently infeasible with from Earth supplied nutrients.
In the case of A. ferrooxidans, the most important factor was the acid
consumption, something that needs close attention in the analysis of
bioprocesses. If the acids could be provided /n situ A. ferrooxidans would
be an optimal organism for bioleaching on the Fe?* rich Moon.

S. oneidensis was identified as a promising candidate, with an iron yield of
2.5 g / Qnutrients for just the biological conversion, and a yield of 7.14 g /
Onutrients after combination with magnetite precipitation. This combination
with magnetite precipitation also minimizes the acid consumption of the
process. The effect of JSC-Marsl and Mg(ClO4). on the growth of S.
oneidensis was found to be small, a promising feature to apply it for
biomining on Mars.

The payback time of the process utilizing S. oneidensis was analysed, and
the sensitivity to various parameters was investigated. Key factors for a
feasible process are highly efficient water recycling and a high initial
concentration of iron. With a water recycling efficiency of 99.99% and
initial iron concentration of 0.8 mol / L, a payback time 3.3 years can be
achieved.

The current conclusions are based on literature data and will rely on
further experimental work with S. oneidensis. The process set-up assumes
a watery or slurry-like solution. Other modes of operation, such as a trickle
bed reactor, could provide higher or longer productivity in the same
volume of water due to a higher amount of solids per volume of liquid and
continuous waste removal. Lower water requirements can counteract the
negative effects of water losses and thus increase the potential of

biological ISRU processes.
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6.4 Materials and Methods

6.4.1 Kinetic models

Growth kinetics for Escherichia coli, Magnetospirillum gryphiswaldense,
Shewanella oneidensis MR-1 and Acidithiobacillus ferrooxidans were
derived from literature (Tab. 6.1) and combined with mass balances for the
relevant chemical compounds. The resulting system of differential
equations was solved with the MATLAB odel5s or ode45 solver. Initial
concentrations were chosen similar for all simulations (Table 2).

Growth on lactate was considered for all heterotroph organisms (S.
oneidensis, M. Gryphiswaldense, E. coli). Only A. ferrooxidans uses CO; as
a carbon source and grows autotrophically. Production of acetate by both
S. oneidensis and E. coli is indicated in table 1, but inhibitory effects are
not considered in their models. A. ferrooxidans grows aerobically and
shows oxygen-limited behavior at concentrations below 1 mg / L (3.1*102
mM) [14]. The current kinetics hold if the concentration remains above this

level. Inhibition by Fe3* is considered in the model.
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Organism  By- Kinetics Parameters
product
E. coli Acetate =, . CLac ‘o2 Hmay = 0.22 A1
Crac + Krae Coz + Koz
[15,16]
Kpge =10 uM
M. g/yphls- H=Hmax* min(f:'\'ogrfl.ac) Hmax = 0.15 ht
waldense
Kpoe = 1mM
[17]
fr\lo =0.5 + 0.5=# & _
TE Cxo, T Kno, Kyo, = 0.2mM
_ Crac
fLaC B CLac+ KLac
S. Acetate = o * CLac Cre?t lmar = 0.1 71
. . CLac + KLac Cpedt + KF93+
oneidensis
Ko = 19.4mM
[18-22]
Kp.s+ = 0.55 mM
K 2 = -1
A b= Cro2t . Fe?t : U = 0.082 1
: Cro?t + Kpgat  Cpgat + Kpgat
ferrooxidans K2+ = 0.072 mM
[10,14,23]

Kpos+ = 2.5 mM

Table 6.2 Kinetic characteristics and expected byproducts for each proposed

organism. Both £. coli and M. gryphiswaldense are intended for accumulation of

dissolved iron in magnetic forms, while A. ferrooxidans and S. oneidensis are

utilized for the extraction of iron from minerals.
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Organism Lactate Fe** Fe’* NHst O CO; Biomass
E. coli 0.08 0.15 0 0.02 2.5*10% 0 4.0%10*
M. 0.08 0.15 0 0.035 2.5%10% 0 4.9%10*
gryphiswaldense

S. oneidensis 0.08 0 0.15 0.001 2.5*10% 0 4.8*10*
A. ferrooxidans 0 0.15 0.005 0.001 2.0*10% 1.5*%10* 3.7*10*

Table 6.3. Initial conditions used for solving the kinetic models of the different
organisms. Concentrations in mol / L, biomass concentration in Cmol / L.

The biomass mass balance was set up as follows:

dcy
dt

=p*cy

And for the relevant chemical species in i:

dc;

—=YV;, mpy=¢
dt Yy I X

In the case of gaseous components, a mass transfer term was included:

de;
dt

Vo = cx 4 Oy (e — i)

The internal pressure is assumed to be 1 bar and a gas composition with
21% 02, 0.05% CO; and an inert gas such as N, for the remainder is
assumed when the process requires oxygen. In the anaerobic processes,
the medium will be continuously sparged with an inert gas to induce
mixing. The composition could be further tuned if an otherwise feasible
process is significantly slowed down due to the gas-liquid mass transfer
[24].

The maximum concentration of dissolved gas (¢;;) was determined by
Henry’s law. The values for k,a, which combines interfacial area and
diffusivity, were assumed to be 10.8 and 8.6 h'! for O, and COg,
respectively. The value for CO; is slightly lower because of the larger
molecule size, which slows diffusion. These values are chosen on the low

end of typical k,a values for slurry bioprocesses on earth [25-28] to
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account for the decreased volumetric gas-liquid mass transfer in a reduced
gravity setting [29].
The process stoichiometry for the S. oneidensis process, which was found

to be the only feasible process under our current conditions.

18.13 C,H;05 + 35.34 Fe, 0, + 0.154 NH} + 141.48H*
- 17.8 C,H,05 + 17.8 CO, 4 70.67 Fe** + 1 CH 5404.27N, > + 88.94 H,0

In Table 6.4 this stoichiometry is combined with the precipitation of
magnetite, counteracting the acid requirements of the S. oneidensis

reaction.

6.4.2 Bacterial growth

Shewanella oneidensis MR-1 (ATCC® 700550™) and Shewanella
oneidensis ANA-3 [30] were aerobically cultured in Tryptic Soy Broth (TSB)
media overnight at 30°C under continuous shaking (250 rpm). Different
concentrations and compositions of JSC-Marsl (0.5 g/L or 5 g/L) and
Mg(ClO4)2 (0.06 M or 6 M) were added. Thereafter, the growth behaviour
was observed for 48 hours by optical density (O.D.) measurements at a

wavelength of 650 nm using a 96-well plate in a plate reader.

6.4.3 Payback time analysis

For analysis of the payback time, the approach to the kinetics and mass
balances was repeated. The mass of the lander was approximated by first
estimating the mass of the basic components [13]. The mass of the 1 m3
cylindrical reactor was assumed to be 250 kg, filled with 700 L of water.
Measuring devices and peripherals were assumed to add 100 kg. The
equipment for water recovery was estimated to weigh 100 kg. The rover
collecting regolith was assumed to weigh 300 kg. Power supply is covered
with an RTG of 500 kg, which covers peak power consumption of the
bioprocess, and can be used to power other processes at a Martian colony
when the bioprocess needs less power. The resulting mass of the basic

components (1950 kg) was combined with the variable mass of water and
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nutrients and multiplied by 3 to account for structural components and
fuel. The mass of nutrients and water was minimized to obtain the minimal
payback time. With this approach, the payback time is that of the case in
which the supply of water and nutrients runs out when the mass of
extracted iron equals the mass of the lander. A launching cost of $ 20.000
per kg would correspond to a total cost of $ 117 million.

The mass of nutrients and water was minimized to obtain the minimal
payback time. With this approach, the nutrient supply runs out when the
extracted iron mass equals the total initial lander mass (including
nutrients). Increased nutrient and water supplies result in a slightly longer
payback time, but a final iron production exceeding the initial lander mass.
The system provides its own power through the addition of an RTG, which
is sized for use during the evaporation phase of the process and thus has
an overcapacity during the other process phases. In terms of maintenance,
the system is intended to be an autonomous reactor system requiring no

astronaut intervention.
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In situ resource utilization (ISRU) is increasingly acknowledged as an essential
part of sustainable space exploration. Typical approaches towards ISRU are
often constrained by the mass and energy requirements of transporting
processing machineries, such as rovers and massive reactors, and the vast
amount of consumables needed. Self-reproducing bacteria for the extraction of
resources are an excellent way to avoid this issue. In this chapter, the
bacterium Shewanella oneidensis was utilized to reduce three different types of
Lunar and Martian regolith simulants allowing for the magnetic extraction of
iron rich materials. The quantity of extracted material could be increased up to
5.5 times and the iron concentration up to 43.6% in comparison to untreated
material. The materials were 3D printed to show a proof of concept for the on-

demand production of construction and replacement parts in space exploration.
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7.1 Introduction

A human outpost on another celestial body needs to fulfill several
requirements. Transportation, shelter, supplies, waste removal, hazard
protection, and power sources have to be provided to ensure its viability
[1]. Every space exploration endeavor to date, however, has used
resources originating from Earth, which necessitates high transportation
costs and, ultimately, a high degree of dependence. The two most
common solutions to tackle this issues are to reduce the payload weight
and to minimize the launching cost [2], but sustainability and economic
attractiveness can only be ensured via the direct usage of resources found
in space, also called /n situ resource utilization [3].

Traditionally, research in the sector of /in situ resource utilization has
focused on investigating technical processes already in use on Earth and
how they may be implemented in the harsh environment of space [4].
Technological approaches that have survived in the free market over a
longer period have proven themselves in this highly selective process.
Current Earth technologies have been optimized and tested extensively and
may also be suitable for adaptation to the environment on another celestial
body [4]. The same microwaves which are used for heating food may, for
instance, be a key technology to sinter building blocks for a possible
extraterrestrial outpost [5].

The main disadvantage of direct adaptation of current mechanochemical
approaches to space applications is the need for outsized factories and
machinery. A novel approach to prevent this demand is the usage of
microbes for in situ resource utilization. These organisms are self-
reproducing and only require water and an easily transportable growth
medium to become active [2]. In many cases, they can produce [6],
extract [7], and pattern [8] material in a manner comparable to the
equivalent technological process. Microbes do not require sophisticated

factories, high energy investment, or strong chemicals. Therefore, bacterial
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methodologies are increasingly being applied to terrestrial applications [9-
12] and may be even more valuable for space exploration and
colonialization, where resupply and a limiting initial amount of materials are
major constraints [1, 13].

This work develops a new approach for microbial iron extraction from
Lunar and Martian regolith simulants and its utilization via 3D printing
applications (Fig. 7.1). The bacterium Shewanella oneidensis, which was
shown to be useful for space-based biomining applications [chapter 6], can
reduce a variety of metal oxides under both aerobic and anaerobic
conditions [14, 15]. Martian regolith contains a high concentration of iron
in its Fe(III) state [16], which can be reduced and even precipitated as
magnetite by Shewanella oneidensis [17] and afterwards magnetically
extracted.

Our results indicate that none of the three tested regolith simulants are
toxic to Shewanella under either aerobic or anaerobic conditions. Further,
we show that anaerobic extraction of JSC-Marsl regolith simulant with
minimal growth medium produces up to a 5.5-fold increase in the quantity
of magnetically extracted material and an iron concentration that is 18.2%
higher than in the starting material. Finally, we provide a proof-of-principle
to 3D print the extracted magnetic material by plasma sintering and
lithography-based ceramic manufacturing. Either technology, especially if
coupled with our bacterial extraction methodology, would enable the rapid,
on-demand production of infrastructure materials as well as replacement

parts for a future space colony.
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(1) Treatment of (2) Magnetic (3) Printing (4) On-demand
Mars regolith extraction & sintering construction

Reduced n Magnetic 3D-printed
‘ iron(llN) ? particles material’ /

Fig. 7.1 Conceptual flow of the microbial biomining process. Bacterial treatment

(1) makes the material more magnetic by reducing iron. A magnet is applied to
extract the magnetic material (2), and those particles are 3D printed and sintered
(3). The material is then ready for construction, maintenance, and repair

applications (4).

7.2 Results & discussion
7.2.1 Regolith simulants

Our microbial methodology for the reduction of regolith combined with
magnetic extracting and 3D-printing material /n situ is highly applicable to
Mars due to its high abundance of Fe(III). Despite the low abundance of
Fe(III) on the Moon, we also applied our methodology to several Moon
regolith simulants, which contain Fe(III), to test its robustness towards
minor changes in the mineral composition.

X-ray fluorescence (XRF) measurements on two Lunar Mare and one
Martian regolith simulant were performed to analyse their elemental
compositions. Comparing the two Lunar Mare simulants EAC-1 and JSC-2A
with the average Mars regolith values (Tab. 7.1) [18] revealed that both
simulants contained metal oxides within the same concentration ranges as
the average Mars soil. The Martian regolith simulant JSC-Mars1 exhibited
several apparent differences to the average actual major elemental
composition of Mars, especially for SiO,, Al,0s3, and MgO.

However, since the actual composition of Lunar and Martian soil varies
between different locations on the surfaces of the celestial objects, it is not
desirable to utilize exact matches of the actual average compositions.
Rather, it is useful to use a number of different simulants with varying

compositions to test for multiple different scenarios. Only measurements of
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the soil at a potential landing site can ultimately determine the actual
composition of the available soil. Since an exact landing site for a potential
surface mission is still unknown, we chose to test a variety of different
compositions until more details on a landing site become available.

When using regolith simulants due to the lack of actual soil available, it is
important to know each simulant’s differences or weak points. Since
simulants are typically sourced and produced in different ways, and the
quality-assurance processes of manufacturing companies and agencies
tend to be different, the actual simulant quality will vary. The Moon
regolith simulants JSC-1A and EAC-1 have both been mined from the
surface of a volcanic basaltic deposit. However, JSC-1A was mined from a
volcanic ash deposit in the San Francisco volcano field in Arizona (35°20' N,
111°17" W), which erupted only approximately 0.15 + 0.03 million years
ago [19], whereas EAC-1 was mined from a deposit in the Eifel region
(50°41'N, 7°19'E), which is approximately 20 million years old.

Although both simulants could have been in contact with water, air, and
vegetation, the older age of EAC-1 increases the chance of processes that
could change its composition. For example, EAC-1 shows alterations such
as the presence of chlorite, which is usually found in igneous rocks and
results from water interacting with pyroxene minerals. JSC-2A in contrast is
produced from synthetic minerals [20] as the successor of JSC-1A and
shares, therefore, the composition of JSC-1A without its natural alterations
due to air, water and vegetation interactions.

The Mars regolith simulant JSC-Mars1 was sourced on the island of Hawai'i
from sieved palagonatized tephra ash from the 1843 Mauna Loa lava flow
on Pu’u Nene (19°41'N, 155°29'W) [21]. Although all three regolith types
were excavated close to the surface of the Earth, JSC-Mars1, at 175 years
of age, is very young compared to the Lunar simulants EAC-1 and JSC-1A.
Hence, little to no alterations are expected in this simulant. Nevertheless, a
substantial amount of water and carbon was found in this simulant

(combined approx. 8%, Table 1), which is relatively high compared to the
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other simulants. These contaminations can be partially removed by heating
the simulant prior to its use, which will remove most of the water and
some of the carbon but not necessarily all. Notably, actual Martian regolith
contains sulfur trioxide (avg. 6.16%) and chlorine (avg. 0.68%), neither of
which have been measured by the supplier or for the work presented
here. The iron and calcium content of the Viking and Pathfinder Mars
samples are best approximated by JSC-Mars1, while the aluminum content
is closer to that of EAC-1 and the magnesium content is the closest to JSC-
2A (Tab. 7.1).

J::' Jsc- ':AC' EAC-

(sup) (ZQRF) (sup) (1xm=)

[25] [26]
Si0; 475 | 449 | 43.7 | 436
Al203 15 | 196 | 126 | 115
Fe203 108 | 128 | 12 | 12.7
MgO 9 47 | 119 | 141
Ca0 11 | 101 | 108 | 10.2
K20 08 | 07 1.3 1.2
TiO> 2 2.2 24 | 22

Tab 7.1 Average major element composition at different Mars locations [22, 23,
27] and the composition of three different regolith simulant types obtained via X-
ray fluorescence (XRF) (JSC-Marsl [24], JSC-2 [25], EAC-1 [26]) as well as
reported by the suppliers (= “sup”).

The mineral composition of the different regolith simulants was inspected
by X-ray diffraction spectrometry (XRD). The most abundant Martian
minerals plagioclase, olivine, and pyroxene were detected in all three
regolith simulants. EAC-1 showed the presence of Nepheline and
manganese iron oxide, both of which were not yet detected on Mars, and
JSC-2A contained a small fraction of magnetite, similar to the results from

Mars Curiosity (Tab. 7.2).
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Mineral Chemistry
Plagioclase (Cao.s7(13Nao.43)
(Anorthite) (Al1.57Si2.43)Os
Olivine .
(Forsterite) (Mgo.62(3)F€0.38)2 SiO4
Pyroxene (Mgo.ss(10)Feo.37
(Augite) Cao.754)) Si20e
Pyroxene (Mg1.13Feon.68Cao.19)
(Pigeonite) Si206
Magnetite Fes04
Anhydrite CaS0a4
Quartz SiO4
Manganese
Iron Oxide Mno.43Fe2.5704
. (Ko.69Nas.03Cao.03Feo.
Nepheline 04 A13.755i0.21) (Si04)4

Tab. 7.2 X-Ray diffraction spectroscopy analysis of the Mars Rocknest soil [16]
and the three different regolith simulants. Minerals that were detected are
denoted with “X"; minerals that were not detected are denoted with “-".

* These elements were only detected in the magnetically-extracted fraction.
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7.2.2 Toxicity of regolith simulants

To acquire a working concentration of regolith for our bacterial treatment,
the toxicity of the Lunar and Martian regolith simulants for Shewanella
oneidensis was determined at a range of regolith concentrations.
Shewanella oneidensis was grown for 48 hours in a rich medium under
aerobic (Fig. 7.2A, C, E) or anaerobic (Fig. 7.2B, D, F) conditions. Colony
forming units (CFU) and optical density (0.D.soo) were measured to
observe the effect of increasing regolith simulant concentrations (0 g/L, 0.1
g/L, 1 g/L, 10 g/L and 100 g/L) on both bacterial viability and growth.

We tested the Martian regolith simulant JSC-Mars1 (Fig. 7.2A, B) and two
lunar regolith simulants: EAC-1 (Fig. 7.2 C,D) and JSC-2A (Fig. 7.2E,F). The
CFUs of the samples were evaluated at three different time points (0, 24,
and 48 hours) and all control samples containing regolith, but no bacteria
produced 0 CFU/pL. The O.D.soo absorbance was measured every 5
minutes, and the optical density of control samples containing regolith but
no Shewanella was subtracted from the data. Shewanella oneidensis did
not show any reduced growth behavior upon exposure to increasing
regolith concentrations.

The bacteria in JSC-2A and EAC-1 appear to prefer the aerobic growth
environment since the CFUs result in higher total number compared to
anaerobic conditions. In JSC-Marsl1 the anaerobic growth revealed a higher
CFU than the aerobic one. This might be due to the increased amount of
Fe(III) as electron acceptor in this regolith type. The starting CFUs of all
anaerobe samples was slightly higher due to the transfer time of the
samples from the glove box to the agar plates. The growth curves and CFU
results indicate similar growth behavior for all regolith types under the
same environmental conditions, suggesting no toxicity or affinity for any

particular type or concentration of regolith.
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Fig 7.2 Evaluation of the toxicity of different Lunar and Martian regolith simulants
to Shewanella oneidensis MR-1 under aerobic and anaerobic conditions. CFUs
(counts/pL) are depicted on the left axis and the O.D.sp0 measurements on the
right axis. The yellow, blue, red, green, and grey bars represent regolith
concentrations of 0, 0.1, 1, 10, and 100 g/L respectively. Optical density at 600
nm of control samples without S. oneidensis were subtracted from the O.D.s00
measurements. The error bars represent the standard error of the mean. Aerobic
growth behaviour of S. oneidensis in the presence of JSC-Marsl (A), EAC-1 (C)
and JSC-2A (E). Anaerobic growth behaviour of S. oneidensis in the presence of
JSC-Mars1 (B), EAC-1 (D) and JSC-2A (F).
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7.2.3 Magnetic extraction and Fe(Il).; content under aerobic conditions
Construction material will be of utmost importance for any space colony
and magnetism would be an easy way to separate different ores. In order
to produce more magnetic minerals in the regolith and concentrate the iron
content, Shewanella oneidensis was incubated over 168h with TSB medium
and 10 g/L of EAC-1, JSC-2A or JSC-Mars1 regolith simulant. The reduction
of Fe(IIl) to Fe(II) together with a local pH increase at Shewanella’s cell
membrane allows for the precipitation of magnetite. This methodology
might increase the quality and quantity of the extractable magnetic
material from regolith simulants.

An aerobic magnetic extraction experiment utilizing handhold neodymium
magnets (Fig. 7.3A) and previously weighed cuvettes was used to assess
the amount of magnetic material per mL at different timepoints with and
without bacterial treatment. In short, 1 mL of sample was pipetted into a
cuvette then a magnet was used to extract the magnetic fraction, washed
and transferred in another previously weighed cuvette. The weight
difference after drying of the material was measured.

A colorimetric assay with 1,1 O-phenanthroline as a complexing reagent
and NaF to inactivate Fe(III) (Fig. 7.3B) was performed to determine the
aqueous iron concentration (Fe(II)q) with and without bacterial treatment
at different timepoints. An increase in Fe(II) bound to the complexing
reagent can be checked via an 0.D.s10 absorbance scan. The absorbance of
samples with a known iron concentration and the complexing reagent was
measured, to make a standard curve for Fe(Il)aq and check for any
potential interference by Fe(III)aq) (Fig 7.3B).

A Fe(II) standard was prepared by mixing ammonium iron(II)sulfate
hexahydrate to TSB in a concentration of 0, 50, 100, 150 and 200 ppm. A
Fe(III) containing standard was mixed by using the same Fe(II)
concentrations together with 100ppm iron(III)citrate. A linear fit showed
no difference between the two curves.

Yren+Fem = 4.3e-3*x + 8.0e-2; yreqr) = 4.4e-3*x + 8.4e-2;
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The amount of magnetically extracted material from EAC-1, determined
with the extraction set-up (Fig. 7.3A), increased significantly (Fig. 7.3C)
from 1.4 £ 0.44 mg at the Oh sample to 2.0 £ 0.19 mg (1.4-fold) after
168h of incubation with Shewanella (pson-siesh = 0.044), while there was no
significant difference between the no-bacteria control at Oh and at 168h
(one-way ANOVA with Tukey PostHoc test, n = 6, pcon-soh = 0.83, pcon-ciesh
= 0.35). The for 168 h incubated bacterially treated sample was also
significantly higher than the 168 no-bacteria control (psissh-ciesh = 0.0069).
However, there was no significant difference between the control at Oh and
the sample at 168h (pcon-siesn = 0.22), which might suggest that the
significant difference between the bacterial sample at Oh and 168h was a
false positive. Therefore, no clear statement can be drawn regarding
whether the amount of material magnetically extracted from EAC-1 can be
increased.

For the Fe(II)aq concentration, the no-bacteria controls of EAC-1 do not
display any significant differences between the timepoints (Fig. 7.3D) (one-
way ANOVA with Tukey PostHoc test, n=9, p > 0.05). The absorbance of
the bacterial sample increased significantly within the first 48 hours (pson-
sagh = 0.0015) from 0.33 £ 0.029 A.U. to 0.40 £+ 0.023 A.U., but was not
significantly different from the control at 48h (pcaghsash = 0.87). The
bacterially treated sample continued to increase throughout the remainder
of the experimental time course to a final O.D. of 0.61 + 0.15 A.U. (1.9-
fold) (pson-sissh = 1e-8), corresponding to an aqueous iron concentration
(Fe(Il)@q)) of 132.5 £ 17.5 ppm. The absorbance in the bacterial sample
after 168h was also significantly greater than the control at 168h (pciesh-
siesh = 0.004). This indicates a successful and significant reduction after 72
and 168 hours of Fe(III) to Fe(II) in EAC-1.
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Fig. 7.3 Aerobic extraction of magnetic material from EAC-1 (blue), JSC-2A (grey),
and JSC-Marsl (orange) regolith simulants. The darker colour in each plot
represents the bacterial sample, the lighter one the no-bacteria control. The set-
up of the assay to quantify the magnetically extracted material (A) is displayed.
Absorbance of iron standards bound to 1,1 O-phenanthroline (B) in the absence
and presence of Fe(III). Weight of magnetically extracted material from samples
containing a 10g/L EAC-1 (C), JSC-2A (E) and JSC-Marsl (G) solution with and
without Shewanella after Oh and 168h (n=6). Absorbance of the colorimetric iron
determination of 10 g/L EAC-1 (D), JSC-2A (F) and JSC-Marsl (H) treated with
aerobic Shewanella oneidensis MR-1 over 168h (n=9). The standard deviation is
given for the bar plots (one-way ANOVA with Tukey PostHoc test: n.s. > 0.05; *
< 0.05; ** < 0.01; *** < 0.001).
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In comparison to EAC-1, the amount of magnetically extracted material
from JSC-2A regolith (Fig. 7.3E) increased more strongly between the Oh
(1.5 £ 0.21 mqg) and 168h (2.5 £ 0.27 mg) bacterially treated sample (p
sonstesh = 0.038). The 168h bacterially treated sample showed also
significantly higher extraction weights than the Oh (pcon-sissh = 0.019), and
the 168h no bacteria control (psissh-cissn = 0.0027). No significant
differences were detected between the two no-bacteria controls (pcon-cissh
= 0.83), nor between the bacterial sample and the control at Oh (n = 6,
one-way ANOVA with Tukey PostHoc test, pson-con = 0.98). Shewanella
oneidensis is, therefore, capable to increase the amount of magnetically
extracted material in JSC-2A significantly (1.7-fold).

The starting Fe(II)@aq concentration in the JSC-2A bacterial samples (Fig.
7.3F) at Oh was almost double (0.64 = 0.059 A.U.) that of EAC-1. The
bacterially treated sample was significantly higher than the no bacteria
control at 48 hours (pcash-sash = 3e-5), and 168 hours (psissh-ciesh = 1e-8),
but not for 72h (pc7ans72n = 0.087). There was a significant increase
between the bacterial sample at Oh and 48h (pson-s4sh = 0.035) as well as
168h (psoh-siesh = 0.0051) to a maximum of 0.85 = 0.18 A.U. (1.3-fold),
corresponding to a Fe(II)@q concentration of 192.5 £ 25 ppm. However,
the control at 168h was also significantly different from the control at Oh
(pcon-ctesh = 0.0086). The rest of the controls did not have any significant
differences between each other at any timepoint (n = 9, one-way ANOVA
with Tukey PostHoc test, p > 0.05). This shows a significant, but smaller,
reduction also happens in the Fe(III) poor bacterially treated JSC-2A
regolith simulant.

The JSC-Marsl sample (Fig. 7.3G) showed the highest increase (2.5-fold)
between the Oh (1.7 £ 1.2 mg) and the 168h (4.3 £ 1.04 mg; pson-sissh =
5.5e-5) bacterial sample in all aerobically tested regolith simulants. The
magnetically extracted weight of the 168h bacterial sample was also
significantly higher than the 168h control (psissh-ciesn = 0.025) and Oh

control (pcon-sissh = 1.02e-5). There were no significant differences
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between the controls (pcon-cissn = 0.32), nor the control and bacterial
sample at Oh (One-way ANOVA with Tukey PostHoc test, pson-con = 0.89).

The ferrous iron (Fe(II)aq) concentration of Shewanella oneidensis grown
aerobically on 10 g/L JSC-Marsl (Fig. 7.3H) was significantly elevated in
the Oh no-bacteria control compared to the 48h and 72h controls (p <
0.05), but not in the 168h control (pcon-ci6sh = 0.071). However, significant
changes in the Fe(II)q) concentration did occur in the bacterial JSC-Mars1
sample, which increased from an initial value of 0.38 £ 0.025 A.U. at Oh to
0.95 = 0.036 A.U. after 72h (pson-s72n = 1e-8) and to 1.4 £ 0.22 A.U. after
168h equalling a 3.7-fold increase and a total Fe(II)@aq) concentration of
330 £ 35 ppm (pson-siesn = 1e-8). For all timepoints besides Oh, the
bacterial sample was also significantly different from its respective controls
(One-way ANOVA with Tukey PostHoc test, p < 0.05). JSC-Marsl was
therefore the best candidate for bacterial treatment and magnetic
extraction showing the highest increase in extractable material and
dissolved Fe(Il)@aq concentration. All anaerobic measurements were

performed on this regolith simulant.

7.2.4 Magnetic extraction and Fe(Il)iq) content under anaerobic conditions
Anaerobic growth experiments were performed to assess the reduction
capability of Shewanella oneidensis without the availability of oxygen as
additional electron acceptor. The first anaerobic set of experiments used
rich TSB as the growth medium. Quantification of the magnetically
extracted materials (Fig. 7.4A) displayed a significant increase after both
72h (4.0 £ 0.74 mg) and 168h (3.6 + 1.4 mg) compared to the no-bacteria
control samples and the Oh bacterial sample (1.5 £ 0.31 mg) (ps72h-c72n =
3.3e-5, p son-s72n = 0.00021, psissh-ciesh = 0.0059, p son-siesh = 0.00061).
The amount of material extracted from the bacterial samples increased
2.7-fold between Oh and 72h and 2.4-fold between Oh and 168h. No
significant increase in extracted material was seen in the no-bacteria

sample over time, nor between the bacterially treated samples at 72h and
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168h (One-way ANOVA with Tukey PostHoc test, p > 0.05). The anaerobic
magnetically extracted and bacterially treated material of JSC-Mars1 gave,
therefore, a similar result after 168h than the aerobic one, but unlike the
aerobic one the maximal yield was already reached after 72hours.

The colorimetric assay, testing the ferrous iron concentration (Fe(Il)@aq),
displayed no significant differences between the absorbances of the control
samples (Fig. 7.4B), nor between the bacterial sample and the control at
Oh (One-way ANOVA with Tukey PostHoc test, p > 0.05). The bacterially
treated sample showed a 3.6-fold, significant increase of Fe(Il)aq) after
48h and a 5.8-fold significant increase to a maximum of 270 £ 52.5 ppm
after 72h compared to the Oh sample (ps4sh-cash = 1€-8, pson-sash = le-8,
Ps72h-c;2h = 1e-8, p sonsz2n = 1e-8). Interestingly, the Fe(II)(aq)
concentration of the bacterial sample decreased significantly after 168h
(100 £ 12 ppm) compared to the 72h one (One-way ANOVA with Tukey
PostHoc test, psissh-s72n = 1e-8). The higher and faster increase in Fe(II)aq)
than in the aerobic JSC-Marsl samples indicates that the reduction of
Fe(III) to Fe(II) was improved under anaerobic conditions.

JSC-Marsl regolith simulant was also incubated anaerobically with
Shewanella in a minimal, defined medium instead of the nutrient-rich TSB
medium. A minimal medium holds the advantage that its nutrients can be
fully utilized, which is essential to reduce the transportation weight for
space applications. Quantification of the magnetically extracted material
(Fig. 7.4C) showed no significant differences between any of the controls
(p > 0.5). However, the bacterially treated, magnetically extracted samples
increased significantly after 72h to 3.1 £ 0.70 mg (3.8-fold) and 168h to
4.4 £ 2.8 mg (5.5-fold) in comparison to the Oh bacterially treated sample
(0.8 £ 0.34 mg) and the no-bacteria control at 168h (pson-s72n = 0.05,
psissh-ciesh = 0.0059, p son-siesh = 0.00061). Unlike the anaerobic sample
with TSB, no significant difference between the bacterially treated sample
and the control after 72h was measured (One-way ANOVA with Tukey

PostHoc test, ps72n-czzn = 0.36). The absolute weight of the magnetically
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extracted material after 168h of anaerobic bacterial treatment of JSC-
Mars1 in minimal defined medium (4.4 £ 2.8 mg) is comparable to the one
of the anaerobic extractions from JSC-Marsl in TSB (3.6 £ 1.4 mg) and the
aerobic JSC-Mars1 one (4.3 £ 1.04 mg).

The Fe(Il)@q) concentration in the colorimetric assay didn't display
significant differences between the no-bacteria controls at any timepoint
(Fig. 7.4D), nor between the control and the bacterial sample at Oh (p >
0.05). A significant, 3.1-fold increase in Fe(II) to a maximum concentration
of 97.5 £ 0.47 ppm was observed for the bacterial sample after 72h
compared to Oh (p sons72n = 0.0082), followed by a significant decrease to
45 £ 1.75 ppm after 168 (p s72n-siesh = 0.013). Only the 72h bacterially-
treated sample showed a significant higher Fe(II)@q concentration
compared to its respective 72h no bacteria control (One-way ANOVA with
Tukey PostHoc test, p s72n-c72n = 0.00089). However, the increase in ferrous
iron was lower than observed in the experiments using TSB. This later and
lower increase of Fe(II)@aq) corresponded with the non-significant increase
in the extracted weight after 72h in the bacterial sample. The experiments
in @ minimal defined medium showed a significant increase in both, the
Fe(II)q) concentration as well as the magnetically extracted material, after
72h and need the least resources, which makes them the optimal choice
for space exploration.

We performed high-resolution X-ray photoelectron spectroscopy (XPS)
measurement (Fig. 7.4E) to investigate the shift between the total Fe(II)
and Fe(III) amount in the anaerobically bacterially treated JSC-Marsl
samples after Oh and 168h. The XPS spectrum indicated the successful
partial reduction of Fe(III) to Fe(II). An increase in the signal was
observed around 715 eV and 728 eV corresponding to Fe(II) satellite
peaks. On the other hand, the signals at 720 eV and 734 eV, corresponding
to Fe(III) satellite peaks, showed a lower intensity for the treated samples.
The XPS measurement confirmed the results of the colorimetric assay that

a successful anaerobic reduction of Fe(III) in JSC-Marsl1 is visible.
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Fig. 7.4 Anaerobic extraction of magnetic material from bacterially-treated JSC-
Marsl regolith simulant. The amount of magnetically extracted material from a
10g/L JSC-Mars1 regolith simulant anaerobically incubated with (red) or without
(orange) Shewanella bacteria in TSB (A) or defined minimal medium (C) after Oh,
72h and 168h is displayed. The 0O.D.sio values of the colorimetric assay to
determine the Fe(II)@aq) concentration of 10 g/L JSC-Marsl regolith anaerobically
incubated with (red) or without (orange) Shewanella bacteria in TSB (B) and
defined minimal medium (D) is shown. The standard deviation is given for all bar
plots (one-way ANOVA with Tukey PostHoc test: n.s. > 0.05; * < 0.05; ** <
0.01; *** < 0.001). (E) X-ray photoelectron spectroscopy of the iron spectrum. A
change in the Fe(II) and Fe(III) satellites between the Oh control (black line) and

the 168h incubation with Shewanella oneidensis (red line) is visible.
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7.2.5 Iron and silicon concentration in the magnetically extracted materials
An analysis of the weight percent of iron oxides (Fig. 7.5A) and silicon
oxides (Fig. 7.5B) in the different regolith simulant samples was performed
via X-ray fluorescence measurement (XRF). A high iron and low silicon
concentration are critical to improve the electric as well as mechanical
properties and decrease the melting point of the material. Shewanella
oneidensis was used to reduce Fe(III) and provide more magnetic material
which was extracted by a handheld neodymium magnet. The XRF
measurements evaluate the compositional changes of this treatment.

No magnetic or bacterial methodology were applied to the “untreated”
regolith samples, which are directly comparable to the values given by the
supplier. The “treated” samples were regolith simulants incubated with an
aerobic Shewanella oneidensis culture for 168h. Afterwards, a heodymium
magnet was several times applied to the sample to extract as much
magnetic material as possible.

In all three regolith types, an increase in the iron wt% (EAC-1 43.6%, JSC-
2A 17.1%, JSC-Mars1 18.2%) and a decrease in the silicon wt% (EAC-1 -
22.6%, JSC-2A -7.4%, JSC-Marsl -25.0%) were observed upon bacterial
treatment and magnetic extraction compared to the untreated material.
The alteration of the composition upon treatment shows that not only the
quantity but also quality of the material improves through the application
of Shewanella. Mechanical tests of 3D printed samples are necessary to

understand this alteration completely.



Iron extraction with Shewanel/la | 163

A 3 3 5 3 3 & 3 3
237 & 8 § g 8 8 2§ 3
9—-25_ » c v » < » T *
= S 5 =
= 20 -

S |
o 15 - - I
2 - :
S10— I
= 54
0 T T T 1
EAC-1 JSC-2A JSC-Mars1
° 5 3 3 5 33 g 3 3
3 ® ® = £ 2 8 ®© ®
S 5 8 8 g ¢ 8 = ¢ ¢
2 n - = +—
5 50 1 1 % ? 5 I =
= 40 A : ]
e
-§’3o-
S20-
2 10 -
-(,_) O T T T 1
EAC-1 JSC-2A JSC-Mars1

Fig. 7.5 X-Ray fluorescence spectroscopy analyzing the (A) iron concentration
(wt%) and (B) silicon concentration (wt%) of the three different regolith
simulants types as given by the supplier: “supplier”, measured without treatment:
“untreated”, or bacterially and magnetically treated “treated”. The color intensity
displays the treatment of the sample (very bright = values from supplier, middle
= XRF measurement of the untreated sample, dark = XRF of the 168h bacterially
treated and magnetically extracted material) and the color shows the different

regolith types (blue = EAC-1, grey = JSC-2A, red = JSC-Mars1). Error bars display
the standard deviation.
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7.2.6 Plasma printing and lithography based ceramic manufacturing

Two 3D-printing technologies were applied as proof-of-principle
technologies for the additive manufacturing of regolith simulants.
Oxygen-plasma treatment of the surface (Fig. 7.6A) of unmodified JSC-1A
and EAC-1 with a system from Space Foundry resulted in a solidification of
the top layer of the material. However, the energy transferred to the
surface was not enough to achieve the necessary melting of the regolith
particles leading to incomplete solidification. In a second approach, direct
ionization and printing through the plasma nozzle was attempted. We were
able to deposit microscopic batches of material, but the system was not
optimized for particles of this macroscopic size (up to 63 pum in diameter)
leading to continuous clogging of the system.

In a second approach, lithography-based ceramic manufacturing was
applied to our samples by Lithoz (Fig. 7.6B). In short, a photosensitive
binding material was used to prepare a paste of regolith which was
solidified by an LED and mirror system. The first few proof-of-principle
prints were successfully performed on unmodified JSC-2A, however, the
optimal sintering conditions of the 3D-printed material to prevent cracks
are currently investigated. After this fine-tuning process we plan to
compare the mechanical properties of bacterially- and magnetically-treated

material versus untreated regolith simulants.



Iron extraction with Shewanel/la | 165

A JSC-1A untreated JSC-1A treated EAC-1 untreated EAC-1 treated

B JSC-2A preconditioned JSC-2A sintered

Fig. 7.6 Plasma and lithography based ceramic manufacturing (LCM) prints of
three regolith simulants. (A) Light microscope images of plasma-treated and
untreated regolith samples (JSC-1A and EAC-1) indicate that the regolith was only
altered on the surface and the solidification was weak. (B) Lithography-based
ceramic manufacturing of the regolith simulant JSC-2A in precondition state (left)
and after sintering (right).
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7.5 Conclusion

Altogether, we demonstrate an increase in the iron concentration and the
quantity of magnetically extracted material with the bacterial treatment of
three different regolith simulants. The iron concentration and quantity are
both critical for applying our methodology to 3D printing applications
demonstrating an on-demand production work-flow for a space colony.
Shewanella oneidensis growth kinetics were not influenced by the presence
of differing regolith simulant types or concentrations, which makes it an
excellent candidate for ISRU operations. Its main function in this study is
the reduction of Fe(III) to Fe(Il) in a range of different regolith simulants,
but also other factors as the, with the reduction connected, bioleaching
activity [28] and the generation of local pH values [17] at the cell
membrane might be beneficial for our methodology. The two lunar regolith
simulants JSC-2A and EAC-1 consist primarily of Fe(II)-containing minerals,
making them a worse target than the mainly Fe(IIl)-containing Mars
regolith simulant JSC-Mars1.

The ratio of Fe(II) to Fe(IIl) in JSC-2A [25] is 2.2 : 1 compared to a ratio
of 1 : 3.5 in JSC-Marsl [24]. Those ratios explain the high starting
concentration of EAC-1 (62.5 £ 12.75 ppm Fe(Il)@q)) and JSC-2A (140 +
5.25 ppm Fe(Il)@q). JSC-Marsl has a higher total amount of iron, which
resulted in an increased starting concentration of 75 + 13.75 ppm Fe(II)(aq)
in aerobic conditions, however this value for the Oh sample is significantly
elevated in comparison to the other controls and the anaerobic starting
concentrations of Fe(II)@aq) in JSC-Marsl. Variations like that might appear
due to difficulties in pipetting the same number of not dissolved particles
every time.

The aerobic bacterially treated EAC-1 and JSC-2A samples only show a 1.9-
fold and 1.3-fold increase in dissolved Fe(II)@q) respectively, compared to
the 3.7-fold upturn in bacterially treated JSC-Marsl. Remarkably, the

quantity (weight in mg) of extracted material, nevertheless, increased
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significantly by 1.7-fold in JSC-2A after 168 hours of bacterial treatment.
The magnetic extraction in EAC-1 show some significant increases in the
bacterially treated sample but are inconclusive. The comparison of the
Fe(II)q) concentration (JSC-2A < EAC1) and the increase in the bacterially
treated, magnetically extracted material (EAC-1 < JSC-2A) samples indicate
that not only the reduction, but also other bacterial functions as
bioleaching and the generation of local pH values, play an important role in
this methodology.

Nevertheless, the highest increase in weight of magnetically extracted
material (2.5-fold) and Fe(II)@q) concentration (3.7-fold) under aerobic
conditions was measured in bacterially treated JSC-Marsl samples.
Because of the high Fe(III) concentration in JSC-Mars1 this result was to
be expected. The successful magnetic extraction in the mainly Fe(II)
bearing regolith simulants JSC-2A and EAC-1 might also be due to surface
oxidation during their storage leading to more Fe(III). None of the regolith
simulants were stored in an oxygen-free environment and especially the
surface is vulnerable to atmospheric oxidation.

The anaerobic bacterially induced reduction of Fe(III) in JSC-Marsl with
TSB as growth medium resulted in an even further, compared to the
aerobic experiments, improved increase of Fe(II)aq) after 72h (5.8-fold).
Interestingly, the Fe(II)q) concentration of the bacterial sample decreased
after 168h. The enhanced reduction and high concentration of reduced iron
could potentially favour a faster precipitation of the produced magnetite,
making the iron unavailable for the colorimetric assay. The same result was
seen in the defined minimal medium, where the reduction had a maximum
at 72 hours of 3.1-fold increase, compared to the 0 hour bacterially treated
sample. The overall lower values might be caused by fewer Fe(III) ions in
the defined medium compared to the rich TSB medium.

A less efficient reduction mechanism, due to starvation, in the minimal
medium under anaerobic conditions is unlikely because of the 5.5-fold

increase in magnetically extracted bacterially treated JSC-Marsl regolith
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simulant after 168h compared to the bacterial sample at Oh. This is the
highest increase in extracted material, however, the standard deviation in
the sample is more than 50% of the average and the sample at Oh resulted
in a very low starting weight of 0.8 mg. The anaerobic magnetic extraction
in TSB medium was already after 72h at its maximum which shows the
improved reduction capability in a rich medium under anaerobic conditions.
The improved reduction and extraction in anaerobic conditions was
expected due to absence of oxygen as an alternative electron acceptor. In
this environment, all electrons produced during the incubation with
Shewanella oneidensis have to be donated to the metal oxides of the
regolith simulants as end terminal acceptor. Nevertheless, the maxima of
all three conditions in which JSC-Marsl was bacterially treated are without
significant differences, making the minimal medium under anaerobic
conditions the optimal candidate for space exploration, where the transport
of additional nutrients or oxygen is a high burden on its feasibility.

The increase in iron and decrease in silicon concentration after the
bacterial and magnetic treatments are essential quality factors for 3D
printing application. The stability of the 3D printed material might be
positively influenced due to the good mechanical properties of iron. Also,
the melting point of the material is further reduced, which allows for better
sintering conditions [29]. Additional 3D printing experiments coupled to
material tests are necessary to confirm this claim.

Our general hypothesis is that primarily the surface of the regolith simulant
particles gets reduced by Shewanella oneidensis [30]. It is likely that
bacterial reduction of Fe(III) to Fe(II) results in the appearance of more
magnetic areas on the surface of regolith particles, so that an increased
number of particles can be magnetically extracted. JSC-Mars1 has both a
higher iron concentration as well as a higher Fe(III) : Fe(II) ratio,
presumably leading to an increased extraction yield after applying our
methodology. This JSC-Marsl regolith simulant is expected to have a

composition similar to many potential landing sites on Mars.
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The methodology presented here shows the extraction of iron-rich material
from different regolith materials for 3D-printing application to build habitat
or replacement parts with, compared to raw regolith, improved mechanical
properties (screws, airlock, antennas, etc.). This technology will enhance
the in situ resource utilization possibilities of humans using microorganisms
and will, therefore, pave the way for future space exploration and Mars

colonialization.

7.4 Materials & methods

/.4.1 Growth conditions & regolith pretreatment

Shewanella oneidensis MR-1 (ATCC® 700550™) was inoculated into
sterilized 32 g/L Tryptic Soy Broth (TSB) media and planktonically grown
overnight under aerobic conditions at 30°C under continuous shaking (180-
250 rpm) to an O.D.eoo of 0.5.

All regolith simulant samples were sieved down to a maximum diameter of
63 pm. Only the particles smaller than 63 pm were used for further

experiments.

7.4.2 Preparation of anaerobic samples

Regolith was diluted to the desired concentration in TSB or defined minimal
medium. The defined minimal medium was prepared by mixing 100 mM
NaCl, 50 mM sodium 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid
(HEPES), 7.5 mM NaOH, 16 mM NH4Cl, 1.3 mM KCl, 4.3 mM NaH;PO4°2H,0
and 10 mL/L trace mineral supplement (ATCC® MD-TMS™) [31]. The
defined minimal medium was autoclaved, after which it was supplemented
with 10 mL/L vitamin solution (ATCC® MD-VS™) [32], 20 mg/L of L-
arginine hydrochloride, 20 mg/L L-glutamate, 20 mg/L L-serine, and 20 mM
lactate [33]. The samples were prepared in anaerobic culture tubes (Sigma
Aldrich) and flushed 3x with 100% nitrogen gas to deplete the oxygen
present in the solutions. After 24 hours, Shewanella oneidensis overnight

cultures were added to the samples to a final O.D.so0 Of 0.05. The samples
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were sealed with sterilized nontoxic chlorobutyl stoppers and aluminium
lids (Sigma Aldrich).

7.4.3 Toxicity study

Previously sterilized regolith simulant samples were sterilized via
autoclaving and diluted to the desired concentration in TSB. Overnight
cultures of Shewanella oneidensis were added to the samples to a final
O.D.s00 Of 0.05. The bacterial growth in the samples was observed in a 96-
well plate via optical density (O.D.) measurements in a plate reader
(Synergy HTX, Multimode reader) at a wavelength of 600 nm, during
incubation at 30°C with continuous shaking (250 rpm) under aerobic or
anaerobic conditions. Absorbance was measured every 5 minutes for 48
hours. The samples were measured in triplicate.

In parallel, the same samples were used to measure colony forming units
(CFU). A logarithmic dilution curve to a 107 dilution of every sample was
prepared and plated out in triplicate onto LB agar plates at the 0, 24, and
48-hour timepoints. Dilution was carried out using phosphate-buffered
saline (PBS) solution. After a growth period of 24 hours at room

temperature (20-22°C), individual colonies were counted.

7.4.4 Fe(1l)aq) concentration determination

Iron concentrations were determined based on a colorimetric method [34],
which is a modification of the phenanthroline method [35]. By dissolving
0.6 grams sodium fluoride (Sigma-Aldrich, 99%) in 28 mL MilliQ water and
0.57 mL sulfuric acid (Sigma-Aldrich, 99.999%), a complexing reagent was
formed. An 1,10-phenanthroline solution was prepared mixing 30 pL of
hydrochloric acid (37%) with 7 mL MiliQ water and dissolving 0.2 grams
1,10-phenanthroline monohydrate (Sigma-Aldrich, 99%) in it. The
complexing reagent was shaken and 10 mL of MilliQ water was added.

An acetate buffer was prepared by mixing 3 mL MilliQ water with 12 mL

acetic acid (50 mM) and dissolving 5 grams ammonium acetate (Biosolve
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B.V.) into it. The acetate buffer was shaken, and MilliQ water was added
up to a total volume of 20 mL. The reaction reagent was prepared by
mixing 5 mL of the 1,10-phenanthroline solution with 5 mL of the acetate
buffer. To determine the ferrous iron concentration of a specific sample,
0.1 mL of the sample was pipetted into a 5 mL microtube (Eppendorf).
Next, 1 mL of the complexing fluoride reagent was added, the solution was
shaken, and 0.4 mL of the reaction reagent was pipetted into it. Samples
were agitated, then MilliQ water was added to the samples up to 2.5 mL. A
volume of 200 pL of the sample was pipetted in triplicate into a 96-well
plate (SARSTEDT). Samples were incubated for five minutes, then the
absorbance of the 96-well plate was measured at 510 nm (Tecan infinite

M200 pro microplate reader).

/.4.5 Magnetic extraction apparatus

The magnetic extraction set-up consisted of three 3 mL cuvettes (Sigma
Aldrich) and a 60x10x3 mm neodymium magnet (Mikede) with a self-made
Parafilm-wrapped aluminium cover. In short, the bottom half of the
magnet was tightly wrapped with two layers of aluminium foil and two
layers of parafilm. The design allowed for an easy removal and insertion of
the magnet. The first cuvette was filled with 1 mL of the sample, and the
second and third were filled with MilliQ water. The magnet with cover was
inserted into the first cuvette twice. Magnetic material was attracted to the
magnet’s cover, and the covered magnet with associated magnetic material
was transferred to the second cuvette for washing. The magnet with cover
and magnetic material were finally placed into the third pre-weighed
cuvette. The cover was left in the cuvette, the magnet was removed and
an additional neodymium magnet was placed underneath the cuvette. The
liquid, which was not attracted by the magnet was decanted, and the
cuvettes were weighted after they had dried. The original weight of each
individual cuvette was subtracted from the total weight after addition of

extracted material.
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7.4.6 Large-scale magnetic extraction

Magnetic extractions were performed by preparing a 10 g/L solution of
previously sieved (<63 um) EAC-1, JSC-2A, or JSC-Marsl1 regolith simulants
with TSB medium. An overnight culture of Shewanella was added to an
0.D.s00 of 0.05 and grown for 168h at 30°C with shaking at 120 rpm.
Neodymium magnets were wrapped in two layers of aluminum foil covering
the ends of the magnets, after which the foil-tipped magnets were
wrapped completely in a layer of Parafilm. After the 168-hour incubation,
the wrapped magnet was placed into the solution, the flask was swirled
five times, the material was allowed to settle for 30 seconds, and the
magnet was extracted again by using rubber tweezers and additional
neodymium magnets. The extracted magnet was washed in a 50 mL
Falcon tube containing MilliQ water. Scissors were used to cut open the
middle region of the Parafilm magnet-cover, the magnet was removed
from the cover, and the cover was rinsed into an empty petri dish. This
process was repeated until the amount of extracted material per magnet
was so little that continuation would not result in an effectively higher
yield. The non-magnetic material was collected by rinsing it out of the flask

into an additional Petri dish.

7.4.7 X-ray fluorescence measurements (XRF)

A pressed powder tablet was prepared by adding 0.25 g Boreox (FLUXANA)
to 1 g of the tested regolith simulant (untreated and treated JSC-2A, JSC-
Marsl, EAC-1). The mixture was milled using a malachite mortar until a
uniform mixture was achieved. About 5 g of Boreox was added to a hollow
metal cylinder and pressed on a hydraulic press up to 10 kPa/cm?
(P/O/Weber Laborpresstechnik). The mixture of regolith and Boreox was
added to the metal cylinder and pressed up to 250 kPa/cm?. The pressed
tablet was analyzed with an X-ray fluorescence spectrometer (Axios Max
WD-XRF, Malvern Panalytical Ltd). Analysis of the XRF data was performed

with SuperQ5.0i/Omnian software.
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7.4.8 X-ray diffraction measurements (XRD)

Approximately 100 mg of regolith simulant was equally distributed over a
silicon crystal sample holder (Si510 wafer). XRD measurements were taken
using a diffractometer (D8 Advance, Bruker) with Bragg-Brentano
geometry and a Lynxeye position-sensitive detector. Cu Ka radiation was
used at under 45 kV and 40 mA, with a scatter screen height of 5 mm. The
sample was scanned with an incident ray varying from 8°- 110° with a
step size of 0.021°* 26 (in which 6 is the angle between the incident ray
and the surface of the sample) and a counting time of 1 second per step.
Analysis of the XRD data was performed with Bruker software
DiffracSuite.EVA v 5.0.

7.4.9 X-ray photoelectron spectrometry (XPS)

The samples were analysed with X-ray photoelectron spectroscopy (XPS)
on a ThermoFisher K-Alpha system using Al Ka radiation with a photon
energy of 1486.7 eV. The powders were immobilized onto a copper tape
(Plano GmbH, G3397) and were loaded into the XPS chamber without
further purification. Iron high-resolution XPS spectra were acquired using a
spot size of 400 um, 50 eV pass energy, and 0.1 step size, averaging 50
scans from 705 eV to 740 eV with charge neutralizing. The peaks were
calibrated for the C 1s peak at 285 eV. The background was subtracted

using the “smart” function of the ThermoFisher Advantaged software.

7.4.10 Plasma printing

The regolith simulants JSC-1AF (bacterially treated and untreated) as well
as untreated EAC-1 were deposited in the top of a 1 mL Eppendorf vial. An
aerosol plasma jet printer (Space Foundry, San Jose, CA, USA) produced
the dielectric barrier discharge plasma jet used to treat the samples [36].
Unlike a global treatment across the entire surface, the system used a
precision motion system to localize the energy deposition to a spot and

then move that spot along a programmed trajectory to draw patterned
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lines of energy deposition across the surface. The plasma is ignited
through a potential between two electrodes with Argon at a flow rate of
1200 SCCM passing through a quartz nozzle. The nozzle moved with a
speed of 0.05 mm/s. The surface was treated three times. After the plasma
treatment, the experimental samples (and controls) were examined for
grain structure and topographic changes using a camera (EOS T5i, Canon)
outfitted with a manual-focus macro photo lens (MP-E 65mm, Canon). A
programmable rail system (Stack Shot Macro Rail Package, Cognisys)
incrementally raised the sample towards the camera as images were taken,
thereby capturing a sequence of dozens of photographs across several
millimetres of depth. The final images from each sample represent a
composite automatically prepared using focus stacking software (Zerene

Stacker, Zerena Systems LLC).

7.4.10 Lithography based ceramic printing

The regolith simulant JSC-2A was mixed with 46vol% of a photopolymer
(Lithoz) to prepare a printing paste. The lithography based 3D prints were
produced on a CeraFab 7500. In short, the light engine (based on LEDSs)
with a digital micromirror device was used to harden the previously
prepared regolith simulant containing paste layer by layer into the
appropriate shape [37]. The so-preconditioned 3D-print was dried at 120°C
and sintered at 1000 °C.
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Transporting materials from Earth to Mars is a significant logistical constraint on
mission design. Thus, a sustained settlement will be enhanced if it can perform
elemental extraction and utilization /n situ. In this study, all requirements to test a
novel, biological approach for /n situ resource utilization (ISRU) are conceptualized.
We present designs for two bioreactor systems to be incorporated in a Mars habitat.
The first system is a standard algae bioreactor which produces oxygen and biomass.
The second is capable of taking in Martian regolith and extracting iron ores from it
via biological processes. Additionally, we propose the use of the leftover iron-poor
but biomass rich material in a plant compartment. The multiple, different
compartments feed into each other, creating an interconnected process enhancing

self-sufficiency.
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8.1 Introduction

It is a long-standing ambition of humanity to explore space and to establish
a habitat on another celestial body. A functional habitat requires the
presence of a certain amount of building blocks and technology, and
transport of those is the major cost in space exploration. /n situ resource
utilization (ISRU), the use of materials already present on another celestial
body, has the potential to strongly reduce the required transport overheads
and bring us closer to realizing a sustainable outpost on another celestial
body [1].

8.1.1 Potential for biological ISRU

Biological ISRU focuses on the use of microorganisms for extracting
materials from /n situ resources. Life on earth is versatile, and multiple
organisms have evolved to use unconventional substrates (e.g. metal
oxides) in their metabolism either as electron donors or electron acceptors.
These organisms can be potentially applied to help us extract specific
metals from Martian regolith. To illustrate, here on earth, this approach is
used in copper production where 20% of all produced copper is extracted
through bioleaching with microorganisms [2]. In a similar fashion,
organisms such as Shewanella oneidensis 3], Acidithiobacillus ferrooxidans
[4] and several members of the genus Geobacter [5,6] can be applied to
extract iron and other metals from solid minerals. Furthermore, secondary
metabolites of the fungi Cladosporum resinae have been shown to corrode
aluminium alloys [7], a property that could help extract aluminium from
extra-terrestrial regolith. In this chapter a design for a bioreactor to
facilitate these processes, considering the specific challenges that arise

from the Martian environment, is presented.

8.1.2 Benefits of a biological approach
In a production process, microorganisms can be described as self-

reproducing, modifiable nano-factories capable of catalysing a wide variety
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of chemical conversions [8]. A whole group of bacteria called
extremophiles, have evolved to survive in extreme conditions such as
sustained temperatures of up to 121 °C [9, 10]. The resilience of these
organisms could be harnessed to set up a long-term process on another
celestial body [11]. Unicellular lifeforms can remain unchanged for decades
at a temperature of -80 °C. Due to the self-replicating nature of
microorganisms, a single drop is enough to start a new production cycle in
supportive conditions. One heavy-duty freezer can provide a long-term
supply of microorganisms and sustain a bioprocess. Furthermore,
evolutionary engineering or synthetic biology can be used to increase
microbial resistance to strongly inhibiting environments [12, 13].
Integration of the biomining process with algae cultivation in a
photobioreactor (PBR) and a plant growth compartment helps recycle
waste streams and can provide essential nutrients for the biomining
process from /n situ resources (Fig 8.1). While producing nutrients for the
biomining process, the algae convert CO; into O, which can be used as
part of a life support system for humans [14-16].

The plants can potentially use left-over material from the metal extraction,
with lower heavy metal concentrations, as support material and will
produce edible biomass and oxygen. Using regolith as plant support
negates the need to bring growing structures from earth, but fresh regolith
impairs plant growth due to the presence of toxic amounts of several
heavy metals [17]. The output regolith from the biological ISRU process is
expected to contain less iron and should, therefore, have a smaller
inhibitory effect on plant growth, which makes it a more suitable plant
support material [18]. On top of that, the biomining process will result in
the presence of bacterial biomass in the spent regolith. The amino acids
contained within this biomass can be taken up by the plants, providing
them with a supplementary source of essential building blocks [19, 20].
The system of bioreactors is intended to be installed inside of a human

habitat. By doing so, it will benefit from the radiation shielding while
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providing oxygen and edible biomass for the astronauts [21]. The current
proposed system supports the realization of a permanent habitat on

another planet.

Fe-rich
O, CO, minerals O,
— > —
_Light > Biomass |
- ; iomini Edible
Nutrients| Algae Biomining Edibl
| Treated
M Lactate regolith ]A
Regolith CO,

Fig. 8.1 General overview of the three process compartments including the main

in- and outputs.

8.1.3 Mining target element and organism

Our focus for biological ISRU is on the extraction of iron, which fulfills an
essential role in building and production processes on earth, and as such
can readily be beneficial when establishing and maintaining a Martian
habitat. Iron is the most-processed metal on Earth and most of our
building materials incorporate this material in some capacity. Given the
terrestrial heritage, construction and repairs on another planet will also rely
heavily on iron, especially when we consider the abundance of iron in
Martian regolith (17.9 £0.6 wt.% [22]). The groundwater bacterium S.
oneidensis will be considered for the biomining operation. S. oneidensis is
an organism that uses a wide variety of unusual electron acceptors [23],
and its interaction with Fe3* is of interest for the current case study. S.
oneidensis can utilize Fe3* ingrained in mineral structures, reducing it to

aqueous Fe?* while consuming lactate [24].

8.1.4 Assumptions and requirements
The algae reactor is a thin-layer PBR, with a plate thickness of 1 cm and
surface area of 1x1 m. It has a total working volume of 60 L which results

in a total weight of 246.3 kg (8.6.1 C. vulgaris model details). A laminar
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flow profile was assumed based on an estimation of the Reynolds number
[25]. An average liquid velocity of 0.15 m/s was chosen for the laminar
flow profile. Light is supplied from both sides of the plates (Fig. 8.2).

The mining reactor is a 1400 L cylindrical reactor, with an internal wall
construction guiding the flow pattern and a gas/liquid separator on top
[26]. The total mass of the carbon composite reactor is estimated to be
300 kg (8.5.2 S. oneidensis model details). The regolith should be collected
in small grain size (diameter < 50 pm) through selective beneficiation by a
rover with a tire or power shovel and shake-sieved to remove big rock
particles.

The microbial performance and interaction between bacteria and the solid
substrates are assumed to be similar to that on Earth. We expect minimal
impact of reduced gravity on the micro-organisms in a well-mixed reactor,
and thus we assume negligible impact on the growth behaviour for

modelling purposes.

8.2 Results & discussion
8.2.1 Expected Martian regolith composition and bacterial interaction
Based on data obtained by the Mars science laboratory at the Rocknest soil

the main ores at this area of Mars are:

Mars Science Laboratory (Curiosity) Rocknest soil [27]

Mineral Chemistry

Plagioclase (Cao.s7(13yNao.43)(Al1.57Si2.43)Os
Olivine (Forsterite) (Mgo.62(3)F€0.38)2Si04
Pyroxene (Augite) (MQo.ss(10)F€0.37 Cao.754))Si206
Pyroxene (Pigeonite) (Mg1.13F€0.68Ca0.19)Si206

Tab. 8.1 Minerals previously identified via X-Ray diffraction measurements (XRD)

on the Mars Rocknest soil.

All ores are expected to have a variety of different mineral deposits on
their surfaces. Shewanella sp. was shown to be able to interact with a

variety of Fe3* bearing mineral types (e.g. Jarosite (Fe3*) [28], Al-goethite




184 | Chapter 8

(Fe3*) [29], Smectite (Fe3*) [3]. Smectites (clay minerals) were also
identified by the NASA Science laboratory in an ancient steam bed in Gale
crater on Mars [30] and via the Viking biology experiments [31]. Based on
this interactions with similar (the same) minerals on Earth, it is likely that
Shewanella sp. will interact with iron(III) and manganese(IV) bearing
elements in Martian soil, which results in their reduction.

Additional reports of ferric sulfate [32], nanophase of chlorine-rich ferric
oxides [33] and the high abundance of Fe3* in its nanophase ferric oxide
state [34] increase our confidence in the potential reduction capabilities of
Shewanella in a Martian environment. Coupled with Shewanella sp.
capability of precipitating magnetite during the reduction of Fe3* [35, 36]
give a good evidence that a magnetic extraction of iron rich ores on Mars

with this organism will be possible.

8.2.2 Storage and inoculation of microbial stocks and growth medium

The algae and bacterium stocks need to be stored in glycerol stocks at -80
degrees Celsius, to have a back-up for inoculation whenever needed. For
the general operations a small volume of the previous batch can be stored
in a chamber inside the reactor. If a decrease in productivity (O:
production for the C. wulgaris, CO. production for S. oneidensis) is
observed, a new batch must be started from the freezer. In the latter case,
the bacteria will first be activated in a small batch to ensure optimal growth
behaviour.

The cultivability of some microorganisms was shown to be significantly
decreased during space flight experiments [37], further investigations are
needed to understand the implications for the proposed organisms. Results
of tests with S, oneidensis, which was sent to the ISS on the 15™ SpaceX
cargo missions are pending [38]. Growth medium will be stored in
autoclaved pulverous form and the hydration of it occurs only for

production.
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8.2.3 Algae reactor design

For the algae cultivation, the algae species Chlorella vulgaris was chosen
for its high growth rate in thin layer PBRs (Fig. 8.2A, B) [39]. A production
rate per hour of biomass, O, and CO, was obtained by integration of the
in- and outgoing streams and subtraction of the difference (Tab 8.2). The
highest oxygen production rate is not directly at the wall, due to a low CO>

concentration and photoinhibition (Fig. 8.2C, D, E).

Location Biomass (kg/h) 0O (kg/h) CO2 (kg/h)
Inlet 54 0 1.71*10°3
Outlet 54.0003 6.39*10* 1.11*103
Production 3.23%10* 6.39%10* -5.98*10*

Tab. 8.2 Biomass, oxygen and carbon dioxide production (kg per hour per 10 L
PBR plate). Data obtained by integration of the concentrations at the exit and

entrance.

S. oneidensis requires addition of serine, glutamate and arginine to its
medium to ensure growth [23, 40]. We propose to supply these as C
vulgaris biomass. It is assumed that these amino acids are also used to
produce secondary amino acids: cysteine and tryptophan from serine, and
glutamine and proline from glutamate [41]. The concentration of these
amino acids in S. oneidensis biomass was combined with amino acid
concentrations in C. wulgaris (Tab. 8.3) to calculate the amount of C
vulgaris biomass required to fulfil the nutritional requirements of S.

oneidensis.

Amino acid Concentration
(mg AA / g CDW)

Shewanella oneidensis

Serine 33.08
Cysteine 6.82

Tryptophan 13.44
Glutamate (inc. glutamine) 88.03
Proline 26.42
Arginine 41.15

Chlorella vulgaris
Serine 9.55
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Cysteine 0.67
Tryptophan 591
Glutamate (inc. glutamine) 31.62
Proline 22.84
Arginine 18.96

Tab. 8.3 Selected amino acid concentrations in S. oneidensis [42] and C. vulgaris
[43] biomass.

Cysteine is likely to be the limiting amino acid, assumed that the uptake
yield for each amino acid is the same. Without reactions interconverting
the amino acids, over 10 g C. vulgaris biomass is needed for the production
of 1 g of 5. oneidensis biomass. When metabolic reactions converting
serine and tryptophan into cysteine are considered [41], this requirement
drops to about 4 g C. vulgaris per 1 g S. oneidensis.

This covers only the requirement for essential amino acids, the main
electron donor for S. oneidensis, lactate, still needs to be provided from
other sources. The mining reactor produces 21 g S. oneidensis per batch
(50 h), which requires 84 g C. vulgaris biomass. Over the duration of one
batch, one 10 L C. wulgaris plate produces 16.13 g biomass (Tab. 8.2). A
total of 6 plates (60 L) is needed to produce the required amount of C.
vulgaris biomass for the biomining reactor. Those 6 plates correspond to
92.03 g Oxygen per 24 h [44]. Further upscaling and optimization for the
oxygen production of the algae bioreactor can increase its potential as

bioregenerative life-support system.
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Reactor geometry. Culture plates are displayed in green. LEDs are displayed in
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photosynthesis (2) in kg O, m3 s,
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8.2.4 Biomining reactor design

The bioreactor will be equipped with intake ports for water, an inoculation
chamber (in which bacteria will be grown or stored at a certain OD before
used for the new batch), nutrients, gas and fresh regolith (Fig 8.3A).
Additionally, there will be ports for the outflow of gas, evaporated water,
purified product and spent regolith. The process will be monitored by an
array of probes, continuously measuring pH, temperature, optical density
(measure for biomass concentration) and osmolality. Measurement of the
osmolality will provide insight into the accumulation of salts from the
regolith in the reactor. Furthermore, the concentration of various gasses in
the offgas (CO,, N2) will be measured and the CO, will be bound by a CO;
scrubber. The CO production rate is stoichiometrically linked to substrate
consumption and biomass formation. After correction for pH and dissolved
CO, concentration, the pCO, profile gives insight in bioprocess
performance.

A flow cytometer is introduced to provide more detailed information on
cellular health, which is strongly correlated with the bioprocess
performance. It is not yet known how bacteria and Martian regolith will
interact, and Martian regolith simulants have been reported to have
different effects on microbial growth [18]. These effects should be
elucidated before a full-scale biomining process is greenlighted, and during

operation longer-term effects should be monitored.

8.2.5 Operational sequence

The bioreactor process is separated in three phases: the intake phase, the
growth phase and the extraction phase (Fig 8.3B). In the intake phase,
regolith (previously harvested by a rover) is loaded into the reactor, then
water is added, and nutrients follow. The amount of nutrients is chosen in
stoichiometric ratio to the added regolith, to avoid excess after extraction.
Finally, the bacteria are added from the last batch or a freshly prepared

one. In the second phase bacteria are utilizing the provided nutrients for
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growth and for the extraction of the desired elements from the regolith. In
this phase the process is monitored with the introduced probes, and gas is
continuously circulated for mixing. The concentration of CO; in the offgas is
an indicator of process performance and substrate consumption.

When CO; production ceases, the extraction phase is started. First,
magnets at the reactor walls are activated to capture the magnetic iron
precipitates. The nonmagnetic regolith is settled, removed from the reactor
and used as plant growth support material. Then, the magnets are turned
off, and the magnetic, iron-rich precipitates are settled and evacuated.
Finally, part of the planktonic biomass is stored, after which the water is
evaporated and recovered. This process combined with the preparation of

the next batch, is estimated to take approximately 24 hours.

8.2.6 Nutrient requirements and magnetite precipitation

For the biological iron extraction process to be feasible, the amount of
extracted iron should outweigh the amount of nutrients consumed by the
process. The amount of iron extracted is dependent on the precise iron
oxides formed from the dissolved Fe?*, Fe3* and other ions introduced with
the regolith and bacterial media. Ideally, each released Fe?* ion would
recombine with two Fe3* and oxygen to form magnetite (Fes04), a
ferrimagnetic material [35]. In this best-case scenario, each reduced Fe3*
leads to three extracted Fe atoms, tripling the mass efficiency. With about
0.41 g nutrients required per gram Fe3* reduced (Tab. 8.4), this would
lead to approximately 0.14 g of nutrients consumed per extracted g of Fe.
In a more realistic situation, the iron will also precipitate in multiple other,
less magnetic forms of iron oxide (siderite, green rust) sometimes
incorporating other cations [45]. This will increase the consumption of
nutrients per magnetically extracted gram of iron. Experiments are
required to assess the extent of these effects and to find conditions that
best promote precipitation of magnetic iron oxides. Some iron-reducing

bacteria reportedly form a product that consists of > 60% magnetite under
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the right conditions [46]. Assuming that the 50% of the converted iron is
magnetically extracted following the magnetite formation stoichiometry, an

hourly production of 21.6 g is expected.

Compound Consumption / Conversion (g/L) Yield (g / g Fe?*)
Fe3* 0.761 1

Lactate 0.315 0.41

NH4* 5.35*%10* 0.00070

Tab 8.4 Nutrient consumption/conversion and iron extraction after 50 hours as

predicted by the kinetic model.

8.2.7 Method of mixing

Operation of an internal airlift bioreactor [47] under Martian gravity (3.72
m s?) was investigated using computational fluid dynamics (CFD). S.
oneidensis requires a continuous availability of nutrients and Fe3* for
growth. The Fe3* is extracted from regolith particles with a density of 1.91
* 103 kg m= [48]. To ensure availability of both iron and nutrients for the
bacteria, settling of these particles should be prevented. Adequate mixing
can be achieved with an impeller (mechanical agitation) or by introducing a
gas phase in the bottom of the reactor. To minimize moving parts inside of
the reactor, a gas-mixed system was chosen. An internal airlift reactor was
chosen over a bubble column reactor because of its higher liquid velocity
[49]. The 1400-litre reactor geometry and process parameters were set up
to obtain turbulent flow and sufficient circulation (8.6.2 S. oneidensis

model details).
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Fig 8.3 (A) General layout of the reactor with all required in- and output

connections. The top construction facilitates G/L separation. (B) Operational

sequence: (1.) Intake phase: Regolith, water, nutrients and bacteria are loaded
into the reactor. (2.) Growth phase: The reactor is operated as an airlift reactor,

bacteria consume the nutrients and extract the required elements. (3.) Extraction
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phase: The desired products are extracted, water is evaporated and recovered
and waste regolith is discarded. (C) Establishment of the turbulent flow profile
over time. Flow magnitude in m/s indicated with colour, flow direction indicated
with cyan arrows. A 270° 2D-revolution displays the 3D reactor geometry. (D)
Regolith distribution at 0, 60 and 120s after initiation of gas flow, simulated for
particles with d = 50 * 10®m. (E) Concentration profiles (mol/L) of lactate, Fe**,

biomass and acetate over the batch duration of 50h.

The turbulent flow profile of the reactor was solved for 120 seconds after
initiation of aeration, to determine the steady state flow profile that would
be achieved (Fig. 8.3C). The resulting mixing ensures a homogeneous
concentration profile over the reactor. Furthermore, the particle tracing
proves that the particles will stay in suspension with the provided flow.
This leads to the conclusion that a uniform reaction and concentration is

achieved in the reactor (Fig 8.3E).

8.2.8 Impact of high radiation

Due to its weak magnetic field and low-pressure atmosphere, Mars has
only minimal natural radiation mitigation mechanisms. Radiation on Mars
can be divided in two types: Galactic Cosmic Rays (GCR) and solar UV
radiation (200 nm). UV-C radiation (100-280 nm) contains wavelengths
easily absorbed by DNA [50], which makes it biologically dangerous.
However, UV radiation is relatively easy to shield against [51]. By
positioning our system inside a human habitat, the danger of UV radiation
is expected to be negligible.

GCR are harder to shield against, and a portion of this radiation will always
penetrate the base [52]. In a worst-case scenario, the yearly Martian
surface dose of 0.242 Sv [53] will penetrate the reactor. According to
literature, an acute radiation dose of 12 Sv extends the lag phase of S.
oneidensis by approximately 1.5 hours and has no effect on the growth
yield [54]. After comparing these numbers, it was assumed that radiation

will not have a significant effect on productivity.
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The increased radiation could impact the shelf-life of the nutrients, in
particular vitamins, as organic compounds can be significantly degraded by
solar energetic particles [55]. The degradation of amino acids within the

range of a few years is expected to be minimal [56].

8.2.9 Iron availability

The microbial reduction process was assumed to only have access to iron
at the surface of the particles, i.e. the iron deeper inside the regolith
particles is not available for reduction. To account for this limited
penetration depth, a contact layer model was introduced. Only the outer
layer of thickness &, is assumed to be accessible to the bacteria (Fig.
8.4A). The particles were assumed to have a spherical shape, which
corresponds to the lowest surface area to volume ratio possible. Particles
with more irregular shapes have a larger surface area to volume ratio and

increased available iron.
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Fig. 8.4 (A) Visualization of the contact layer model. (B) Expected particle size
distribution grouped in bars of 1 pm. (C) Iron availability for each particle

diameter, decreasing with particle size.

It is assumed that the outer 0.5 pym is available for reduction [57]. The
effect of such a system on the iron availability was assessed. The particle
size was assumed to follow a normal distribution with y = 50 ym and ¢ =
15 pm, cut off at 50 pm (Fig. 8.4B, C). When the expected particle size
distribution and calculated relative iron availability are combined, it follows

that 8.4% of the total iron is available for the bacteria.
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8.2.10 Plant compartment

The main challenge for growing plants directly on Martian regolith (in an
enclosed environment) is the toxicity of certain elements it contains and its
capability to store water. Martian regolith simulants (JSC-Marsl) tend to
act similarly to Loess soil, which can hold substantial quantities of water
[58].

Toxic metals within Martian simulants include:

e Aluminium may be a toxic and growth-limiting reagent, especially in
acidic soils. This problem is exacerbated with the addition of nitrogen-
containing fertilizers. Aluminium toxicity reduces plant root growth and
subsequently increases plant susceptibility to drought and decreases the
uptake of nutrients [59, 60].

e Although manganese is a vital micronutrient, it can also be toxic [61, 62]
in alkaline (pH above 8) or acidic (below pH 5.5) soils under reducing
circumstances. These conditions occur for example during flooding events,
due to the accumulation of organic matter, or in the case of compression
of the soil and the subsequent lack of oxygen [59, 63].

e Iron, also an essential nutrient to plants [64], can lead to brown spots
(and therefore insufficient chlorophyll) on the plant surface if present
excessively. This problem is more prevalent under reducing circumstances
such as flooding [59].

Alteration of regolith before using it as a structure-giving surface for plant
growth is important to reduce the high concentration of heavy metals and
to increase the number of biomolecules. These modifications should enable
plants to grow better on the provided substrate and in the long run, make

space-exploration more sustainable (Fig. 8.5).
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Fig. 8.5 Schematic overview of the proposed bioprocesses. An algae reactor with
C. vulgaris is operated using compressed Martian CO; rich atmosphere as carbon
source to produce biomass for a biomining reactor. Oxygen and additional
biomass, which are produced during this process can be used for the astronauts.
The biomining reactor hosts S. oneidensis and Martian regolith. Latter gets
reduced by the bacterium. Leading to the generation of more magnetic iron
species which can be extracted as a construction material. The left-over material

can be used as a structure giving, biomass rich material for plants.

8.2.11 Planetary protection

A key objective of Mars exploration is the careful investigation for microbial
traces of current or extinct life. However, every human operation increases
the chance for false-positives because of the diverse bacterial community

every human being carries. The here proposed algae and biomining reactor

will be part of a closed human habitat and will follow the same planetary
protection procedures as for the rest of the habitat. No further increase in

false-positives due to these reactors is expected.
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Fig. 8.6 Unit operation flowsheet for biomining reactor system. R=reactor (R-1
algae reactor, R-2 Biomining reactor, R-3 Inoculum reactor), T=tank (T-1 S.
oneidensis medium tank; T-2 C. vulgaris medium tank; T-3 Biomass storage tank;
T-4 Magnetite storage tank; T-5 Left-over regolith storage tank); P=pipe (P-1
Algae reactor, COn; P-2 Algae reactor, mediumi,; P-3 Biomining reactor,
mediumi,; P-4 Inoculum reactor, mediumi,; P-5 Biomining reactor, inoculumi,; P-6
Algae reactor, biomassq.t; P-7 Biomining reactor, biomassin; P-8 Algae  reactor,
oxygenout; P-9 Biomining reactor, CO2..; P-10 Biomining reactor, Magnetiteo,t; P-
11 Biomining reactor, Regolitho.; P-12 Storage, Magnetiteo; P-13 Storage,
Regolithoyt

8.3 Conclusion

In this chapter, a concept for ISRU and explorative modelling studies for a
biological production cycle aimed at obtaining high-grade iron ores from
Martian regolith was described (Fig 8.5, 8.6).

The system consists of an algae reactor, biomining reactor and plant
growth compartment. With the current design, it follows that a 60 L flat
plate PBR can sustain part of the main nutrient requirements for a 1400 L
biomining reactor. The total hardware is estimated to weigh approximately
550 kg. In return, the PBR system produces 0.28 kg O, per day and a

production of 350 kg iron per Mars year is expected. Biofilm formation in
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the PBR could drastically decrease the light path through the reactor [65],
and a scrubber should be introduced to prevent biofilms from forming.
Systems using automatic magnetic scrapers are proposed as a low-
maintenance solution [66, 67].

The currently proposed PBR setup generates laminar flow, which results in
inactive zones in the reactor due to depleted CO, and dark zones. A
turbulent flow pattern could provide better axial mixing, resulting in a
higher total productivity. However, the PBR makes the biomining-reactor
system more sustainable by providing essential nutrients via a
photoautotrophic pathway, while at the same time enabling tests on
bioregenerative life-support systems on Mars.

This work describes an operational sequence for the biomining reactor. The
general framework presented here can be used to design other specific
extraction processes as further feasible conversion approaches are
discovered. The effects of reduced gravity on the behaviour of biomining
organisms are not yet clear, further experiments will be required to assess
these. Current and future experiments on the ISS [68] or Moon [69] could
help investigate the effects of partial- or microgravity on the herewith
proposed organisms. Further experimental research into the precipitation
of magnetite from the final solution and the magnetic extractability thereof
will provide data to complete the picture of biological iron extraction.
Experiments regarding the agitation and mineral precipitation in a well-
mixed bioreactor in comparison to a packed-bed bioreactor will give further

insights in the operational procedure.
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8.4 Material and methods

8.4.1 Modelling of algae growth performance

A detailed description of the modelling process can be found in the
supplemental information (8.5.1 C. vulgaris model details). In short, the
stoichiometry of the photosynthetic reaction of C. sorokiniana was applied
[70], only considering the compounds of interest (CO,, O, and biomass)
(Eq. 8.1). The respiratory reaction was assumed to be the inverse of the
photosynthetic reaction. The photosynthetic rate (r,;,.,) was assumed to
be limited by the carbon dioxide concentration, the light intensity (I) and
photoinhibition (set by K1) at high light intensities (Eq. 8.2) [39]. The light
intensity half velocity constant is difficult to estimate at high cell densities
[39], but was estimated based on several modelling studies [71, 72]. The
rate of respiration (R,..iaion) Was assumed to be limited by the O
concentration and inhibited by the light intensity (Eq. 8.3). A Lambert-Beer
relation was used to describe the light intensity over the diameter of the
culture (Eq. 8.6).

A concentration balance was set up including a diffusive, a convective and
a reactive term for compounds oxygen, carbon dioxide and biomass (Eq.
8.6). A computational fluid dynamics (CFD) analysis was executed in
COMSOL Multiphysics 5.4 to simulate the performance of the reactor.

C0O,+0.93 H,0 —
CH,71004No 15 + 1.42 0, + 0.15 OH~ (8.1)

CxCeo2 ! K;;

R = . ; 8.2

photo = Wmax Kooy + Coon * K +1 * K +1 (8.2)
CxCqz K;

Ryespiration = Ms * * 8.3
respiration 5 Kﬂ? +Cn’2 KJ' _I_I ( )
I,=1,e x* (8.4)
e=¢gy(1—ah)(1—a,X) (8.5)

ac;

— =D,V3C, —vVC,+1; (8.6)

ot
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8.4.2 Modéelling of biomining performance

The elemental composition of Shewanella oneidensis biomass, standardized
for 1 mol of carbon, was assumed to be CH1.6600.27No.2 [73]. To derive the
process reaction, the methodology from Kleerebezem et al (2010) was
adapted to work with a known yield (Tab 8.5) [74]. This resulted in the
following process reaction:

18.13 C;Hs05 + 35.34 Fe, 0, + 0.154 NH} + 141.48H~
— 17.8 CoH,05 + 17.8 CO, + 70.67 Fe* 4 1 CH, 540y 27Ny » + 88.94 H,0 (8.7)

S. oneidensis requires addition of glutamate, arginine and serine to the
medium to ensure proper growth [23, 75]. Consumption of these was
calculated to be 17, 20 and 9 mmol / Cmol X, respectively [42]. Taking into
consideration the biomass composition of C. wulgaris [43], the required
amino acids may all be supplied in excess by using 4 gram of C. vulgaris
biomass per gram of S. oneidensis biomass. Nitrogen for the remaining
amino acids was assumed to come fully from NH4*, leading to a
requirement of 0.154 mol NH4* / Cmol X.

It was assumed that the outer 0.5 ym layer of the regolith particles was
available to the bacteria [57]. Combined with the expected particle size
distribution [76] this yielded an iron availability of about 8.4 %. A turbulent
flow profile was simulated with a bubbly flow model in COMSOL
Multiphysics 5.4. A particle tracing study was done to assess the
distribution of regolith particles within the gaslift-reactor. A continuous
random walk model was used to account for the fluctuating local turbulent
velocity (8.5.2 S.oneidensis model details). The growth kinetics were
assumed to rely on both the concentration of Fe3* and lactate following
Monod kinetics, and growth was assumed to be inhibited by acetate (Eqg.
8.8).

Cpe3* CLac KI.AC
# #

* : (8.8)
e KFES+ + Cpe?* KLac + CLac KI.AC + CAC

n=p
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The parameters in Tab. 8.5 were combined with equation 8.8 and mass
balances for biomass, iron, lactate and ammonium based on the reaction in

equation 8.7. This system was solved for 50 h of growth with Matlab’s

ODE45 solver (Tab. 8.5).

Parameter Value Units Description
Algae
(Chlorella vulgaris)
Reactor
T 310 K Temperature
Uy 0.15 m * st Inlet liquid velocity
Cinx 10 g*L?! Biomass inlet concentration
Cin,co, 7.2 103 mol * m3 CO; inlet concentration
Cin.0, 0 mol * m3 0O inlet concentration
Fy 1 atm Absolute pressure
I, 2000 pumol * m2* st Light intensity (PPFD)
& 0.175 m? *g Extinction coefficient
al 46.165 m Light attenuation coefficient 1
a? 9.664 * 10® m3g! Light attenuation coefficient 2
Hreatizea 0.008 h Realized growth rate
Hmax 0.018 h Maximum growth rate
Y/0, 0.68 Cmol X * mol Yield of biomass per mol oxygen
Oz'1
Ye/co, 1.00 Cmol X * mol Yield of biomass per mol carbon
CO;t dioxide
mg 0.28 * i 00 ht Maintenance coefficient
K; 175 pumol m2 st Half-velocity constant of light
absorption
Kp imnivicory 500 pmol m=2 st Half-velocity constant of light
inhibition
Biomining
(Shewanella oneidensis)
Reactor
T 303 K Temperature
Ug in 0.15 m * st Superficial inlet velocity
Imars 3.72 m * g2 Martian gravity acceleration
Apuppie 3 cm Bubble diameter
Pyasin 0.97 kg * m3 Inlet gas density
Eregolith 0.025 - Regolith holdup in liquid
a, 2.5 - Viscosity coefficient 1
a, 14.1 - Viscosity coefficient 2
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Hisquid 2.0 * 103 Pa * st Liquid viscosity
Biological

Hmax 0.1 h Maximum growth rate
[3,42,77,78]

Yispert 0.01415 Cmol X * mol Biomass produced per mol Fe3*

Fe3* -1 reduced [24,77]

Kpoo+ 5.47 * 10* mol * L1 Half-velocity constant for Fe3*
[78]

K} ae 1.94 * 102 mol * L1 Half-velocity constant for lactate
[79]

Kp 12.6 * 103 mol * Lt Half-velocity constant for acetate
inhibition [80]

Cx,init 5.94 * 10 mol * L1 Initial biomass concentration

CLac,init 4.0 * 103 mol * Lt Initial lactate concentration

Cre?* init 1.5 * 107 mol * L Available Fe3* concentration

Cac,init 0 mol * L Initial acetate concentration

vt inic 1*10°3 mol * L1 Initial ammonium concentration

Carginineiniz 5.5 * 107 mol * L1 Initial arginine concentration

Cserine,init 7.58 * 107 mol * L Initial serine concentration

Colutamareinic 6.5 * 107 mol * L! Initial glutamate concentration

Tab. 8.5 Reactor and biological parameter choices for the algae and biomining

models.

8.5 Supplementary information

8.5.1 C. vulgaris model details

Reactor design: The reaction will be performed in a continuous flat plate
photobioreactor (PBR). Continuous cultures are more beneficial as they can
grow at maximum oxygen productivity rate in the most constant
environment. Especially, in life support systems an uninterrupted O, supply
is mandatory [14, 81, 82].

A flat plate PBR was chosen because of the high surface-to-volume ratio,

and straight forward biofilm cleaning procedures. The plates will have a

width (z) of 1 cm and an area-size of 1 x 1 m2. The culture is aerated with
hydrophobic polypropylene micropore membranes hollow fibre membranes

to obtain efficient aeration of the broth [83].
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The type of flow we use was calculated with the Reynolds number (Eg.
8.9). For the viscosity and density, we assume the values for water (0 =
0.002 Pa s, p = 1000 kg m3) will approximate the broth values close
enough to not influence the flow. With a flow through the tube of 15 cm/s
a Reynolds number of 750 was calculated. As this is below the cut-off for

turbulent flow (Re > 1000) a laminar flow was be considered [25].

_Plp 15.0+107*ms '+ 1.0+1072m= 1.0 * 10° kgm™3

R
T 2.0+ 102 Pas-}

=750 (8.9)

A mass balance was set up for each compound including respectively
diffusive, convective and reactive contributions. Since a single-phase
domain is studied, an incompressible flow can be assumed to describe the
system. This results in the mass balance for compound i over time being
expressed in Eq. 8.10, with the concentration gradient expressed (Eq.
8.11).

ac;
a—t‘ = D,V2C;, — vVC + 13 (8.10)
VG =4 o 8.11
oox + ay ( )

The assumption of a stationary system for the reaction (continuous, steady

state) lead to no change of concentration over time (%= 0). This partial

differential equation (PDE) can be solved to obtain the concentration
profile of compound i in the reactor. Inlet concentration of carbon dioxide
was set at the maximum solubility determined with the temperature
dependent henry coefficient (Eq. 8.12) to prevent bubble formation in the

liquid. Henry coefficients were retrieved from [84].

0 AsolH1 1
0
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parameter value Description
T 310 [K] Temperature
Uin 15[cm st ] Inlet velocity
Cinx 10[gL!] Biomass inlet concentration
Cin,co2 7.2*¥1023 [mol m3] | CO; inlet concentration
Cin,02 0 [mol m~3] 03 inlet concentration
Pa 1 [atm] Absolute pressure
dculture 0.01 [m] Diameter of culture

Tab. 8.6 Reactor and flow parameters with a short description of their meaning.

Reaction stoichiometry: Chiorella vulgaris was chosen for its high
photoautotrophic growth capacity [39]. An optimum oxygen production
capacity of 45 g X L'! was reported. Since a laminar flow without bubbles
decreases mixing, a lower biomass concentration of 10 g X L' was chosen.
A growth rate p of 0.008 h'! and a C« of 45 g L! was reported. It was
derived that pmax of this culture would be 0.018 h7, following from the
daily maximum growth rate of 2.15 with a 12-12 h light-dark cycle.
Monod-kinetics were assumed for growth and inhibitory relations. A
photosynthesis and a respiration reaction were considered in our system:
The light reaction was assumed to be limited by [CO.], light, and photo
inhibitory effects while the dark reaction is limited by [O2] and inhibited by
light. The sensitivity to light intensity is set by the half-saturation constant
Ki. We assumed an inverse relation for the maintenance reaction, with the
same inhibition constant. The maintenance reaction is considered to be the
catabolic consumption of biomass.

A difference between gross and net oxygen production of 35-40% was
derived for C. sorokiniana (no data for C. wulgaris available), with the
uptake of oxygen maximizing at 0.3 mmol O, g X! h'l. Therefore, a
maintenance coefficient of 0.28 should be taken into account with a
Monod-term for maximization at 0.3 mmol Oz gx! h'! [70]. This resulted in
the following block of equations (Eg. 8.13 - 8.17) to solve the stoichiometry

for the micro-organisms in the system.
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R B €€z I Kil 8.13
photosynthesis — Hmax = s+ Croo * Ky +1 * Ki,[+1 ( ) )
Rrespz’ratz’an =M *C,* KM + €on * KJ' Iy * (8-14)
= Rnhatas_vnthesis - Rrespimtian (8-15)
Rpha Rres
Tp, = - 8.16
% Y.YJ:.:IZ er:1.::|2 [ )
_ Rpha Rrgs
TCG: B _chaz * Ir:1:1::::2 (8.17)
Parameter Expression Description
Urealized 0.008 [h!] Realized growth rate
Mmax 0.018 [h!] Maximum growth rate
Mbiomass 23.6 [g mol ] Biomass weight
Yx/02 0.68[mol X mol O,!] | Yield of biomass per mol O
Yyx/co2 1.00 [mol X mol CO,!] | Yield of biomass per mol CO,
ms 0.28*u Maintenance coefficient
K 175 [ymol m?2 s] Half-velocity constant of light
absorption
K, inhibitory 500 [Umol m s1] Half-velocity constant of light
inhibition

Tab 8.7 Parameters assumed related to the micro-organism.

A stoichiometry was derived for C. sorokiniana [70] and the same
stoichiometry for C. vulgaris was assumed (Eqg. 8.18). The reverse reaction
was assumed to be the maintenance reaction (Eq. 8.19). Since we do not
yet take the NO3  balance into account this assumption can be made:
When nitrogen, phosphorus and sulphur balances are implemented, we
cannot assume regeneration of those compounds by maintenance as other

compounds (e.g. inhibitory compounds) are more likely to be formed.

u+*(CO;+ 0.93 H,0= CH,y 5,0y,Nys + 1.420, +0.150H" ) (8.18)

Ms* ( CHy7,00 4Ny s +1.42 0, +0.150H" 2 C0,+ 0.93 H,0) (8.19)
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Light profile: Light intensity over the reactor width is decreasing due to
attenuation by the chlorophyll of the algae. Most functions are based on
Lambert-Beer's law including an empirically determined extinction
coefficient (Eq. 8.20). Doucha & Livansky, (2009) gives a relation based

on empirically derived attenuation coefficients a: and a; (Eqg. 8.21).

I, = I+ e~ (8.20)

E=gy(l=ah)(1=asX) (8.21)

They experimentally determined these coefficients to be 46.165 m™ and
9.664 10° m3 g!. We choose to use this attenuation relation for the
Chlorella model as these coefficients are specially derived for the culture of
interest. The lighting takes place from both sides with an intensity of 2000

pumol m s1 to obtain a symmetrical profile (Fig 8.7).

Parameter Value Description

Io 2000 [umol m2s?]  Light intensity at walls

al 46.165 [m1] Light attenuation coefficient 1
a2 9.664e-6 [m>g] Light attenuation coefficient 2

Tab. 8.8 Parameters related to light profile in the reactor
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0.0016
0.0014
0.0012

0.001
0.0008
0.0006
0.0004
0.0002

0 L I
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Fig. 8.7. Light intensity profile over width of reactor. Intensity is displayed in mol
photons m* s (PPFD).
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Boundary conditions: For the inlet, a concentration of compounds was
set by the maximum solubility for CO,, 0 g I for O, and 10 g X I for
biomass. In the outlet a flux continuity of the concentration in the reactor
domain was set. Neither reactions nor diffusion take place at the
boundaries. At the light penetrable plates (length of reactor), we set a
zero-flux boundary.

Computational model in COMSOL Multiphysics: Finite element
analysis was used to create an /n-silico model of the reactor. One plate of
the reactor was modelled in COMSOL Multiphysics 5.4. The system was
simplified to a 2-D geometry since the reaction is expected to take place
homogenously over the height of the plate. A steady state laminar flow
profile was calculated first, then the concentration profile was calculated
using a transport of diluted species study. A mapped mesh was used with a
symmetric element ratio of 6 towards the walls.

Measuring devices: The process will be monitored by an array of probes,
continuously measuring pH, temperature, optical density (measure for
biomass concentration) and osmolality. The pH should be kept constant as
OH" is produced in the reactor and CO; is consumed. The oxygen
concentration in the membrane off gas is measured to track the
productivity of the reactor. The optical density is measured and kept
constant to maintain the steady state in the reactor.

Reactor weight: A flat plat reactor usually contains glass plates of 6 mm
thickness [85]. The glass required per culture plate is 2 * 6 * 10%m * 1 m
* 1 m = 0.012 m3. For 6 plates this would be 0.072 m?3 of glass. With an
average density of 2.6*103 kg m=3 [86] the weight requirement results in
187 kg. Alternatively, it can be made from clear plastics [87]. With the
same dimensions and a density of 1.2*103 kg m3[86], this would result in
a weight requirement of 86.3 kg.

Another 60 kg would be required for the culture liquid. Hydrophobic
polypropylene micropore membranes are used as these membranes

facilitate high mass transfer per area, requiring less volume [83]. It is
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assumed that the membrane systems and the pumps can be covered with

100kg. This leads to the final required weight of 246.3 kg for the reactor.

8.5.2 S. oneidensis model details

Reactor geometry and fluid dynamics: Continuous supply of nutrients
to S. oneidensis is required for iron reduction and bacterial growth. Since
the Fe3* is extracted from regolith particles with a higher density than
water (1.91*103 kg m3), [48] the regolith particles should be prevented
from settling. Mixing can be performed through mechanical agitation with
an impeller, or through the introduction of a gas phase in the bottom of
the reactor. Due to the abrasive nature of regolith particles, mechanical
agitation is expected to soon lead to deterioration of the equipment. The
problem of deterioration is less prevalent in gas-mixed systems; thus,
these systems are preferred.

A gaslift Pachuca tank will perform the necessary mixing. An internal airlift-
reactor [47] was chosen because it provides a higher liquid velocity than a
bubble column reactor, preventing the regolith particles from settling [49].
The cylindrical geometry was chosen to prevent regolith accumulation in
corners, where no flow persists (dead zones). Normally, the gas inlet is
positioned slightly above the bottom of the Pachuca gaslift reactor to
better guide the gas to the riser-region of the reactor [26]. In this case,
the bottom was sloped with the gas inlet at the lowest point to prevent
settling of the regolith by guiding it to the rising gas flow.

With a required volume of 1400 L and a height taken of 2.5 m. The mixing
time of the airlift increases significantly if the liquid height above the baffle
is smaller than 0.4 - 0.5 m in a geometry closely resembling ours [47].
Therefore, the baffle height was set at 1.7 m and a starting height of 0.3
m. Assuming a wall diameter of 4 mm and a hollow structure inside the
internal wall leading to an effective inner wall thickness of 1 cm, we expect
the weight of the carbon composite reactor to be about 100 kg [88], with

about 100 kg of process metrology devices attached. The water recovery
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equipment is assumed to have a mass of about 100 kg and it is necessary

to harvest additional water from local resources [89].

mxWF = He =V, (8.22)
Parameter Value Description
Vs 0.7 [m?] Fermenter volume
Hs 2.5 [m] Fermenter height
Wi 0.42 [m] Fermenter width
Whatfle 0.04 [m] Baffle width
Hbaffle 1.7 [m] Baffle height

Tab. 8.9 Geometry parameters of the gaslift tank.

An estimation of the flow regime in the reactor was done based on the
Reynolds number, using the viscosity and density of water (Eq. 8.23). With
an average liquid velocity of 25%102 m s and a diameter 0.5 m of the
riser part in the reactor, the threshold for turbulence is easily reached [47].
A fully-turbulent flow regime is expected to be reached.

flp 25+1072ms1*0.5m= 1.0* 103 kgm™3

Re = - - >0 10T ol = 62500 (8.23)

If the gas holdup &; is lower than 10%, coalescence should play a minor
role and bubbles can be treated as dissolved species in the liquid using a
continuity equation [90, 91]. A turbulent flow regime allows for decent
mixing, reaching a flow speed of 0.8 m s in a reactor domain similar to
ours with & of 6% [49]. Since the gas flow is only used for mixing and
removal of CO, a low & with small bubbles should sufficiently mix the
reactor for these purposes.

Nitrogen is used for sparging. Recycling can be done from the off-gas as it
is not consumed by S. oneidensis. We propose to remove the produced
CO; with a COy-selective removal system (CRDA) as used in the
International Space Station (ISS) [92].
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Since the particles take up a part of the liquid phase, this was accounted
for in the density (Eq. 8.24) and viscosity (Eq. 8.25). The particle hold-up
was calculated to be only 0.025. An expansion for viscosity with
coefficients a; = 2.5 and a; = 14.1 was used to adjust for the regolith

particles, assuming they are spherical (Eq. 8.25) [93, 94].

Poroth = €L fiuid * Priuid  ELregotith * Pregolith (8.24)

_ _ _ L2
Hprorh = Hiiquid * (1+ay+ Eragolich T Q2 * Ergya!irh) (8.25)

Reaction stoichiometry: Monod kinetics were used to describe the
growth of S. oneidensis. The assumption was made that lactate and iron
were the limiting compounds for growth. The acetate concentration was
assumed to be growth inhibiting (Eq. 8.26) [80].

% C!acrarg CF@ Kl.acrgrarg
max
Kfacmrg + CIacrarg KF@ + CF@ K!.acgmrg + Cacgrarg

H=p (8.26)
Concentration differences resulting from the growth reaction were
calculated with the yield in the iron reduction stoichiometry of S. oneidensis
(8.7). For simplicity, it was assumed that no other reactions take place in

the reactor.
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Parameter Value Description

Mmax 0.1 [h1] Growth rate of S. oneidensis

Mbiomass 20.7 [g mol'] | Biomass weight

Kre 5.47*%10% [M] | Half velocity constant of iron consumption
Kiactate 1.94*102 [M] | Half velocity constant of lactate cons.

Ki, acetate 12.6*103 [M] | Half velocity constant of acetate inhibition
Cy, init 5.94*%10%[M] | Biomass initial concentration

Clactate, init 4.0¥103[M] Lactate initial concentration

Cr*, init 1.5%10[M] Iron initial concentration

Cnw4, init 1*1073(M] NH4* initial concentration

Cacetate, init 0 [M] Acetate initial concentration

Tab. 8.10 Parameters used for the growth kinetics of S. oneidensis on lactate.

Boundary conditions: A zero-flow condition was applied to the walls.
The gas-inlet disperses bubbles with a diameter of 3 mm and a superficial
velocity uin of 1.5%103m s1. A pressure-drag balance slip model was used
to compensate for the difference in liquid and gas velocity, which is
suggested to be more accurate that a homogenous flow model [93]. At the
top of the reactor, for the gas, the outlet boundary condition was set, and
a slip boundary condition was used for the liquid. The centre of the reactor
(r=0) was given the boundary condition of axial symmetry. A reference
pressure was set with a pressure constraint to the upper right corner, in

which the relative pressure was set at p = 0 atm.

Flow model in COMSOL Multiphysics A detailed turbulent flow CFD-
simulation in COMSOL Multiphysics was designed to predict the distribution
of regolith particles in the reactor in reduced gravity. With a small gas
holdup (>10%) the Navier-Stokes equation for the gas-phase can be
neglected. This enables us to solve the flow profile with the
computationally less-intense bubbly flow model, while treating the gas as

transported species [49].
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The bubbly flow interface of COMSOL Multiphysics was used to solve for
the flow profile. We expect the reactor to be symmetrical over the angle .
Therefore, the model geometry could be simplified to an axial 2-D
geometry over radius r and height z. The RANS-equation set is solved for
each point in the mesh we created. Forces for (Martian) gravity, pressure
and viscosity were taken into account. Since we assume the standard
bubble size (d = 3 * 103 m), the large bubble model was used. The
turbulent viscosity (p'r) is adjusted for with the Eddy Viscosity Model
(EVM). The (k-E) turbulence model [25] was used to describe the
turbulence kinetic energy and the rate of dissipation of turbulence energy
(using standard turbulence parameters).

As a turbulent flow regime is hard to solve for steady state, a time
dependent study was set over 120 seconds to calculate the steady state
flow pattern in the reactor. The flow was calculated separately from the

particle tracing.

Parameter value description

Ug,in 0.015 [m s!] Superficial inlet velocity
Omars 3.72 [m s7?] Martian gravity acceleration
dbubble 3*%103[m] Bubble diameter

Pgas, in 0.97 [kg m3] Inlet gas density

Eregolith 0.025 [-] Regolith holdup in liquid

a1 2.5 [-] Viscosity coefficient 1

az 14.1 [-] Viscosity coefficient 2

Hiiquid 2*103 [Pa s!] Liquid viscosity

Tab. 8.11 Parameters used for the flow computation.

Particle tracing model in COMSOL Multiphysics: According to the
national coal board [95] particles distribution of coal with diameter <50um
should be uniformly distributed among a reactor even with low liquid
velocity. The validity of this result in Martian operation circumstances with
regolith (higher density then coal) was verified using particle tracing. The

regolith particles contain the iron, so it should be verified that they are
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mixed abundantly through the reactor to obtain a high enough iron
concentration throughout the reactor.

A simulation of the movement and location of the regolith particles was
done using the COMSOL particle-tracing module. Flow was assumed to not
be influenced by the particles, other than the density and viscosity
corrections already made in the flow profile calculations (Eq. 8.24, 8.25),
since the regolith holdup (Eregoiith) is low (0.025). The previously calculated
flow was used. Hundred 50 pm-sized particles with pregoith Of 1.91*103 kg
m= were simulated for 120 s. The drag force based on Stokes-law was
used with a continuous random walk model taking into account the
turbulent dispersion (standard k-E parameters). Since we predict, based on
the particle tracing, that the iron will be homogenously available
throughout the reactor, the reaction rate and the production should also be
homogenously spread. This reduces the concentration profile to a 0-D
problem. An ODE-45 solver in Matlab with initial conditions as presented in

table 8.10 was used to solve the system for 50h.
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Final remarks and future direction of this work

Benjamin A E. Lehner

9.1 Improvements inﬁthe bactei‘ial reduction mechanism

The work described in th|s fhe5|s |dent|f|es various applications of

microbiological processes, mainly 'ulhvolvmg Shewanella oneidensis, for
nanotechnology and space exploration. The central theme is the reduction
mechanism of the bacterium, and thus, the proposed methodology would
benefit greatly if this mechanism could be further optimized. Recent work
showed that genetic and environmental modifications can indeed improve
the electron transport chain of Shewanella oneidensis [1-3] and further
breakthroughs in this field are expected because of the various applications
of the organism (fuel cells, waste-water treatment, material science,
biomining, bioleaching, etc.) [4-7]. Also, the cultivation of new dissimilatory
metal-reducing microorganisms (DIRM) wiII enhance the understanding of

the biological limits of the reductlon process enabllng new applications.
v '119 ‘ W " "" _,.ti.’
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9.2 Limits for the microbial reduction mechanism

The bacterial reduction process, as shown in this thesis, is a great tool for
a variety of applications. However, many challenges remain to adopt
microbial approaches to reduce ketone, hydroxyl, epoxyl or carboxyl
containing nanomaterials like graphene oxide (chapter 3). Firstly, biological
systems have a variety of by-products, which stick to the oxygen groups of
graphene oxide and tremendously increase the need for purification steps
(downstream processes), which, if not carefully applied, also alter the
properties of the nanomaterial. Secondly, the microbial reduction is with a
1-2 days process-time fairly slow compared to chemical reduction
methodologies, which typically take a few hours. Thirdly, the improved
sustainability and environmental friendliness of microbial methodologies
have still to be shown in an upscaled process, which includes (1) the
medium intake and (2) the gas outtake of the reactor as well as (3) all
down-streaming and (4) reactor cleaning processes involved to achieve
microbially reduced graphene oxide.

Instead, it might be useful to harvest a reduction agent, for example an
organic acid, from bacteria and apply it to graphene oxide [8]. This
reduction agent can remove the oxygen groups in a similar sustainable way
as bacteria, but without the generation of sticky side products.

A further increase in sustainability can be achieved by applying an oxidizing
strain, like Acidithiobacillus ferrooxidans, which could replace the strong
chemistry involved to produce graphene oxide from graphite [9]. The latter
would be in particular beneficial, considering the high number of
applications for graphene oxide, mentioned in chapter 4, including

biosensor, nanocomposites and drug delivery matrixes [10, 11].
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9.3 Experiments to advance microbial impact on

nanotechnology

The cost-efficient bacterial printing methodology (chapter 2) in conjunction
with nanomaterial precursor molecules could be an excellent way to
achieve biological patterning of those precursors and allow for a patterning
of the graphene oxide surface. Our initial trials on the printing of
Shewanella oneidensis inside an alginate matrix onto graphene oxide failed
to show changes in conductivity between treated and non-treated areas.
There were two main issues identified. Firstly, the contact between the
graphene oxide surface and the bacteria, which were trapped in the
alginate gel, was very weak. Secondly, the multiple, tightly stacked flakes
of graphene oxide didn't allow for a penetration into even 1/10 of the
materials thickness.

The first problem could be resolved by applying those bacteria for a longer
timeframe in a less viscose bioink (to allow for sinking) and continiously
adding fresh nutrients to them (to prevent starving). For the second, more
severe issue, a new way to produce and deposit the graphene oxide
precursor material is needed. Only a very thin and uniform deposition of
graphene oxide flakes will allow for sufficient reduction of its surface.

This along with the previously described experiments to oxidize graphite
with bacteria might enable cost-efficient, new and sustainable applications

of patterned graphene oxide.
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9.4 Outlook on biomining for space exploration

The kinetic and yield model in chapter 6 highlighted S. oneidensis out of
four potential candidates as the only organism feasible to extract iron with
a positive yield. For all others, the amount of nutrients needed outweighed
the product. However, A. ferroxidans, M. gryphisiwaldense, and E.coli, the
three other tested organisms, can be feasible if more resources, like
sugars, ions or aminoacids, are available at the destination or if they are
coupled to additional procceses like life-support systems. For example, the
production of acids from the Lunar regolith would make A. ferroxidans an
excellent choice to bioleach the iron(II) rich Lunar material.

The reduction of metal oxides as well as the connected capability to
bioleach metal oxide containing minerals as done by Shewanella oneidensis
might help to purify single elements like iron or aluminum and utilize them
afterwards via on-demand 3D-printing (Fig. 9.1 5a, 6). Those 3D-printed
objects will be essential for rocket-replacement parts and habitat building
blocks. The advancement of new metal printing methodologies, which are
also suitable for partial gravity, will further advance the possibilities in this
sector. Companies like Lithoz, Space Foundry or Sisma are working in
conjunction with ESA and NASA on those advancements.

Chapter 8 modelled how this entire process of a Shewanella oneidensis
bioreactor could be added to a Mars colony. We assumed that a shaking
bioreactor would perform the best, because all results in chapter 7 were
obtained in a shaking environment and first trials of non-shaking batches
showed insufficient reduction. Nevertheless, it would be interesting to test
biofilm based sink-bed reactors for the exact same purpose of producing
magnetite with S. oneidensis and compare their efficiency in an additional
bioreactor model [12]. The main advantage of this type of system is the
undisturbed formation of biofilms. A wide range of dissimilatory metal-
reducing microorganisms are known to perform best if they are in direct

contact with the electron acceptor [13]. The cell-to-rock contact can enable
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an improved direct reduction via the cell membrane as well as the
formation of nanowires [14]. Independent of the type of reactor, the
extraction of iron initiated by Shewanella oneidensis (Fig. 9.1 3,4) or
another similar biomining process, could be the core of a biological
infrastructure on Mars. It fulfils the immediate need of on-demand
construction parts for the newly established colony, while at the same time
enhancing the available biomass for biology-based processes. Further
experiments will be necessary to test the biomass recycling and transfer
into life support systems (Fig, 9.1 5b). The CROP system at the DLR and
the European Astronaut Centre (EAC-ESA) in Cologne might serve as a
testbed for those trials.

The introduction of algae as nutrient source for the biomining process, as
well as an oxygen source for human, into the biological infrastructure
might increase its feasibility tremendously (Fig 9.1 2). Algae or
cyanobacteria can fixate the atmospheric carbon dioxide on Mars. The
Martian surface has a pressure of 700-1000 Pa [15], which consists to 95
% of carbon dioxide and 0.07 % of carbon monoxide with the latter being
toxic for many photoautotrophic organisms [16, 17]. If the air is
compressed to physiological levels the carbon monoxide has to be reduced
or a very resistant algae strain must be used. Additional studies to proof
the successful implementation of the algae as an amino acid or sugar
source for Shewanella oneidensis will be essential. Lynn Rothschild’s lab at
NASA Ames already investigated the usage of algae as a nutrient source
for Bacillus subtilis and different yeast strains, which is a positive indication
that it will also work for Shewanella oneidensis. Another way to improve
the feasibility of any biological process is the addition of /n-situ water to
the system. A majority of the ISRU efforts of space agencies around the

world is currently focusing on this water mining process [18].
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Fig. 9.1 Overview of the microbial infrastructure with a focus on biomining
applications. A rover is mining regolith particles and water (1) from the Martian
soil and transferring those to a bioreactor. Algaes are grown in a photoautotroph
reactor (2) to supply nutrients for the biomining reactor as well as oxygen for the
astronauts. A batch of bacteria leaches and changes the properties of the regolith
particles (3) and an extraction methodology, in this case magnetic extraction, is
applied (4). The magnetically extracted material can be 3D printed (5a) or stored
and used if demand arises (6). The leftover material (5b) can be recycled for plant

growth.
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9.5 Experiments to advance biomining for space

applications

After the previously mentioned model of a sink-bed reactor and some
further experiments under non-shaking conditions a proof-of-concept
bioreactor should be designed. The bioreactor has to combine the microbial
reduction process with an optimized magnetic extraction mechanism. It
could host multiple electromagnets on the top or even a central
handmagnet, which is insulated from the liquid. Both solutions would only
work in a shaking environment.

Besides the engineering challenges for the reactor design, there are also
further biological tests considering the space environment to be conducted.
The bacterial extraction should be exposed to partial gravitation and a
increased radiation background. The first test could be done in a centrifuge
at the ISS, a satellite or any launching vehicle which stays in orbit for more
than a few days. The partial gravity of Mars (0.38 g) is not expected to
influence the methodology negatively [19], but only a test under those
conditions could bring clarity. Shewanella oneidensis was already once
tested on the ISS between March and October, 2018, regarding its ability
to survive and strive under microgravity. The three objectives of this study
were to “(1) Measure Shewanella oneidensis MR-1 extracellular electron
transport (EET) rates, and determine the EET mechanism(s) impacted by
microgravity using biochemical and genetic approaches; (2) Characterize
and quantify S. oneidensis MR-1 biofilm development under microgravity
conditions; (3) Identify other key molecular and genetic components for
biofilm formation, and extracellular electron transport, that are affected by
microgravity by utilizing genome-wide gene expression and mutant fitness
profiling”. The results of this experiment are still pending and will help to
understand better if we should use this organism or introduce the

reduction mechanism into another bacterium instead.
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9.6 Final thoughts

The electron transport mechanism of Shewanella oneidensis makes it a
fascinating organism, and we will see even more real-world applications of
it and others dissimilatory metal-reducing microorganisms in the future,
especially due to improvements in its reduction capabilities. The convincing
work showing that microorganism can be feasible in space-biomining
applications in this thesis, is certain to have a lasting impact on the way we
approach biology for space exploration. The combination of chapter 7,
which shows an experimental proof-of-principle of the iron extraction
mechanism together with chapter 6, which analyses the theoretical
feasibility should be the standard procedure to convince decision makers of
its value. Chapter 5 and 8 give examples of how to potentially implement
those biological processes in the programs of space agencies around the
world. I hope that this line of work will be further supported with
manpower as well as funding to drive investigation of biomining
approaches via dissimilatory metal-reducing microorganisms to the next
level and finally apply it one day on Mars.

It was an insightful experience to study Shewanella oneidensis and work
on potential applications in the field of nanotechnology as well as space
exploration. My journey introduced me to a variety of new fields including
geology, biotechnology, cleanroom-fabrication, aerospace engineering, and
synthetic chemistry. I am looking forward to applying those as well as the
management, planning, and presentation skills acquired to my start-up
company, which will be my next personal endeavour. The start-up called
IntuAir will use nanotechnology and biotechnology to build a high-tech
urban forest for the fixation of carbon dioxide and the improvement of

indoor air quality.
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Summary

Bacteria and other microorganisms are known and studied as an essential part
of daily life and they are utilized in a variety of fields. This work identifies
applications in nanotechnology and space research, using the same bacterium
for both: Shewanella oneidensis. The extracellular electron transfer (EET)
mechanism situated mainly in the cell membrane of Shewanella oneidensis
transports electrons, which are produced during its regular metabolic activity,
to the outside of the cells. In the presence of certain metal oxides, the bacteria
can reduce them while releasing carbon dioxide.

In the field of nanotechnology, we applied this bacterial metabolism to
graphene oxide. Graphene oxide (GO) is a 2-dimensional material consisting of
a one atom layer thick carbon lattice with oxygen groups (epoxyl, hydroxyl,
carboxyl) bound on the top and bottom of the lattice. In this oxidized state the
material is stable in water and modifiable, but not conductive and less
mechanically strong than if it is reduced. Therefore, we investigated the
reduction mechanism of Shewanella oneidensis to reduce the oxygen groups
and improve the conductance while keeping the material stable in water and its
2-dimensional structure. The microbially reduced graphene oxide (mrGO) was
less conductive (2.5 magnitudes increase in conductance in comparison to GO)
than the chemically reduced (crGO) one (3.1 magnitudes increase in
conductance in comparison to GO), but it sustained its 2-dimensional structure
better (average thickness — mrGO: 10.4 £ 0.4 nm, crGO: 31.3 £ 7.0 nm).

To adopt this microbial reduction process in a macroscopic application we build
a set-up to 3D-print the bacteria together with the graphene oxide and enable
reduction in the so-printed structure (conductive ink / conductive gel). The
reduction of graphene oxide was not possible because of missing nutrients,

limited penetration depth and the reduction of the alginate matrix by the
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bacteria. Nevertheless, we could apply this methodology to show the general
possibility of 3D printing bacteria for material production in multiple layers and
with a resolution of 1.00 £ 0.15 mm.

The 2-dimensional structure of graphene oxide and therefore, its maximal
surface-to-volume ratio also makes it an optimal material for biosensors
because of the connection between sensitivity and surface area. Further
chemical modifications are needed to passivate the surface of the material and
with that, improve its specificity for targeted biomolecules as well as make it
more biocompatible. We used a combination of colamine (CA) and polyethylene
glycol (PEG) dissolved in either dimethylformamide (DMF) or dimethyl sulfoxide
(DMSO) for the passivation and tested the material with X-Ray photoelectron
spectroscopy (XPS) and fluorescence microscopy.

In space research, we focused on the application of bacteria for in situ
resource utilization (ISRU) on Moon and Mars. ISRU describes the process of
utilizing the natural resources found at the destination to construct, repair and
refuel. This process should improve the sustainability of space missions while at
the same time reducing the costs. For this purpose, experiments with
Shewanella oneidensis and Escherichia coli were performed to show the
extraction of iron and silicon from several different Lunar and Martian regolith
simulants (JSC-1A, JSC-2, EAC-1, LHT3M and JSC-Mars1). The most successful
extraction was performed with S. oneidensis on JSC-Marsl and increased the
extractable amount of iron by 5.5-fold after bacterial treatment.

Additionally, we modelled the general process, payback time and yields of the
most promising bacteria for iron extraction in a feasibility study. To do so we
calculated the amount of nutrients and infrastructure which needs to be
transported from earth to enable the material extraction and combined it with
experimental data regarding the bacterial growth. The only organism who had
feasible yields was Shewanella oneidensis (payback time of 3.3 years), who
reduces Fe(III) ions which can lead to a precipitation of magnetite. The
magnetite can be extracted magnetically, and the iron therein can be utilized

for maintenance materials, repairs and constructions. The left-over, non-
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magnetic material is due to an increased amount of nutrients and less toxic
iron molecules an improved growth medium for plants in biological life support
systems. The whole process was ultimately combined in a potential mission
architecture with the bioreactor as lander and a rover to gather the material as
well as an integration in a Mars habitat connected to its life-support system.
This work shows for the first time all aspects needed for a feasible biological /n
situ resource utilization including a mission architecture and study of the

potential yields.
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Samenvatting

Bacterién en andere micro-organismen zijn onderdeel van ons dagelijks leven
en worden intensief onderzocht. Dit werk identificeert toepassingen van
bacterién in nanotechnologie en ruimteonderzoek. Wij hebben voor beide
velden dezelfde bacterie gebruikt: Shewanella oneidensis. Het elektron transfer
mechanisme (MtrA, MtrB, MtrC, OmcA) in het celmembraan van Shewanella
oneidensis vervoert elektronen, welke tijdens stofwisselingsprocessen
geproduceerd worden, van binnen naar buiten. In de aanwezigheid van
metaaloxiden kunnen de bacterién deze reduceren.

In ons nanotechnologisch onderzoek hebben wij dit reductieproces op
grafeenoxide toegepast. Grafeenoxide is een tweedimensionaal materiaal dat
slechts één atoomlaag dik is, het is een koolstofraster met zuurstofgroepen
(epoxyl, hydroxyl, carboxyl). In deze geoxideerde toestand is het materiaal
stabiel in water en aanpasbaar, maar minder mechanisch sterk en niet
geleidend. Daarom hebben we het reductiemechanisme van Shewanella
oneidensis onderzocht om de zuurstofgroepen te reduceren en de geleiding te
verbeteren terwijl het materiaal stabiel blijft in water en de tweedimensionale
structuur behoud. Het door dit proces microbacterieel gereduceerde
grafeenoxide (mrGO) (2,5 orde van groottes toename in geleiding) was minder
geleidend dan het chemisch gereduceerde grafeenoxide (crGO) (3.1 orde van
groottes toename in geleiding), maar het behield zijn 2-dimensionale structuur
beter (gemiddelde dikte - mrGO: 10,4 £ 0,4 nm, crGO: 31,3 £ 7,0 nm)

Om dit microbacteriéle reductieproces in een macroscopische toepassing over
te nemen, bouwden we een set-up om de bacterién samen met het
grafeenoxide te 3D-printen en reductie van de aldus gedrukte grafeenoxide
(geleidende inkt / geleidende gel) mogelijk te maken. De reductie van

grafeenoxide was niet mogelijk vanwege ontbrekende voedingsstoffen en de



Epilogue | 239

reductie van de alginaatmatrix door de bacterién. Niettemin konden we deze
methodiek toepassen om de algemene mogelijkheid van het 3D-printen van
bacterién voor materiaalproductie in meerdere lagen en een resolutie van 1,00
+ 0,15 mm laten zien.

De tweedimensionale structuur van grafeenoxide met een maximale
verhouding van oppervlak tot volume maakt het ook een optimaal materiaal
voor biosensoren door een enorme toename van de materiaalgevoeligheid.
Verdere chemische modificaties zijn nodig om het oppervlak van het materiaal
te passiveren en daar mee zijn specificiteit voor gerichte biomoleculen te
verbeteren en het meer biocompatibel te maken. We gebruikten een
combinatie van colamine (CA) en polyethyleenglycol (PEG) opgelost in
dimethylformamide (DMF) of dimethylsulfoxide (DMSO) voor de passivering en
testten het materiaal met X-Ray photoelectron spectroscopy (XPS).

In ruimteonderzoek concentreerden we ons op de toepassing van bacterién
voor in-situ resource-gebruik (ISRU) op Maan en Mars. ISRU beschrijft het
proces van het gebruiken van natuurlijke hulpbronnen die op de bestemming
zijn gevonden om te bouwen, te repareren en bij te tanken. Dit proces moet de
duurzaamheid van ruimtemissies verbeteren en tegelijkertijd hun kosten
verminderen. Voor dit doel werden experimenten met Shewanella oneidensis
en Escherichia coli uitgevoerd om de extractie van ijzer en silicium van
verschillende Maan- en Marsregoliet simulanten (JSC1A, JSC2, EAC1, JSC-1
Mars en LHT3M) te laten zien. Daarnaast modelleerden we het algemene
proces, de terugverdientijd en de opbrengsten van de meest veelbelovende
bacterién voor ijzerwinning in een haalbaarheidsstudie. Om dit te doen hebben
we de hoeveelheid voedingsstoffen en infrastructuur die van de aarde moet
worden getransporteerd om de materiaalextractie mogelijk te maken berekend
en deze gecombineerd met experimentele gegevens met betrekking tot de
bacteriegroei. Het enige organisme dat haalbare opbrengsten had, was
Shewanella oneidensis, die Fe(III) moleculen reduceert die kunnen leiden tot
neerslag van magnetiet. Het magnetiet kan magnetisch worden geéxtraheerd

en gebruikt worden voor onderhoudsmaterialen, reparaties en constructies. Het
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resterend, niet-magnetisch materiaal is een optimaal groeimedium voor planten
in biologische levensondersteunende systemen. Het hele proces werd
uiteindelijk gecombineerd in een potentiéle missiearchitectuur met de

bioreactor als lander en een rover om het materiaal te verzamelen.
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Betti fuer die andauernde Motivation und wunderschdne Erinnerungen in
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Lydia, Valle, Nik, Wolfi, Kurzi, Hansi und alle anderen mit denen wir gefeiert
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Every failure you endure, every criticism you receive and every day you
persevere has solely one goal: Bringing out the best in you. So, stay tuned and

become the best version of yourself!
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