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1 Executive Summary

We have completed the proof of concept described in our Phase I proposal, a two-material array of non-
structural proteins. We created an implementation of each step in our technology concept (Figure 7.1} and
demonstrated its critical functionality (Table 7.2). The biological chassis and printing hardware we created
as part of this work can be re-used for future work by inserting a material coding region upstream of the
fluorescent tag. Overall, we showed that our technology concept is sound.

The mission benefit analyses, as described in our Phase I proposal, are complete and contained in this re-
port. These calculations show that our technology can save hundreds of kilograms of upmass for a potential
planetary human habit construction mission: the mass per habitat module can be reduced by approximately
one third if the biomaterials are manufactured on Earth and included in the mission upmass, and the full
240 kg per module can be saved if the materials are derived entirely from in situ resources. Mass savings
between these two extremes is expected for an actual mission, depending on the level of in situ resource
extraction technology. We have shown that continued advancement of this technology concept for use in a
space mission environment is justified.

Our survey of future development pathways proved extremely informative in light of the lessons learned
from our proof of concept work and mission scenario analyses. For example, we were able for the first
time to distinguish between the levels of functionality provided by production of structural proteins, other
polymers such as polysaccharides, and true organic-inorganic composites such as bone and mineralized
shell. This new information represents a significant advance in formulating specific applications, and key
enabling technologies, for our proposed concept.

We surveyed potential collaborations with other projects and synergies with enabling technologies that are
developing. We have received requests for collaboration from other institutions, including labs at Stanford
University and Drexel University. We have also received visits from industry, including Organovo, a tissue
engineering company, and Autodesk, a major 3D and materials design software company. Finally, we
have been in touch with the team behind the 2013 NIAC Phase II ‘Super Ball Bot - Structures for Planetary
Landing and Exploration” and are planning to develop our biomaterial printing technology with the goal
of enabling tensegrity-based rovers such as theirs to use lighter, more robust materials.

A smooth transition from TRL 2 to TRL 3 assumes that the implementations of the technology concept
which demonstrate critical functionality are also pathways for future development; while this is the case for
most hardware or software projects, the multidisciplinary nature of our project, particularly the biological
aspect of it, means that this is not always true. For example, as part of this work we showed that although
there are large number of known genetic parts that correspond to non-structural materials, this is not true
for sequences for structural organic proteins, let alone biominerals. These realizations allowed us to further
subdivide our concept into more detailed development areas, some of which are clearly established at TRL
3, others of which were newly identified sub-technologies moved from TRL 1 to TRL 2.

Similarly, although a single feasibility /benefit analysis is sufficient for advancement from TRL 2 to TRL 3,
not all potential benefits to a technology concept as broad in scope as ours are apparent at TRL 2. Both our
future pathways survey and our proof of concept work highlighted that the true mass savings potential
of our technology concept cannot be quantified without modification of existing materials modelling tools
to take into account the possibility of positional materials properties customization. Therefore, we have
simultaneously both advanced one potential set of applications of our technology concept from TRL 2 to
TRL 3 and also identified a previcusly unknown set of applications and advanced it from TRL 1 to TRL 2.

Overall, we have moved the original formulation of our concept forward from TRL 2 to TRL 3, and the



expanded formulation of it presented in this document has been advanced from a combination of TRL 1
and early TRL 2 to an overall late TRL 2. We have also identified the key areas necessary for both short-term
and long-term advancement, and made recommendations for specific future work in the most promising
directions. With future work on a 1-2 year timeframe to continue advancement to overall TRL 3, we will be
well positioned to begin work on a specific space mission technology insertion path.
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3 Introduction

3.1 Summary of Concept

Imagine a space mission structural module, whether lander frame, rover chassis, habitat support, or space-
craft hull, built from a single, continuous material. No pins, no bolts, no rivets; no joins, no welds, no
laminates. The structural material’s properties have been customized at a molecular level to allow it to be
dense, rigid and load-bearing where necessary yet light and flexible wherever possible, drastically reducing
total mass. The hierarchical microstructure of the material allows it to be far more fracture-resistant and
energy-dissipating for its weight than traditional engineering materials, fundamentally altering the risk
balance of planetary exploration.

Building further upon the mission concept, imagine that the structural material transitions seamlessly into
a flexible gas barrier, creating functional unification between tensile, compressive, and pressurization sup-
port. Inherent ‘joints’, created by customizing directional material flexibility along particular axes, allow
the entire structure to fold up like an umbrella into a smaller configuration when depressurized for reduced
launch or re-entry volume. The open interior of the structure provides usable space for other mission func-
tionality, including internal actuation, thermal protection, or radiation shielding. The ability to create a new
class of biologically inspired materials customizable at this fine level will open up a new field of materials
design for space applications.

Upmass requirements are the single most significant limitation of our current space mission capability. The
limits of what we can economically launch and safely land severely restrict current missions and disqualify
many others from consideration. For example, a lunar or Mars base would require heavy manufactur-
ing equipment and construction materials far beyond our current transportation capacity. We believe that
our proposed approach to structural materials manufacturing has the capability to both reduce upmass
and allow the construction of a new category of strong, lightweight, multifunctional structures. It is a
wide-ranging new synthetic material design and production technique, capable of creating novel biocom-
posites and laminates with customized physical properties; vastly increasing the use of extraterrestrial in
situ resources in place of transported materials; and enabling just-in-time manufacturing of needed parts in
off-Earth environments.

Our technique combines the emergent technologies of 3D live cell printing and synthetic biology. We will
3D print cells which have been genetically engineered to produce the constituent organic and inorganic
phases of the desired synthetic biomaterial at rates under human control. Varying the internal self-assembly
of the constituents at multiple spatial scales — ranging from the crystal lattice structure at the molecular scale
to bonded ‘plates’ and ‘scales’ in the millimeter range — will enable the production of single-material, con-
tinuous structures with superior performance to any currently available. This technology will fundamen-
tally invert the traditional relationship between materials and structural design. Given a set of structural
requirements, designers currently must choose the shape of a structural element based on its material prop-
erties; under this new paradigm, designers need simply calculate the material properties necessary to suit
the desired shape.

Specific applications include:

* Reduced upmass requirements for space missions. We can implement both just-in-time manufacturing of
all needed materials from a small stock of basic resources and direct production of finished parts from
digital templates, eliminating the need to bring most pre- and post-processing manufacturing equip-
ment. The upmass requirements for everything from the ISS to, one day, a leng-term lunar or Martian
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Figure 3.1: When combined with advances in in situ resource extraction and space synthetic biol-
ogy, our technology concept has the potential to enable low-overhead, on-demand manufacturing of
advanced, customized synthetic biomaterials in a space mission context.

base would be drastically reduced.

« Increased mission robustness for human exploratioWith the ability to manufacture a wide range of ma-
terials and structures on an as-needed basis, astronauts can address unforeseen challenges using the
best tools and materials for the job, regardless of whether those items were included in the payload.

¢ Increased use ofin situ resources in off-Earth environments.Since the cells make the biomaterial compo-
nents of the finished product from basic molecules, a wide variety of materials - food, cloth, machine
parts, construction materials — can be made from a very limited basic resource palette. In situ resources
could replace transported ones in maintaining a long-term human space presence, building structures
on other worlds, and even asteroid mining.

« Improved landing structures. The highly energy-absorbing properties of structural biomaterials allow
them to withstand much greater loading conditions, particularly sudden shocks, than traditional engi-
neering materials. They offer the possibility oflarge, lightweight landing structures, replacing mass-
limited airbags or complex ‘skyhook’-type approaches, that significantly increase the potential science
payload of an MSL-type planetary exploration mission.

« Highly resilient exploration devices.The same energy-absorbing properties can be used to create chassis
for planetary rovers that are extremely resilient to unexpected impacts such as falls or collisions. This
greatly reduces the risk of remote or autonomous planetary exploration missions, particularly those
with long time delay impeding supervisory control (e.g., Mars) or limited advanced sensing capabili-
ties (e.g., Titan).

In short, this concept holds the potential to open up new frontiers in the human space presence, planetary
exploration, advanced manufacturing, and materials science.

3.2 Review of Proposed Work
Our Phase 1 proposal had four objectives:
1. A feasibility and benefit analysis of this technology in two specific mission contextée proposed (1) a ‘mini-

mal working example’ making a finished biomaterial part aboard the ISS, and (2) ‘cradle-to-grave’ use
at a Mars human habitat. These analyses are presented in  Section 6.



Table 3.1: TRL definitions as applied to our technology at the time of our Phase | proposal.

TRL Definition Status
, . (a) technology concept formulated .
early” TRL. 2 (b) documented speculative practical application completed by Phase I white paper
TRL 2 exit | (a) feasibility /benefit analysis Phase I Objective #1
‘early’ TRL 3 | (a) proof-of-concept demonstration Phase I Objective #2
et (a) analytical prediction of key parameters
late’ TRL 3 (b) laboratory validation of predictions future work

2. A proof-gf-concept demonstration integrating all critical components of the biomaterial production technology.
A grid of two simple proteins, with a pattern. demonstrated to correlate to the digital material tem-
plate used to print the original cell array. Showing end-to-end critical functionality of each component
part of our technology concept is necessary to validate the core technology concept. The process of
implementing this demonstration and its results are included in Section 7.

3. A proposed design of this technology for follow-on work. We surveyed and provided recommendations for
hardware, biological, and material implementations for the next stages of technology development.
This objective complemented both #1 and #2, and is included in Section 8.

4. A study of potential benefits of combining this technology with other concurrent, complementary studies. We
briefly survey potential synergies and collaborations between our technology concept and other cur-
rent and emerging research topics. The conclusions are presented in Section 9.

As listed in our Phase I proposal, our goal was fo produce, in a nine-month timeframe, the following: - a
list of appropriate demonstration materials (Table 6.6, Table 6.2, and Table 6.3); - lines of cells expressing
those material components (Figure 7.15); - a proof of concept demonstration created by printed arrays of
these cells (Figure 7.26); - the results of microscopy that evaluate this proof of concept (Table 7.2); - estimates
of the mass and energy cost for this system at the scale required for a Mars mission, along with the mass
savings due to the use of this technology in place of traditional materials (Section 6).

All deliverables promised in our Phase I proposal are included, as listed above, in this report.

3.3 Technology Readiness Level Definitions

The established TRL categorical definitions require specification when applied to a particular technology.
The formulation of the concept and the generalized aerospace potential applications in our Phase I Step A
proposal met the criteria to establish the concept prior to our Phase I work as ‘early TRL 2.

To advance the TRL, two steps were required. The first, a feasibility /benefit analysis in a mission scenario,
is the TRL 2 exit criterion. The second, a physical implementation of the technology idea sufficient to be
a proof of concept, defines ‘early TRL 3. We include these definitions, the same as those in our Phase I
proposal, in Table 3.1.

The purpose of including a proof-of-concept demonstration and mission feasibility /benefit analysis as part
of TRL advancement is to answer those questions about cost and benefit that can be answered with the
current state of knowledge and to bring to light those that cannot — in other words, to let us know what
we do and don't know. Cur technology is innovative, multidisciplinary, and extremely broad in potential
scope; therefore, a significant part of both the proof of concept and the mission scenario analyses has been
identifying the unknowns encountered raised and evaluating future paths to addressing them.

We completed the proof of concept described in our Phase I proposal (Objective #1), a two-material array
of non-structural proteins. The biological chassis and printing hardware we created as part of this work
can be re-used for a future structural proof of concept if one of the few structural proteins available as a



genetic part is used. However, our survey of available regulatory genetic parts (as part of Objective #3),
particularly material delivery methods and coding regions for mineralization pathways, indicated that a
significant amount of original synthetic biology work needs to be done before the biological system can be
considered a general platform for structural material production.

The mission benefit analyses as described in our Phase I proposal (Objective #2) are contained in this report.
As was appropriate for the information we had prior to the completion of the proof of concept, we focused
on the benefits due to material substitution and in sifu resource utilization. These calculations alone show
that our technology can save hundreds of kilograms of upmass for a potential human habit construction
mission, cutting the mass by one third if the biomaterials are manufactured on Earth and included in the
mission upmass, and cutting the full 240 kg per module if the materials are derived entirely from in situ
resources instead of aluminum and kevlar. However, as part of our proof of concept work, we showed
that the true mass savings potential of our technology concept cannot be quantified without modification
of existing materials modeling tools to take into account the possibility of positional materials properties
customization. Development of these tools is within the scope of short-term (1-2 year) future work.

Taking these results of our Phase I work into account, we have defined the integral parts of our technology
concept at a higher level of resolution - following the definition of the main different technology compo-
nents shown in Figure 7.1, with some areas detailed further — and characterized each individual area in
terms of its prior and current TRL. The results are shown in Table 3.2,

There are two major TRL advancements presented in this report. Firstly, the mission effects of applying
our technology concept purely for its material substitution and on-site manufacturing capabilities show a
clear benefit. Secondly, the proof of concept shows that there is at least one complete implementation of the
concept that achieves all critical function in a non-structural material production run.

Beyond these advancements, we have added the mission effects of novel material design and material
optimization as a new unknown and still TRL 2, as we cannot yet capture the technology concept’s true
potential without addressing them. We also list the organic/inorganic compositing aspect of our technology
as advanced from TRL 1 to TRL 2, but pending future work on a second, structural proof of concept to reach
TRL 3. We have listed our recommendations for this second proof of concept in Section 8.

3.4 Mission Scenarios Definitions

Due to the unusual breadth of potential aerospace applications of our technology concept, we decided to
begin with two distinct mission concepts for our feasibility /benefit analysis. The two mission contexts
were chosen to span different radiation, thermal, gravitational, and in sifu resource availability regimes: (1)
creating a structural replacement part aboard the International Space Station (ISS), and (2) providing a long-
term Mars human habitat with construction materials, insulation, shielding, machine parts, and more. By
examining the needed material functionality across at least two mission concepts, we were able to identify
the types of missions and structures our concept is best suited to enable.

3.4.1 Structural Part Replacement, International Space Station

Our first mission scenario was chosen to emphasize the on-site manufacturing and material basis substi-
tution potential of our concept. On the ISS, replacements for damaged parts must either be included as
redundant mass in advance or sent up from Earth as needed. The first approach causes significant unused
upmass, as parts which will not be needed must be sent up to ensure that there are sufficient replacements
available for all critical components; the second approach rigks time delays in providing critical function-
ality and may result in unused launch capacity. The ability to manufacture structural elements of a wide
variety of materials, without having to bring all required base materials or limiting oneself to the types of
feedstock compatible with current 3D printing techniques, would save both time and money while increas-
ing mission robustness.

As a representative part that may need replacement, we chose a Nomex EVA tether with aluminum hooks,



Table 3.2: Summary of the components of our technology concept and their status before and after
our Phase | work.

Obj. Component Pre-Phase I Status Current Status
#1  material substition effects
#1  onsite manufacturing effects
#1  novel material design effects
#1  material optimization effects
host cell engineering
plasmid backbone engineering
biomaterial production
structural material production
material production control
organic material delivery control
inorganic material delivery control
material binding control
pint medium
3D printing system
print substrate
2D material verification
3D material verification

N
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part number SED33104391-301 from the EVA Tools and Equipment Reference Book [1, p. 379]. A single-
material part was chosen in order to provide a clear and straightforward comparison to the potential
biomaterial-based alternatives. This is an element loaded in pure tension and consisting of a single ma-
terial whose properties are constant along its length.

34.2 Long-Term Habitat Construction, Mars

Our second mission scenario was chosen to emphasize the in situ resource utilization and material form
factor substitution potential of our concept.

In situ resource utilization is highlighted as key area for NASA due to its potential to reduce the upmass
needed for planetary missions [52]. Our technique enhances this advantage, since with cell-based biomate-
rial production, the locally available carbon dioxide, sunlight, and regolith can be the raw materials needed
to produce any number of structural materials.

We used the Human Exploration of Mars Design Reference Architecture 5.0 from NASAs Mars Architecture
Steering Group [29] as a baseline mission architecture. As with the ISS mission scenario, we focused on a
subset of needed structures to allow for a more in-depth materials breakdown. We chose habitats, as there
is an long history of work on planetary habitat design (e.g., [13, 41, 71, 82]) and many of the constraints on
planetary habitats are also applicable to spacecraft or space station modules [74]. We use the expandable
habitat design from [71] as a specific material baseline where needed.



4 Technical Background

4,1 Definition of Structural Biomaterials

Biomaterials are the natural materials produced by and integrated into living systems, as well as artificial
materials developed to mimic them [79]. (There is considerable debate over a precise definition of the term;
we use it in its broadest possible useful sense here.) In size, they range from a single nanometer, for simple
molecules like sugars, to micron-sized cell walls, to millimeter-sized sponge spicules, to meter-sized bones,
to trees that can reach 100 m in height. In complexity, they range from largely amorphous soft matrices to
highly structured, multi-layer composites of organic and inorganic constituents. There are many examples
of naturally occurring materials showing all combinations of these characteristics (Figure 4.1); many pro-
teins form highly ordered folded assemblies, and fist-sized sponge exoskeletons may be essentially bulk
calcium carbonate deposits.

Our focus here is on non-living, structural biomaterials. In nature, these are the materials which are pro-
duced by, or integrated into, living systems to provide a physical, mechanical function — protection, lever-
age, support, and so on. The distinction between living tissue and non-living biomaterial is typically blurry
in natural systems; an animal bone, for example, is a living organ that consists of active cells which have
generated a complex, partially mineralized tissue, and it plays important hormonal and metabolic rcles
in addition fo its mechanical one [89]. We define the structural biomaterial associated with bone as that
extracellular part of the tissue which would, at least in theory, have essentially the same mechanical prop-
erties if all living cells were removed: a highly ordered composite of proteins (collagen, etc.) and biogenic
minerals (calcium phosphate). Most structural biomaterials are rarely, if ever, found in a purely non-living
state in nature; it is because our technology aims to create such forms of these materials that we term them
‘synthetic biomaterials.”

Table 4.1 lists several examples of natural structural biomaterials and their most important constituents.
A very common, though by no means dominant, type of arrangement consists of long-chain tough fibers
such as collagen or keratin embedded in a softer and more compliant matrix. In some cases, such as spider
silk, a single protein may fill both roles by alternating between different folding configurations; there are
many more examples of composite materials in which the fibers and matrix are different material types.
Most structural biomaterials are entirely organic, in the chemical sense of consisting of carbon-based com-
pounds such as proteins, polysaccharides, and so forth. However, the most rigid structural biomaterials are
those which have an additional inorganic component. These biominerals are formed through biologically-
controlled crystallization of inorganic materials, such as calcium salts; this process of biomineralization
is generally poorly understood [10], but there are known to be several different mechanisms involved in
different species [6, 32, 86].

4.2 Properties of Structural Biomaterials

Naturally occurring structural biomaterials have several common traits relevant to our applications (see
[61, 68, 105] for extensive reviews):

» Hierarchical structure. This, perhaps more than anything else, defines the class of biomaterials of most
interest to us. Nacre, part of mollusk shell, is an excellent example (Figure 4.2). it has at least six
different spatial scales of organization, with ‘rods” bound together to form “tiles’, ‘tiles’ into ‘shelves’,
and so on. The impressive toughness and resilience of many structural biomaterials emerge from their
ability to distribute loading or impact energy between each of these microstructured levels.

» Strong functional customization. For example, the the non-living materials that compose insect [17] and



Table 4.1: Naturally occurring structural biomaterials may have compliant, rigid, organic, and inorganic components in any combination.
It is worth noting how many different structures, with wildly differing mechanical properties, can be constructed from essentially the same
basic components.

ot

Structure Example Support (Matrix) Structure (Organic)  Structure (Inorganic) Notes
cytoskeletal fibers all(?) cells - filamentous proteins - [60]
magnetosomes bacteria lipids, proteins - iron oxides or sulfides  [56]
frustrule diatoms silaffins - silica [23]
microbial mats microbial mats polysaccharides - calcium carbonate  [42]
silk silkworms sericin fibroin - [54]
silk spiders spidroin (amorphous) spidroin (crystalline) - [76]
spicule siliceous sponges silicateins - silica [87]
spicule calcareous sponges collagen - calcium carbonate [B6]
shell crustaceans resilin chitin calcium carbonate [78,102]
shell mollusks glycoproteins, polysaccharides chitin calcium carbonate [61, 62]
feather birds unknown keratin - [107]
tooth enamel vertebrates - - calcium phosphate  [33]
cartilage animals proteoglycans collagen, elastin - [46]
horn, hoof vertebrates keratin (amorphous) keratin (crystalline) - [101]
bone, scale vertebrates glycoproteins collagen calcium phosphate  [89, 107]
wood plants lignin cellulose -
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Figure 4.1: Biomaterials cover a wide range of size and complexity scales, ranging from simple
biomolecules to macroscale organic-inorganic composites. (Non-original images are public domain.)

crustacean [ 78] exoskeletons are optimized at a molecular level to allow the structure to be dense, rigid
and load-bearing where necessary yet light and flexible wherever possible; the outer surface transitions
to a flexible vapor barrier, preventing dehydration; and the inner surface can transition to muscle or
other attachments.

Robust interfacing of distinct component materialdlany biominerals have organic and inorganic compo-
nents interwoven in a highly ordered way on the molecular level. At a larger scale, many biological
structures have continuous, gradient transitions between material phases [ 57, 106] - for example, the
collagen fibers of rigid bone are essentially part of a continuous piece with the attached collagen-based
tendons — which eliminates the weak points caused by seams, bolts, laminates, and so on in traditional
human manufacture.

Combinatorial complexity from basic molecular constituenthe basic building blocks oflife are carbon,
hydrogen, oxygen, nitrogen, phosphorus and sulfur. Proteins and polysaccharides have an astonishing
array of properties despite having only a few dozen component monomers. There are relatively few
inorganic components found in biomineralization - silica, calcium salts, and a few metals (primarily
deposited by bacteria in sedimentary structures) comprise the vast majority. It is differences in the mi-
crostructures formed by these materials that are responsible for the incredible diversity of mechanical
properties in structural biomaterials. This common material basis, combined with on-site manufactur-
ing capabilities and the possibility of in situ resource extraction, makes biomaterials very mass-efficient
to produce.

Low mass. Structural biomaterials are near-universally less dense than traditionally-used manufactur-
ing materials such as metals and ceramics. On many engineering measures - tensile strength, fracture
resistance, elasticity, and so forth — they are also lighter for the same performance when tested under
the directional loading conditions for which they are optimized (  Table 6.2, Table 6.3).

Low energy manufacturing requirementsBiogenic materials are limited in manufacturing requirements
by the amount of energy that can be spared by living systems. This is typically orders of magni-
tude lower than that required by, for example, casting metal or heat-molding plastic. This is achieved
by, among others, use of catalysis, bottom-up ‘self-assembly’, and repeated use of naturally stable
monomers. This is a potential advantage in low-energy environments such as the Moon and deep
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Figure 4.2: The macroscale mechanical properties of mollusk shell emerge from at least six different
scales of structural organization, including 'bricks” and ‘plates’. The shell material is an organic-
inorganic composite whose primary components are calcium carbonate and chitin. Figure from [ 61],

space.

o Life-friendly environment manufacturing requirementsEssentially all biomaterials can be made at Earth-
surface-normal pressure and temperature, near-neutral pH, moderate osmotic pressure, and so on (al-
though cells may create internal microenvironments where the chemical environment can be quite
different). This may be a disadvantage for materials which cannot be made in more space-typical
environments during autonomous missions, but is an advantage on crewed space missions, as the
manufacturing processes will pose no environmental risk to astronauts.

Beyond the already-discussed mollusk shell and arthropod cuticle, other light, tough, strong structural
biomaterials include the feathers of birds [ 8], the bony plates of seahorse tails [ 77], and porcupine quills [ 69].
The ability of these natural structures to resist fracture and absorb impact or deformation energy has already
been identified as highly desirable for human applications [ 17, 63, 65, 103].

So what prevents us from creating a large, multifunctional material structure using the same, non-living,
biologically-derived constituents configured to suit human ends? There are three current roadblocks to
human use of structural biomaterials:

» High production overheadNatural biomaterials are produced by living systems, which require a com-
plete ecological support structure. Although this is only a moderate issue on Earth - raising a sheep to
produce wool is, energetically speaking, absurdly expensive, but we generally have other reasons to
raise sheep — it is an insurmountable barrier for use in space missions.

« Non-predictable microstructure, The process by which living systems fine-tune the microstructure of
the materials they produce are poorly understood. We also lack the tools to predict the emergent
mechanical properties of the overall material from its microstructure, Our inability to reproduce or
predict the formation of these microstructures has led to an assumption that they make such materials
unsuitable for human use.
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* Non-controllable macrostructure. Life produces materials in the shape it needs. The enamel of tooth is
found only in the shape of a tooth, the rachis of feather in the shape of a feather. Given the way the
microstructures of the material are optimized to suit the function of the overall structure, the natural
shape cannot simply be cut down to fit human needs without losing its mechanical benefits.

Our technology concept will eliminate all three of these drawbacks by allowing direct manufacture of syn-

thetic biomaterials, treating the microstructure formation as a black box system to be empirically controlled,
and allowing the materials to be produced in human-designed form factors.
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5 State of the Art Review
5.1 3D Living Cell Printing

Additive manufacturing is a class of fabrication processes in which successive layers of material are laid
down and bound together according to a 3D digital design. It comprises a variety of rapid prototyping
and small-run manufacturing techniques, such as fused deposition modelling, powder sintering, and stere-
olithography; in recent years, some industrial firms have adapted the same approaches to larger scales. The
term 3D printing, which originally referred to a specific subset of additive manufacturing technologies, is
increasingly commonly used to refer to all additive manufacturing, particularly in the popular press; how-
ever, since we will be discussing several different additive manufacturing techniques in this section, we
will stick to the more general term.

We will focus here on additive manufacturing techniques as they use, or are used for, biological and biomed-
ical purposes; for a more general technical review, the reader is directed to a source such as [35].

Historically, additive manufacturing has been limited to either polymeric materials (plastics and waxes),
which can be melted or photocured together, or thin sheets of materials like paper first cut and then bonded
into laminates. More recent approaches have added metal and ceramics to the toolkit, primarily through
techniques that deposit the materials in powdered form and then either fuse them to a secondary substrate
or melt them together. Precision of material placement for these techniques varies with cost and implemen-
tation choices, but often approaches the microscale [84].

All of these approaches have two limitations relevant to our application. Firstly, the final material is made
of the feedstock used - in other words, if the material laid down in layers is metal powder with a binding
substrate, than the final piece will be made of porous metal mixed with binding substrate. Secondly, the
material used must be relatively homogenous, as the process of fusing bulk smaller parts (whether pow-
der particles, droplets of liquid, or solid laminate layers) into a larger whole is destructive to any internal
material structure smaller than the scale of the parts. (Ceramics and metals do have small-grain crystalline
structure, but these must re-form after powder fusion to be continuous; for this reason, fine temperature
and positioning control during deposition, as well as post-processing with temperature treatments, are of-
ten necessary to prevent development of unplanned variation in the material properties of the final piece.)
Thus, they cannot be used to make hierarchically structured materials such as the chitin and calcium car-
bonate complex of shell [32].

There have been two major drivers of the adoption of additive manufacturing technology for biological
or bio-compatible materials over the past two decades. The first is the desire for microvolume cell or
biomolecule spatial positioning, useful for compact and high-throughput biological or pharmaceutical as-
says [27, 58, 111, 113]. This approach tends to focus on single-cell precision and deposition speed, and
is often only concerned with 2D spatial patterning. The second is the desire to construct replacement or
testbed living tissues, a major goal of the field of tissue engineering [40] (also reviewed in [4, 28]). In this
area, work typically focuses either on fabricating a non-living, biocompatible substrate onto which living
cells can be seeded, in the hopes that they will grow over and bind into the substrate to form a 3D tissue,
or on depositing layers of “activated’ cell clusters and stimulating them to form attachments to each other,
a closer mimicry of natural tissue growth [49, 97].

A third, more recent driver is the discovery that the three-dimensional structure of groups of cells, both uni-
cellular microbial cultures [18, 104] and multicellular tissues and tumors (reviewed in [55]), has a profound
effect on their behavior. These techniques have hewed closely to those developed for tissue engineering,
primarily creating biocompatible scaffolds — typically a combination of hydrogel [2], support proteins such
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as collagen or its derivative gelatin [22, 96], and sometimes synthetic polymers [26] — seeded with cells to
create 3D living cell clusters for purposes of testing environmental and pharmaceutical effects. Various
depositional technologies have been developed for these scaffolds and cells, including optical gel cross-
linking [22], chemical hydrogel cross-linking [92], liquid jet-based methods (reviewed in [80]), and laser
thermal /photomechanical ejection [5].

The primary limitation of these ‘bioprinting’ technologies, where our application is concerned, is the lack
of integration between single-cell resolution deposition and and biocompatible substrate construction. Al-
though some hydrogel-based tissue engineering approaches can embed single cells, or small cell clusters,
in a substrate [110], living tissues are not spatially organized on a single-cell level. In tissue engineering,
therefore, the goal is to encourage cell-cell binding and production of extracellular matrix among functional
units of cell clusters, and the cells’ ability to proliferate over and migrate into the scaffold is often consid-
ered an important feature. Although much of the work on substrate printing is directly applicable to our
work, in existing systems typically no provision is made for fine-level control over the structure of the final
cell array, which is necessary for our technique.

5.2 Synthetic Biology for Material Production

Synthetic biology is the creation of new, designed systems using biological parts — biomolecules, cells, tis-
sues, and organisms [85]. Although the boundaries of the field have expanded in recent years to include
subjects previously considered independent, such as protein engineering and functional genomics, a com-
mon synthetic biology application involves re-ordering and re-linking DNA sequences to form a new gene
or set of genes, inserting the modified sequences into cells, and characterizing and make use of the resulting
change in cell functionality.

The combination of synthetic biology and material production has largely focused on engineering microor-
ganisms to increase their production of bulk biomolecules, such as pharmaceuticals (e.g., [19, 21]), biofu-
els [20, 44], and biopolymers which can be processed into so-called ‘bioplastics’ [72]. The goal may be to
increase the rate at which the microorganisms make the desired biomolecule, to increase their ability to
excrete it into solution (reducing the amount of post-production work to isolate the target product), to in-
crease their survival at high levels of the target compound, or any other improvement to the final product
yield.

Application of synthetic bioclogy to tissue engineering (which, as discussed in section 5.1, has been the
primary area of development for 3D printing of living cells) has been sparse. Some work has been done,
similar to the biomolecule production approaches above, on making microorganisms produce supporting
protein ingredients for tissue scaffolds [37]; these proteins are purified and mixed into a gel substrate to
produce the final scaffold material. A slightly different use is engineering microorganisms to produce
regulating or signalling proteins; when these proteins are purified and distributed within a scaffold, they
can be used to stimulate or otherwise control biological growth after the scaffold is seeded with cells [39].

The closest work in the existing field of synthetic biology to our concept is the use of spatially structured
arrays of cells to regulate gene expression. In this approach, cells are spatially patterned along with physical
cues or causes of changed cell behavior as a means of creating spatial differentiation in function. This
technique has been implemented with cells and gene-vector viruses [64, 75], patterns of two different cell
types [7], and cells and plasmids [116].

The use of synthetic biology to enable spatially controlled, non-living, macroscale material production has
been essentially unexplored prior to cur work.
5.3 Biomimetic Materials

As mentioned above, there are two major factors that distinguish structural biomaterials from traditional
human-made materials. One is the many levels of hierarchical organization. The other is the micro-level in-
tegration of different, molecularly complex constituent materials. Much current materials research focuses
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on ‘biomimetic materials’, a term which encompasses two related goals.

The first goal is reproduction of the mechanical properties of structural biomaterials; this is the usage com-
mon in materials science and engineering, and work in this area tends to focus on producing hierarchical
organization using non-biogenic materials (see [9, 83] for reviews). Examples include designs for new
mixed-phase reinforced ceramics based on the structure of sponge spicules [63] and structuring the fiber
grain directions of glass-fiber resin composites to match the directionality of chitin fibers in insect cuti-
cle [16].

One intriguing set of techniques in this area has been the direct use of biogenic materials as templates
for additional material assembly. Titanium dioxide structures formed by coating and then burning away
butterfly wing scales have been shown to be effective photoanodes [114]; a similar approach was used
to antireflective structures from fly eyes [45]. More unusually, carbon nanotubes have been shown to self-
assemble into honeycomb structures directly onto butterfly wings, resulting in composite biogenic-artificial
material structures with unusual thermal and electrical characteristics [70].

The second goal is production of biocompatible materials that can substitute for or supplement the function
of natural materials; this is the usage common in tissue and biomedical engineering, and work in this area
tends to focus on producing one or two levels of structural function using existing biogenic materials. An
example is the formation of collagen-based scaffolds for tissue engineering focusing on porosity in the 10~*

m range [57].

More interdisciplinary work includes the creation of new composites of existing biogenic materials. For
instance, silk fibers have been integrated with hydroxyapatite, the key mineral in bone, to create a human-
designed composite biomaterials mimicking the bone/ligament interface [43, 112]. Such work establishes
that there is a desire for techniques which can create novel biomaterial composites; our technology concept
aims to provide a general framework for this application, rather than the collection of ad hoc techniques
used in existing work.

More directly relevant to our technology concept, self-assembling structures of viruses genetically engi-
neered to be crystallization nuclei have been used to control the orientation of microstructures formed by
hydroxyapatite in solution [109]. Here, genetic engineering is used to create what is, in essence, a scaffold
providing a template for material self-assembly. This is highly relevant to the substrate design section of
our work, and offers a potential path for future development.
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6 Mission Context Feasibility/Benefit Analyses

6.1 Introduction

One of the major objectives of our Phase I study was a feasibility and benefit analysis of this technology in
two specific mission contexts. This milestone, along with the proof-of-concept demonstration (Section 7),
will move the concept from TRL 2 to TRL 3 (Table 3.1).

As a new tool for in situ resource utilization, 3D bioprinting would be useful for long-term missions either in
space or on a planetary surface. As we described in our proposal, this analysis covers two mission contexts:
we chose to focus on the ISS as a representative space setting, and Mars as a planetary setting.

6.2 An ISS Replacement Part
6.2.1 Mission Description and Assumptions

On the ISS, replacement parts currently need to be sent from Earth as needed, so the ability to 3D print
these parts on the station would save both time and money. The ability to replace certain materials with
biomaterials which are lighter and stronger would save launch mass and energy. 3D bioprinting in partic-
ular would combine these advantages: the material type is not limited to what has already been sent up to
the station, as cells can be engineered to produce only the amount and type of material that is needed.

As this mission concept was chosen to look at the use of our technology concept in a minimal context,
we assume that the original part was manufactured on Earth and launched as part of the original ISS
module placement. We also assume that all of the infrastructure necessary to implement on-site use of our
technology for replacement parts was sent up in advance, and that the necessary material design template
files for making the replacement part — created during the on-Earth manufacturing process — are stored
locally rather than having to be sent up via radiocommunication.

Further, we assume that the repair infrastructure includes cells already engineered to make all desired
biomaterials. This eliminates the need to include the tools necessary to make new cell lines for new material
types in launch mass. Although this process, based on the trajectory of existing technology, will likely be
automated to the point where it could be performed remotely from Earth in five to ten years, we decided not
to include that feature in this mission scenario, as we wanted to focus specifically on near- or immediate-
term benefits and use cases.

This reduces the use of our technology concept to simply making a replacement part.

Additionally, we assume that the incubators, freezers, and refrigerators used for the biological work asso-
ciated with this technology will be similar in mass and power requirements to those used on Earth. Finally,
we assume that training astronauts to do the synthetic biology work will not take significantly longer than
it takes, for example, a new intern to learn the analogous protocols in a biology lab.

As shown in the subsequent sections, the use of biologically derived materials can reduce the mass of a
typical replacement part by half, while the mass of the equipment needed for the synthetic biology work is
about 380 kg. Most of this mass is due to the 80 °C freezer used for cryostock and competent cell storage,
s0 if a smaller, tabletop version of this freezer could be developed, this mass could go down to around 100
kg. The bioprinter would then need to produce 100 kg of parts at half the mass of their traditional material
counterparts in order for there to be a net mass savings for an ISS mission or other mission without in situ
resource utilization. Alternatively, if a bioprinter on Earth manufactures the same parts prior to the mission,
their masses could be reduced by half without the cost of flying the synthetic biology equipment. The main
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benefit of flying this equipment is the versatility it provides to address the missions needs on demand.

6.2.2 Target Materials Types and Form Factors

As a representative part that may need replacement, we chose a Nomex EVA tether with aluminum hooks,
part number SED33104391-301 from the EVA Tools and Equipment Reference Book [1, p. 379]. This is
an element loaded in pure tension and consists of a single material in the form of a long, compliant band
whose properties are constant along its length.

6.2.3 Feasibility, Costs and Benefits
Mass & Energy Requirements

The purpose of this section is to compare the mass and energy required to use traditional engineering
materials, as opposed to synthetic biomaterial alternatives, to acquire a replacement part aboard the ISS —
which is to say, flying up a new tether versus printing one. The existing tether design consists of aluminum
hooks at either end of a Nomex strap (2.45 e wide, 214.63 am long when fully extended), and weighs
0.42 kg (0.93 Ibs). The Nomex is initially folded up and held by stitching that breaks under a 34 kg (75
Ibs) load, and after these stitches break, the tether has a load limit of 635 kg (1400 Ibs). In comparison, as
shown below, a tether constructed from biogenic materials can meet the same load requirements with less
mass, while also providing more versatility in terms of the types of repairs that could be made through
bioprinting, starting from the same biological raw materials.

While the biological materials discussed here can save upmass for a given repair, the printing process has
its own equipment and energy requirements that need to be taken into account. Specifically:

» A freezer for cryostocks of engineered cells.
» A refrigerator for liquid growth medium and print substrate constituents, and cell cultures.

# An incubator to regulate the temperature of the printed cells during material deposition, if the species
used does not grow fast enough at the ambient temperature on the ISS.

¢ The dry chemical supplies necessary to make liquid media and print substrate.

¢ Automated microfluidics to reconstitute the frozen cells and mix the dry chemical supplies, so that
astronauts do not need to attempt to do wet lab work in microgravity.

» The printer itself, designed with microgravity in mind (droplet velocity from the dispenser head, as
well as the print media and substrate, adjusted so that the droplet gels to the substrate with minimal
splash).

This is a conservative scenario, assuming that all equipment needs to be on board the ISS to allow on-site
engineering of cells to produce specific materials. The power requirements, in particular, can be reduced
significantly if the bioengineering takes place on Earth and a battery of cryostocks of cells corresponding to
all needed materials are sent up instead.

Although the items listed above are additional mass that would need to be taken to the IS5, and the electrical
components would require power aboard the ISS, all of these items can be used to fill a variety of needs.
They have value outside of the one tether that might need to be supplied or replaced. The incubator,
freezer, and refrigerator, as well as the printer itself, would be used repeatedly for all replacement parts or
new parts produced through bioprinting, so the cost of their mass and power requirements is offset by the
sum of the mass and power savings due to all of the items that will be printed during the lives of these
pieces of equipment.

Table 6.2 compares a range of biologically-derived materials to Nomex 410 and aluminum 6061-T6. The
original tether design weighs 0.36 kg, so if we assume the aluminum accounts for two-thirds of that weight
and the Nomex for the rest, replacing aluminum with pine and Nomex with cellulose (likely as part of a
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Table 6.1: Conservative mass and power estimates for the equipment required for on-site synthetic
biology and storage of cell cultures for use in the bioprinter.

Item Always on? mass (kg) power (W)
refrigerator (storage) yes 18.0 120.0
freezer (storage, cryostocks) yes 300.0  2300-4400
incubator (cell culture) yes 70.0 236.0
Microfluidics setup no 15 36.0
Bioprinter, dispensing no 5.0 50.0
Bioprinter, positioning no 1.2 18
system control computer (incl. user interface) no 20 50.0
Total (estimated) 379.7 493.8

composite to provide form to the cellulose, but assuming the cellulose itself is the primary mass contribu-
tion) reduces the part mass to 0.15 kg, less than half its previous weight. Pine is mentioned for the tether
hooks because its the material that could do the job with the least mass, not considering materials that
would deform too much to be practical replacements for a hook. If a similar technique were applied for
other everyday parts on the IS5, the mass savings would add up.

Labor & Effort Requirements

Astronauts would need to be trained to use the bioprinting equipment: how to grow up cultures and load
them into the printer. In microgravity, the wet lab work would largely be done by automated microfluidics.

The astronauts would need to be trained to select the appropriate cells to thaw and grow up, which could
be done simply by consulting a database, and then to load the cells into the printing system. The growth
and loading process could be designed to be a sealed cartridge interface. Assuming the astronaut training
required for the use of this technology is similar to that required for a new intern in a biology lab to learn
the analogous on-Earth protocols, 10 hours of training and repetitive practice would be required to master
each protocol, and about 1 hour per week per protocol to keep the procedure fresh in the trainees mind. For
the handful of protocols that would be involved, the total would be approximately 50 hours of training per
person and 5 hours per week to stay in practice. This training would only be relevant for the two or three
crewmembers whose job it would be to use the printer, and not necessarily the entire crew.

This is additional labor that the astronauts would not need to perform if a replacement part were flown up
from Earth. The labor associated with bioprinting would be minimal, however, since most of the fabrication
process would be automated, just as machinist labor is not required when existing (nhon-biological) 3D
printers are used to manufacture parts.

Other Considerations

In addition to the mass, energy, and labor effects of applying our technology concept to this mission concept,
there are other factors to take into account. One that we intend to explore in future work is the applicability
of other unique properties of biomaterials, beyond simple strength criteria. For instance, many biomaterials
are far more fracture resistant (tough) than traditional engineering materials for their mass. They may also
have unusual deformation responses or failure modes.

Other factors include:
» Versatility. A replacement tether can only meet one need, and may require an additional flight to bring

it to the ISS if no spare part specific to this need was already flown. Raw materials for bioprinting, on
the other hand, can meet a variety of needs depending on which ones arise.

* Packing. Tethers and other replacement parts have specific dimensions, and therefore have more con-
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Table 6.2: Table comparing Nomex 410 and aluminum 6061-T6 to alternative materials, including biogenic and traditional engineering
materials, for the purpose of a load-bearing tether.

Material tensile strength (Pa) p(kg/m3) Alarearatio Almassratio Nomex arearatio Nomex mass ratio

aluminum (6061-T6) 2.80x 108 2700 1.00 1.00 0.43 1.13
Nomex 410 1.21x 108 1030 2.32 0.88 1.00 1.00
silk (max) 3.00x 10° 1340 0.09 0.05 0.04 0.05
cellulose (max) 2.00% 10° 1500 0.14 0.08 0.06 0.09
carbon fiber in epoxy 1.73x 10° 1600 0.16 0.10 0.07 0.11
silicon carbide 3.44x 10° 3210 0.08 0.10 0.04 0.11
cellulose (min) 1.00% 10° 1500 0.28 0.16 0.12 0.18
silk (min) 3.00x 108 1340 0.93 0.46 0.40 0.52
pine (along grain) 9.40x 107 550 2.98 0.61 1.28 0.69
titanium (alloy) 7.30x 108 4510 0.38 0.64 0.17 0.72
oak (along grain) 1.09% 108 750 2.57 0.71 1.11 0.81
bone mineral (compact) 1.10x 108 1850 2.55 1.74 1.10 1.97
aluminum oxide 1.70x 108 3800 1.65 2.32 0.71 2.62
steel (AISI 1045) 3.10x 108 7850 0.90 2.63 0.39 297
nylon-6 4,50 107 1150 6.22 2.65 2.68 3.00
polypropylene 3.30x 107 1070 8.48 3.36 3.66 3.80
lignin 2.17x 107 1300 12.90 6.21 5.57 7.03
copper 7.00% 107 8960 4.00 13.27 1.73 15.01
rubber, small strain (max) 7.00% 10° 1522 40.00 22.55 17.26 25.50
kevlar 3.62x 10° 1440 77.35 41.25 33.37 46.65
brick 2.80x 100 1900 100.00 70.37 43.14 79.58
rubber, small strain (min) 1.00x 100 1522 280.00 157.84 120.79 178.49
concrete 1.40% 10° 2400 200.00 177.78 86.28 201.04




straints in terms of how they can be packed for a flight to the ISS, as opposed to the bioprinting raw
materials, which are not constrained to a specific large-scale shape: they are liquid solutions, chemical
powders, and small, inch-long tubes containing cell cultures or DNA.

» Robustness. The mission is more robust because it can make replacement parts to heal an injured mis-
sion.

¢ Efficiency. If a bioprinted part is no longer needed, its material can be broken down and used as feed-
stock to produce a new part, which means additional mass savings.

6.24 Summary

Overall, the use of biologically derived materials, printed into the desired forms, can reduce the mass of
parts used in ISS or other in-orbit missions by half or more, depending on the materials to be replaced.
Not all silk or cellulose is exactly the same in composition or material properties, which is why maximum
and minimum values were specified in Table 6.2, but the entire range for both materials provides the same
load-bearing ability as aluminum with a fraction of the mass: between 5 and 50% depending on the variety
of silk or cellulose {(between 5.2 and 52% of the mass when compared to Nomex). What brings these two
compounds to the high end of their capacity for tensile strength is worthy of investigation, as is the potential
to use them in composites with other materials, but the first step is determining how easily and efficiently
these materials can produced in a lab by cells that can then be deposited into the desired configuration by
the bioprinter.

These mass savings can be applied directly if the parts are manufactured on Earth and flown as usual, or
the mission can take advantage of the flexibility provided by a bioprinter on-site, manufacturing parts on
an as-needed bases. The mass cost of the latter scenaric would be an additional 100 to 300 kg, depending
on the size of the incubator, freezer, and refrigerator used for cell culture growth and storage of biological
supplies.

6.3 A Long-Term Mars Habitat

6.3.1 Mission Description and Assumptions

On Mars, in situ resource utilization can reduce the upmass needed for the mission, and with 3D bio-
printing, the local CO;z, sunlight, and regolith can be the raw materials needed to produce any number of
biomaterials. Here, we use Human Exploration of Mars Design Reference Architecture 5.0 from NASAs
Mars Architecture Steering Group as a baseline mission architecture [29].

A prominent manufacturing concern when it comes to accommodating astronauts on Mars is the construc-
tion and repair of habitats. A Mars habitat must fulfill several requirements at once — it must be airtight,
it must provide thermal insulation, it must provide radiation shielding, it must be puncture resistant, it
must withstand the mechanical stresses placed on it — and any given traditional material will typically not
be optimal for more than one of these requirements. It is for this reason that EMU suits and ISS modules
have several layers: fiberglass, aluminum, and stainless steel for structural support, neoprene bladder for
airtightness, Dacron restraint for the bladder, aluminized Mylar insulation, and the orthofabric outer layer
(a mix of Gore-Tex, Kevlar, and Nomex) for thermal insulation and puncture resistance [1].

Biomaterial composites, on the other hand, can incorporate the properties of multiple materials into a single
layer tailored to the desire form factor, or simply replace layers of traditional material with biologically
derived alternatives that meet the same requirements with less mass. It was demonstrated in the previous
section on ISS applications that biomaterials can meet a given tensile load requirement with less mass than
would be required of aluminum or Nomex, and here the comparison is applied to the construction of Mars
habitats. Specifically, a design is considered in which high-tensile-strength materials provide the skin over
a frame made of high-compressive strength materials. The comparison of material tensile strengths can be
found in the previous section, in Table 6.2, and the comparison of material compressive strengths can be
found below in Table 6.3.
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Table 6.3: Table comparing aluminum 8061-T6 to alternative materials, including biogenic and tradi-
tional engineering materials, for the purpose of 2 compressive load-bearing part.

Material

compressive strength (Pa) p (kg/m®)

Al area ratio Al mass ratio

aluminum (6061-T6) 3.86x10° 2700 1.00 1.00
aluminum oxide 2.95%10° 3800 0.13 0.18
titanium (alloy) 9.70x108 4510 0.40 0.66
mollusk shell 3.00x 108 2900 1.29 1.38
bone mineral (compact) 1.70x 108 1850 227 1.56
enamel 2.00x10° 3000 1.93 214
brick 8.00x107 1900 483 340
steel, max 3.10x108 7850 1.25 3.62
steel, min 1.70x 108 7850 227 6.60
pine (along grain, dry) 8.27x10° 550 46.65 9.50
oak (along grain, dry) 7.93 %106 750 48.68 13.52
cork 7.00x10° 175 551.43 35.74
concrete 7.00x 108 2400 55.14 49.02

Table 6.4: /n situ resource grades.

Grade | Definition
A directly available in situ
B present in situ, extractable
C present in sifu, not extractable
D not present in situ

The most straightforward method of in situ radiation shielding would be to construct the habitat far enough
underground that the local regolith provides sufficient shielding. In this case, the habitat would need to
withstand the load of the regolith above it, with materials optimized for compressive loading. For this rea-
son, the focus of this preliminary analysis is tensile and compressive load strength as opposed to radiation

shielding.

The primary type of habitat considered here is the expandable habitat, a concept which has demonstrated

Table 6.5: Material compatibility grades.

Grade | Definition
A standardized genetic part
B naturally occurring, non-standardized gene
C theoretical de novo genetic part
D not producible by cells

several benefits over rigid structures for aerospace applications [13]:

» The flexibility of expandable structures means that they can be packaged more compactly and in a
wider variety of geometries, and can therefor be launched in smaller, cheaper vehicles.

* Expandable structures lend themselves to the thin sheet form factor, which is better suited to composite
weaves and other materials that have higher strength to weight ratios than traditional rigid materials.

» Expandable composite structures can be tailored such that the composition of the material varies from
one point to another, concentrating the strength of the system where needed and saving mass else-

where.

» Expandable structures are flexible, and can therefore be more damage tolerant, giving instead of break-
ing as a rigid system might. Structural supports, rigid or also inflatable, can of course be positioned as

needed to ensure that the structure supports itself.

» In prior studies, expandable alternatives have consistently proven lower in development and manu-

facturing costs than their rigid counterparts.

For this mission scenario, we assume that our technology concept is being used to create a habitat modelled
after the study done by Nowak on inflatable lunar habitats [71]. We assume that the regolith densities of
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Table 6.6: Material compatibility, with synthetic biology and utilization, for the materials used in our
mission scenarios. Also included are grades for many other options, beth biogenic and traditional
engineering materials, that we investigated.

Material Bioengineering Compatibility | In Situ Availability
silk B+
oak

pine

cellulose

lignin

bone mineral

rubber

cork

mollusk shell

enamel

kevlar
polypropylene

nylon

carbon fiber in epoxy
silicon carbide
Nomex

aluminum (6061-T6)
concrete

brick

copper

aluminum oxide
steel (AISI 1045)
titanium (alloy)
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Mars and the Moon are comparable [3, 67], and that wherever the density is lower, the regolith will be
layered thicker to achieve the same level of shielding, so the the regolith mass per unit area is estimated to
be the same for both the Moon and Mars.

Mass savings are calculated both for a scenario where the biologically derived materials are manufactured
entirely from in situ resources, and a scenario where no in sifu resources are used and the biologically
derived materials have to be flown from Earth. These two cases provide best and worst case scenarios in
terms of mass savings.

6.3.2 Target Materials Types and Form Factors

In this habitat design, compressive members are modelled as circular-cross-section columns supporting the
habitat dome from inside. All columns are the same distance from the center of the dome, so they are all
the same length and support the same load. The dome is pressurized to 1 Earth atmosphere. Therefore, our
mission scenario requires two material types and form factors: columns loaded in compression, and sheets
(the covering ‘skin’ of the dome) loaded in tension.

As described in our Phase I proposal, we have graded the materials used in our mission scenario in terms of
both their correspondence to known genetic parts (Table 6.5) and compatibility with known in situ resource
extraction techniques (Table 6.4). The results, along with those for several other materials we investigated,
are shown in Table 6.6.

None of the most promising target materials have already been standardized as genetic parts, a fact which
reflects the innovation of our combination of synthetic biology and structural material production. How-
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Table 6.7: Table comparing the required mass for tensile elements for the above mission scenario
using different materials, some traditional, some biologically derived.

Material tensile strength (Pa) p (kg/m?) o: (Pa) ty {m) mass (kg)
silk (max) 3.00x10° 1340 2.00x10° 1.05x10~* 3.30x10'
cellulose (max) 2.00x10° 1500 1.33x10° 158x10~* 5.54x10!
carbon fiber in epoxy 1.73x10° 1600 1.15x10° 1.82x107% 6.83x10!
silicon carbide 3.44x10° 3210 229x10° 9.18x105 6.89x10!
cellulose (min) 1.00x 10° 1500 6.67x10% 3.16x10~* 1.11x10?
silk (min) 3.00x 108 1340 2.00x108 1.05x103 3.30x10?
pine (along grain) 9.40x 107 550 6.27x107 3.36x107%  4.32x10?
titanium (alloy) 7.30x 108 4510 4.87x10%8 4.32x10~% 456x10?
oak (along grain) 1.09x10° 750 7.27x107 2.90x10~%  5.08x10?
Nomex 410 1.21x108 1030 8.05x107 2.61x1073 6.29x10?
aluminum (6061-T6) 2.80x 108 2700 1.87x10® 1.13x10~2 7.12x10?
bone mineral (compact) 1.10x 108 1850 7.33x107 2.87x10~3 1.24x10°
aluminum oxide 1.70x 108 3800 1.13x10® 1.86x1073 1.65x10°
steel (AISI 1045) 3.10x 108 7850 2.07x10® 1.02x10~3 1.87x10°
nylon-6 4.50x107 1150 3.00x107 7.02x10~® 1.89x10°3
polypropylene 3.30x 107 1070 2.20x107 957x10~3 2.39x10°3
lignin 2.17x107 1300 145x107 1.45x1072  4.42x10°
copper 7.00x 107 8960 4.67x107 451x107% 9.45x10°
rubber, small strain (max) 7.00x 108 1522 4.67x106 451x10~2  1.60x10*
kevlar 3.62x10° 1440 241x10% 8.72x10~2 2.94x10%
brick 2.80x 105 1900 1.87x10® 113x107! 5.01x10*
rubber, small strain (min) 1.00x 10° 1522 667x10° 3.16x10°1 1.12x10°
concrete 1.40x 106 2400 9.33x10° 225x10~1 127x10°

ever, spider silk receives a slightly higher grade than the others; cne of its major component proteins has
been cloned and produced in E. coli with demonstrated function [108], an important first step.

6.3.3 Feasibility, Costs and Benefits
Mass & Energy Requirements

The loads that our habitat design would face when covered with a layer of regolith are calculated, using
those studied in the context of lunar habitats [71] as a baseline, as described below. For the habitat skin in
tension, the required material thickness is given by:

_ bR
= (6.1)

where o is the allowable material tensile stress, R is the radius of the habitat dome, p; is the internal
pressure of the habitat, and £,, is the thickness of the skin material. So for a given habitat radius and internal
pressure, the thickness (and therefore the mass for a given material density) is inversely proportional to the
max allowable stress, which will be the yield stress multiplied by a factor of safety. So for a radius of
curvature of 6.1 m (20 ft) and an internal pressure of 69 kPa (10 psi), the mass of each material required to
cover the 21(6.1 m)? = 233.8 m? surface of the dome, with a factor of safety of 1.5, is shown in Table 6.7.

The compressive members are modelled as columns supporting the habitat dome from inside, all placed at
the same distance from the center of the dome so that they are all the same length and support the same
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Table 6.8: Table comparing the required mass for the compressive elements {columns) of the habitats
described above, some traditional, some biologically derived.

Material compressive strength (Pa) p (kg/m?) o (Pa) A (m?) mass (kg
aluminum oxide 2.95x10° 3800 1.96x10° 3.48x10~% 3.97x10°
titanium (alloy) 9.70x 108 4510 647x10® 1.06x107% 1.43x10!
aluminum (6061-T6) 3.86x108 2700 257x10® 265x10~3 2.15x10!
mollusk shell 3.00x 108 2900 2.00x10® 3.42x103 297x10!
bone mineral {compact) 1.70x 108 1850 1.13x10%8 6.03x10~% 3.34x10!
enamel 2.00x108 3000 1.33x10° 512x107% 4.61x10!
brick 8.00x107 1900 5.33x107 128x102 7.30x10!
steel (max) 3.10x 108 7850 2.07x10° 3.30x107% 7.78x10!
steel (min) 1.70x 108 7850 1.13x10® 6.03x1073 1.42x10?
pine (along grain, dry) 8.27x10° 550 5.52x10° 1.24x107! 2.04x10?
oak (along grain, dry) 7.93x105 750 529x106 1.29x1071 291x10?
cork 7.00x10° 175 4.67x10° 146x10° 7.68x10?
concrete 7.00x10° 2400 4.67x10° 146x10~! 1.05x10°

load. In the Nowak study, the gravity load of the 3.3 m thick regolith radiation shielding and the structural
dead load was estimated for the lunar scenario to be 297 kN per column for a 6.1 m radius structure with
four columns per dome [71]. Gravitational acceleration on the surface of Mars is 2.3 times that on the
surface of the moon, so approximating the regolith densities to be roughly the same, the loading on Mars
would be 683 kN per column. The compressive stress is:

E

O = A

(6.2)

where F; is the compressive load in units of force and A is the columns cross-sectional area. The columns in
this design study are 3 m long. The mass per column required for each material to support this load with a
1.5 factor of safety is shown in Table 6.8.

Of the materials considered here, the most mass-efficient options for the compressive and tensile elements
of the structure are aluminum oxide (ceramic) and silk, respectively. Cellulose is a close second to silk;
given its higher elastic modulus, it would provide greater rigidity [105]. A composite of silk and cellulose
is a promising option through the use of bioprinting.

Mollusk shell is a relatively low-mass option for the compressive members, and although its columns
would only be the fourth lightest of the materials considered, it has the benefit of being manufacturable
in situ, meaning that only a fraction of that mass would need to come from Earth. The minerals in the shell
could be derived from regolith, and the organic components of the shell could be formed by engineered
cell cultures using CO; in the Martian atmosphere and water. Some of the water may come from Earth,
but some of it could also be harvested locally [29], meaning that this material option could have the lowest
required upmass of the compressive materials considered, depending on which local materials the mission
is equipped to harvest in situ.

For a direct comparigon, if a cellulose skin is chosen (55-110 kg), and the load-bearing columns are made
of mollusk shell (4 columns, each 29.7 kg), the total for one habitat module is 173.8-228.9 kg depending
on the quality of cellulose. Using a traditional kevlar skin (154 kg) and aluminum columns (4 at 21.5 kg
each), cne module would be 240 kg. So in the worst case, where all biologically derived materials need to
be flown from Earth, there is still a savings of 11.1-66.2 kg per habitat module. But with the in situ CO;
in the atmosphere, energy from the sunlight, minerals from the regolith, and the possibility of extracting
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local water, a typical mission is expected to acquire at least some of the material for bioprinting on site.
In the best scenario where all biologically derived material comes from local resources, the full 240 kg is
saved per module, with a one-time mass cost of 100-300 kg for the necessary equipment (as described in
subsection 6.2.3).

Labor & Effort Requirements

In addition to the synthetic biology training mentioned in the Labor & Effort section of the ISS mission anal-
ysis, a Mars mission would require the astronauts to oversee the use of the printed materials to construct
the habitat modules, or any other structures that might use these materials. The construction could be done
robotically, or in a partially automated fashion where certain steps are done robotically, but in any scenario,
the astronauts would need to understand the procedure so that they can step in as needed troubleshoot,
and take care of the non-automated steps. In terms of the time required, training for this type of procedure
should be comparable to the training that would be required to construct the same structures using tradi-
tional materials, since the structures to be built would be no different in complexity even if the materials
are different.

Other Considerations

Given the low surface temperatures on Mars, about —50 °C on average [51], it may be possible to reduce the
power and mass of insulation material required for low-temperature storage of synthetic biology supplies.
Instead of keeping refrigerators and freezers fully inside of the climate controlled astronaut habitats, they
could be installed either outside the habitat, or more practically, partially cutside, extending out through the
habitat wall to take advantage of the low temperatures outdoors. If these storage units open to the inside of
a habitat but have most of their volume outside the habitats thermal insulation, then their contents would
be both readily accessible and easier to keep cold.

In terms of how this mass translates into launch costs, even at the low end of the price range, the abil-
ity to save a kilogram is significant. SpaceX proposes to take 13,150 kg to LEO or 4,850 kg to GTO per
$56.5M launch [25], which is $11,649.48/kg to GTO and $4,296.58/kg to LEO. Even if we assume minimal
acceleration and therefore minimal fuel spent during most of the journey to Mars, the cost savings become
significant when the mass reduction is on the order of hundreds of kilograms. The cost per kg is especially
high if an additional launch is required to send necessary parts that weigh less than the max payloads listed
above.

This migsion scenario assumes simple material substitution using an existing habitat design. It is very likely
that the mass savings for a structure designed to take full advantage of synthetic biomaterials’ properties,
particularly microscale material gradients and customization, would be much higher. Although designing
anew mission concept from scratch to address this question, first identified by our Phase I results, is beyond
the scope of this report, it is a promising avenue for follow-on work. To give a preliminary idea of what the
difference might be, we repeated our mass saving calculation using a proposed space mission tensegrity
structure, the 2013 NIAC Phase II project ‘Super Ball Bot - Structures for Planetary Landing and Explo-
ration’. Human-scale tensegrity structures share many features with the biomaterial microstructures, such
as inherent tensile-compressive load balancing and whole-structure passive energy dissipation, so they are
a good fit for biomaterials” natural strengths.

We chose materials with high compressive and tensile strength per unit mass for the distinct compressive
and tensile elements of the structure. Looking at the loads that the compressive and tensile elements of this
tensegrity structure were designed for [12, 81], Table 6.9 and Table 6.10, and Table 6.11 compare the masses
needed for a range of traditional and biologically derived materials.

For the compressive elements, buckling rather than compressive yield proved to be the limiting factor. The
compressive elements are modelled as hollow tubes with circular cross-sections and inner diameters of 3
mm. In terms of buckling, the wood-type biomaterials appear the most mass-efficient, with mollusk shell
falling just behind them. In terms of tension, silk and cellulose remain the most mass efficient. Cellulose
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Table 6.9: Table comparing the required mass for the compressive elements of a tensegrity-based
rover using different materials, some traditional, some biolegically derived. The compressive strength
is in Pascals, p is the density, o is the compressive yield strength, A is the cross-sectional area of the
material required to keep the max expected loading below the compressive yield strength by a safety
factor of 1.5, and the mass listed is for a compressive element with this cross-section. The struts are

1 min length.

Material compressive strength  p (kg/(m®) . (Pa) A(m?) mass (kg)
aluminum oxide 2.95x10° 3800 1.96x10° 4.07x10~7 1.55x1073
titanium (alloy) 9.70x 108 4510 6.47x10° 1.24x10°¢ 558x10~3
aluminum (6061-T6) 3.86x108 2700 257x10% 3.11x10°% 8.39x1073
mollusk shell 3.00x10® 2900 2.00x10® 4.00x107% 1.16x1072
bone mineral (compact) 1.70x10® 1850 1.13x10% 7.06x10°% 1.31x102
enamel 2.00x108 3000 1.33x10° 6.00x10~% 1.80x10-2
brick 8.00x 107 1900 5.33x107 1.50x107° 2.85x1072
steel, max 3.10x10° 7850 2.07x10% 3.87x10°% 3.04x102
steel, min 1.70x 108 7850 1.13x108 7.06x1078% 554x1072
pine (along grain, dry) 8.27x 105 550 552x106 145x10~% 7.98x1072
oak (along grain, dry) 7.93x10° 750 529x10° 151x107* 1.14x1071
cork 7.00x10° 175 4.67x10° 1.71x10~3 3.00x10~!
concrete 7.00x10° 2400 467x10° 171x10~% 4.11x1071

will allow less deformation for a given load, since its Youngs modulus is over two orders of magnitude
higher than that of silk [105]; the importance of this criterion is another unknown that must be addressed
in future work through the use of improved soft-body modelling tools (as described in section 8.3).

6.3.4 Summary

Of the materials considered here, the most mass-efficient options for the compressive and tensile elements
of the structure are aluminum oxide (ceramic) and silk, respectively, though cellulose is a close second to
silk. A composite of silk and cellulose is a promising long-term future application for investigation.

Mollusk shell is a relatively low-mass option for the compressive members, and although its columns
would only be the fourth lightest of the materials considered, it has the benefit of being manufacturable
in situ, meaning that only a fraction of that mass would need to come from Earth. The minerals in the shell
could be derived from regolith, and the organic components of the shell could be formed by engineered
cell cultures using CO; in the Martian atmosphere and water. Some of the water may come from Earth,
but some of it could also be harvested locally [29], meaning that this material option could have the lowest
required upmass of the compressive materials considered, depending on which local materials the mission
is equipped to harvest in sifu.

Even without in situ resource utilization, the use of biologically derived materials still reduces the upmass
required for the mission, and the use of bioprinting provides the versatility needed repair or replace dam-
aged parts as needed, or meet new demands if the mission needs to change for any reason. With full use
of in situ resources, however, the mass savings are considerable, potentially saving hundreds of kilograms
per habitat module.

6.4 Conclusions

Overall, for both the IS5 scenario and the Mars scenario, the use of bioprinting offers a net benefit in terms
of mass savings as well as the ability to dynamically address mission needs.

For the ISS, bioprinting on Earth prior to the mission has the greatest benefit, reducing the mass of typical
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Table 6.10: Table comparing the required mass for the compressive elements, subject to buckling, of a tensegrity-based rover using
different materials, some traditional, some biologically derived. p is the density, I is the area moment of inertia required to keep the max
expected loading below the buckling point by a safety factor of 1.5, 7 is the outer radius of the cross-section, and A is the cross-sectional
area. The geometry of the cross-section is assumed to be a circular tube with an inner diameter of 0.3 cm. The struts are 1 m in length.

Material elastic modulus (Pa) p (kg/(m®) I (m*%) r (m) A(m?) mass (kg
aluminum oxide 3.50x1071 3800 1.39x10~7 6.41x10~3 1.01x10~% 3.83x10°!
pine (along grain, dry) 9.00%x10° 550 540x107% 1.62x1072 7.95x107% 4.37x107!
oak (along grain, dry) 1.10x 100 750 4.42x10°8% 154x1072 7.17x107* 5.37x10°1
aluminum (6061-T6) 6.90x 1010 2700 7.05x1077 9.71x1073 2.68x10* 7.24x107!
mollusk shell 7.00% 1010 2900 695x107? 9.68x10~3 2.66x10~% 7.71x107!
titanium (alloy) 1.13x1011 4510 4.32x10~° 858x10~3% 2.03x10~% 9.16x1071
enamel 5.00x 1010 3000 9.73x10~° 1.05x10~2 3.20x10~* 9.61x107!
bone mineral {compact) 1.80x 1010 1850 2.70x10~% 136x1072 554x10~%  1.02x10°
brick 1.70x 1010 1900 286x10~8 1.38x10~2 5.71x10%  1.08x10°
steel (AISI 1045) 2.05x1011 7850 237x10~? 736x107% 142x10~*  1.12x10°
concrete 1.70x 1010 2400 2.86x10~% 1.38x10~2 571x10~%  1.37x10°
cork 1.00x107 175 4.86x107° 8.87x10~2 247x10~2  4.32x10°




Table 6.11: Table comparing the required mass for tensile elements of a tensegrity-based rover using
different materials, some fraditional, some biologically derived. Tensile strength is in Pascals, p is the
density, o; Is the tensile yield strength, A Is the cross-sectional area of the material required to keep
the max expected loading below the tensile yield strength by a safety factor of 1.5, and the mass per
unit length listed is for a tensile element with this cross-section.

Material Tensile Strength  p (kg/(m®) o: (Pa) A(m?) mass (kg/m)
silk, max 3.00x10° 1340 2.00x10° 5.00x10°% 6.70x1073
cellulose, max 2.00x10° 1500 1.33x10° 750x10~8  1.13x1074
carbon fiber in epoxy 1.73x10° 1600 1.15x10° 8.67x10~%  1.39x10~*
silicon carbide 3.44x10° 3210 2.29x10° 4.36x10°8 1.40x 1074
cellulose, min 1.00x10° 1500 6.67x108 150x107  2.25x10*4
kevlar 6.90x 108 1440 4.60x10° 217x1077  3.13x107%
silk, min 3.00x108 1340 2.00x10° 5.00x10~7  6.70x10~%
pine (along grain) 9.40x107 550 6.27x107 1.60x1076 8.78x10~%
titanium (alloy) 7.30x108 4510 4.87x10® 205x1077  927x10~*
ocak (along grain) 1.09x108 750 7.27x10° 1.38x10~¢  1.03x1073
Nomex 410 1.21x 108 1030 8.05x107 124x10~6  1.28x1073
aluminum (6061-T6) 2.80x 108 2700 1.87x10% 536x10~7  1.45x102
bone mineral (compact) 1.10x108 1850 7.33x107 1.36x10~%  252x1073
aluminum oxide 1.70x 108 3800 1.13x108 8.82x10-7  3.35x1073
steel (AISI 1045) 3.10x108 7850 2.07x108 4.84x107  3.80x103
nylon-6 4.50x107 1150 3.00x107 3.33x10°¢  3.83x1073
polypropylene 3.30%x107 1070 2.20x107 455x107%  4.86x107°
lignin 217x107 1300 1.45x107 691x10%  8.99x103
copper 7.00x107 8960 4.67x107 214x1076  1.92x1072
rubber, small strain (max) 7.00x 108 1522 4.67x10°5 2.14x10~5  3.26x10~2
brick 2.80x 108 1900 1.87x10° 5.36x107° 1.02x10™1
rubber, small strain (min) 1.00x 108 1522 6.67x10° 150x10~%*  228x1071
concrete 1.40%10° 2400 9.33x10° 1.07x107%  257x107!
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replacement parts by half. On-site bioprinting could still be worthwhile to quickly address needs without
waiting for the next flight to deliver a certain part, particularly if all needed materials are itemized in
advance and the needed cell stocks are already created. The benefit to on-site construction depends on
assumptions about part failure rates and launch costs; these can be further quantified in follow-on work.

On Mars, material substitution (that is, using materials manufactured on Earth without use of in situ re-
sources) offers a mass reduction of approximately one-third for a habitat construction mission. The use of
in sifu resources has the potential to dramatically reduce upmass by using local sources of carbon, minerals,
and even water fo fabricate biologically derived materials with high tensile or compressive strength relative
to their density. Theoretically, the upmass cost of the construction materials can be reduced to zero using
our technology, although there will be an offset, estimated conservatively to be the equivalent of one habitat
unit, due to the need to bring biomaterial construction equipment. Additionally, as with the ISS scenario,
there is a significant mission robustness benefit to being able to produce newly designed parts on demand
without waiting for resupply. The overall benefit to on-site construction depends on assumptions about the
state of ISRU technology; these can be further quantified in follow-on work.

In addition to these quantitative results, performing this mission scenario analysis alse produced some
conceptual insights. We identified three key unknowns in the process of this analysis. The first is the
performance of our potential synthetic biomaterials in a space environment. The second is the lack of good
compliant materials models. The third is the lack of materials optimization design tools.

Although the mechanical behavior of natural structural biomaterials at non-Earth-standard temperatures
and other conditions is largely unexplored (silk being a notable exception [76]), it has been hypothesized
that it will be significantly different (e.g., [38]), particularly since many biomaterials’ properties are highly
sensitive to their water content [68]. This is an unknown that can be addressed directly with environmental
tests on natural samples.

Many biomaterials are more fracture-resistant than traditional engineering materials because they are able
to absorb energy through non-destructive bending, deformation, or other types of physical compliance.
This behavior is poorly represented in traditional materials modeling and analysis and consequently is
often ignored in standard design tools and approaches. Addressing this unknown will require modification
of existing models or development of entirely new software tools.

Lastly, the most powerful potential advantage our technology concept offers is the ability to do micron-
scale material property customization. Traditional materials design analysis tools tend to assume fixed,
and spatially constant, material properties, and solve for maximum loading conditions. Our technology
concept, one day, may be able to turn this philosophy on its head by providing the necessary material
properties at each point in a desired structure to support a given range of loading conditions with mini-
mized mass. Needless to say, the design tools to do this ‘reversed’ calculation have not yet been created,
and so we cannot yet say what the maximum possible benefit of our technology concept might be under
ideal conditions. Addressing this unknown will require modification of existing specialized software tools
or re-implementation of traditional solving methods (e.g., finite element analysis) using existing general
systems.
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7 Proof of Concept

7.1 Introduction

One of the major objectives of our Phase I study was a proof-of-concept demonstration of our technology.
This milestone, along with the mission context feasibility /benefit analyses (Section 6), moves the concept
from TRL 2 to TRL 3 (Table 3.1).

As part of the work on our technology concept completed prior to our Phase I proposal, we created prelimi-
nary implementations of two parts of the concept (see Figure 7.1 for an explanation of how the components
fit together). The first, the 3D printing hardware and software, is breadboard-level 3D-positionable micro-
dispensing hardware (Figure 7.16) consisting of commercial off-the-shelf (COTS) components, our own in-
tegration hardware frame, and our own integration software communications. The second, the genetically
engineered cell, are two strains of the yeast Saccharomyces cerevisize engineered to secrete two different-color
fluorescent proteins, red (RFP) and green (GFF).

The remaining necessary steps of our proof of concept were as follows:

1. Choose an appropriate demonstration. We needed to choose a two-material digital template pattern that
demonstrates the functionality of both the printer and the engineered cells.

2. Demonstrate critical functionality of all components. The two remaining key components were the print
medium and the print substrate.

3. Demonstrate and characterize end-to-end functionality of the integrated system. After verifying each individ-
ual component, we needed to integrate them all into a complete system and characterize the system’s
performance parameters.

4. Proof-of-concept demonstration. Our proof of concept, following the workflow in Figure 7.1, required
printing an array of our cells from the digital template pattern and stimulating the cells to secrete the
corresponding material onto the binding substrate.

5. Analyze the material properties. We needed to characterize the finished cell-made material to show that
its structure was correlated to the original digital template.

We review in this section the necessary technical background of the concept, the current state of the art, and
the results of our proof-of-concept demonstration.

As described in our Phase I proposal, our technology concept has several distinct functional stages drawn
from widely varying fields (Figure 7.1). To achieve a proof of concept demonstration, one of the two require-
ments necessary to advance our concept’s Technology Readiness Level, the following steps were necessary:

» identify a suitable implementation choice for each component stage;
» choose an appropriate demonstration material pattern;

» demonstrate critical functionality of all components;

» integrate the functional components into a complete system;

¢ demonstrate functionality of the complete system; and

* analyze the performance of the complete system, including correlation of the final material product to
the original material pattern.
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Figure 7.1:  Our technology concept has components drawn from many different disciplines. Each
component can be implemented in different ways; the ‘best’ implementation of each will be application-

dependent.

We derived two sets of performance metrics for our system. The first, the minimum values, come from the
need to distinguish between cell-expressed and extracellular, bound material and to verify that the material
has a pattern correlated to the print template. The second, the desired values, come from those in the

literature for related applications; the references for these are those cited in

This section details the following:

» the implementation choices we identified for each component stage;

 our reasons for choosing the implementations we used;

« the characterizations of each implementation we performed;

» our end-to-end integration of each component; and

o the results of our end-to-end functional demonstration.

Section 5.

We have identified the cell engineering as by far the most labor-intensive and complex part of our tech-
nology concept’s implementation. It requires choosing a host cell to be printed, a material to be deposited,
and identifying and assembling genetic parts for the material, material stimulus, material delivery, and

material binding. As such, the cell engineering implementation has its own subsections below detailing
each of these individual steps. The other components are the print medium, the print substrate, and the 3D

printing system.

Our final proof of concept demonstration was a two-material (non-structural) pattern: a “checkerboard”
pattern of red and green fluorescent proteins. Overall, we demonstrated that each component technology
had at least one feasible implementation. The information provided by our identification and characteriza-
tion of available implementations not only answered key questions necessary for our mission feasibility/
benefit analysis ( Section 6), but also identified several unknowns that will be need to be quantified in future

work.
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Table 7.1: The performance metrics we derived for our proof of concept.

Metric Minimum Desired
positioning precision | 1 cell diameter ~ 10 ym 1 ym
dispensing volume < 1000 % ~1 "vﬁlel"
“yoxel” size enc. 1000 cells = 1 nL 10 pL
cell survival 50% 90%
pattern completion 75% 95%

7.2 Cell Engineering
7.2.1 Host Cell Strain Selection

We initially identified two primary desired qualities for our host cell strain. The first was size-driven;
we wanted the functional cellular units (either single cells, as unicellular organisms, or activated clusters
of cells with a unified function, as in multicellular tissues) to be no smaller than our printing system’s
resolution. This constraint allows us to achieve one functional cellular unit (FCU} per voxel resolution in
constructing our cellular arrays. Being able to control FCU spacing as an independent variable is necessary
to determine whether our ultimate goal of using the spatial pattern of the cell array to control the formation
of material microstructure is possible. Although the Phase I work was limited to a non-structural proof of
concept, we wanted to ensure that the same system could be used for follow-on work.

The second initial desired quality for our host cell strain was that have a history of established use. Ata
minimum, this would be a cell type which can be easily cultured in the laboratory; ideally, this would be a
cell type with a strong history in molecular biclogy and genetic engineering. This criterion was particular
important given the short timeline of the Phase I work; we would not be able to develop new plasmid
backbones or other support biological tools.

A third criterion was identified after we had drawn up our list of potential material types. Nearly all of
the most promising structural materials are made by multicellular organisms, all of whom are eukaryotes;
the internal genetic machinery of eukaryotes is substantially different from that of prokaryotes. Although
genetic engineering of prokaryotes is generally much simpler, and there is a longer history of established
tools for it, we decided that we wanted our initial cell strain to be eukaryotic; this avoided the eventuality of
having to re-implement our genetic engineering from prokaryotes to eukaryotes when moving to structural
materials after the Phase I work.

Investigation of available microdeposition systems showed that the typical minimum droplet size of com-
mercial systems is in the picoliter range, which corresponds very roughly to a droplet diameter of 10 um.
This is substantially larger than typical prokaryotes (around 1 ym for E. coli), on the small side for single-
celled eukaryotic species, and much smaller than cells from most multicellular organisms.

The combination of these three criteria narrowed down our potential cell strains to existing unicellular
eukaryote model organisms. We examined the following options:

» Saccharomyces cerevisize. A common, spherical yeast approximately 5 — 10 ym in diameter Figure 7.2.
It grows very quickly, is robust under standard laboratory conditions, and has an extensive history in
genetic engineering. This was our final selection.

* Schizosaccharomyces pombe. Another common yeast, very similar to 5. cerevisize. We did not choose it
due to its rod-like shape, which makes it exceed our size criterion along one dimension (although not
in total volume).

» Thalassiosira pseudonana. An often-studied diatom. It was a promising option due to its natural depo-
sition of silica, which would have given us immediate material production. However, the ability to
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Figure 7.2: Saccharomyces cerevisiae under 1000x DIC magnification. The cells are roughly spheri-
cal, although they will elongate prior to division. (Public demain image.)

control the cells’ silica deposition, and suppress it in order to introduce genes for other materials, is
not established. We did not choose it for our initial study because (as with our prokaryotic options) it
would have required re-implementing our genetic engineering later to add additional materials.

The most promising choice was clearly Saccharonyces cerevisiae. Our selection was cemented by the discov-
ery of a commercially available plasmid backbone, pYES2.1 (Life Technologies), which is specialized for use
in S. cerevisiae and included several other features necessary for our work (see details in subsection 7.2.5).
This saved us a substantial amount of time in getting to our final proof of concept.

Our final choice was a S. cerevisige ura3 strain, meaning that the strain lacked the ability to synthesize
its own uracil (one of the basic amino acids). Making the strain dependent on user-supplied uracil is a
contamination and selection control.

7.2.2 Material Selection

As with choosing our host cell strain, when examining materials to implement for our proof of concept,
we wanted one with an established history of implementation in genetic engineering. For material chaoice,
this meant that it corresponded to a known genetic part, or coding DNA sequence. After deciding that we
needed to work with two materials (see section 7.6 for more details), this criterion was expanded to include
that both materials should be expressible using the same plasmid backbone. Being able to do all of our

genetic engineering on a single plasmid greatly simplified our workflow.

Our other primary criterion was ease of verification. We wanted to ensure that we would be able to use the
facilities we already had access to to analyze our material product, as the Phase I budget and timeline did
not allow us to acquire new training or instrumentation. Most structural biomaterials, in their natural state,
can only be identified and studied with electron microscopy, which we did not have low-cost access to. We
did, however, have high-quality optical and fluorescence microscopy tools, as well as spectrophotometry
and fluorometry.

Our last major decision, after establishing these criteria, was whether to use a protein directly as cur mate-
rial. Broadly speaking, genes within a cell code for proteins; some of these proteins are structural in and of
themselves, such as keratin and collagen, but others work indirectly to cause the formation of non-protein-
based structural materials, such as polysaccharides (chitin, cellulose, etc.), inorganic crystalline materials
(silica, calcium carbonate) or even sequestered metal ions (Figure 7.3). The number of secondary materials
with established genetic parts was relatively low, and there were even fewer secondary materials whose
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Figure 7.3: Assuming that the material is made by a cell and is dependent on a genetic part, there
are multiple levels of complexity available. The simplest (I) is a protein-based material encoded by a
single gene. Some protein-based materials have multiple subunits controlled by different genes (c).
At the highest level of complexity (r), a composite biomaterial may consist of multiple protein-based
materials as well as inorganic materials deposited by the cell.

presence and placement could be quantified in situ with our instrumentation.

We therefore decided to use two differently-colored fluorescent proteins for our proof of concept. We used
several DNA sequence registries, including GenBank and the Registry of Standard Biological Parts, to
search for coding sequences that were appropriate for our host cell strain. Our final selections were yeGFP,

a green fluorescent protein modified slightly from that presented in [ 24] to enhance expression in S. cere-
visiae, and and yeRFP, a red fluorescent protein modified similarly from that presented in [ 53]. The final
sequences used are included in  Appendix B .

An additional advantage to this material choice is that that GFP and RFP can be ‘fused’ to the end of other,
non-fluorescent proteins to provide optical verification of their placement. Thus, when we move to work
with structural proteins, we can use the same RFP/GFP implementation as fluorescent tags to improve our
material analysis.

This literature search and downselection process brought to light the dependence of our technology concept
on future advancement in genetic sequencing and functional identification.

7.2.3 Material Stimulus Method Selection

Our technology concept requires the ability to control the production of material by the cells. For our proof
of concept, at a minimum, we need to prevent material production prior to printing, in order to ensure that
the final material product is truly the result of the cells’ activity in the array. However, ultimately, we will
need to be able to regulate material production on a fine-grained level to be able to characterize its effect on
material structure formation.

Although gene expression regulation can be complex, particularly in eukaryotes such as our host cell strain,

its basis is the part of the gene known as the promoter(Figure 7.4). There are many established promoter
sequences for S. cerevisiaein the literature. The first choice is whether to use a constitutive promoter, or one
whose effect is determined by external stimuli; if the latter, the second choice that must be made is what
the external stimuli is to be.

We reviewed a significant number of promoters available in yeast (see overviews in [ 14, 73, 94], among
others). We quickly determined that there was no advantage to choosing a constitutive promoter, as there

are equally strong or stronger inducible promoters and the additional process overhead added by needing

to time printing to avoid accumulation of secreted material in the print medium was a significant cost.
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Figure 74: Broadly speaking, promoters are the part of a gene which control expression. The sim-
plest type is () a constitutive promoter, which is essentially insensitive to environmental conditions.
Many promoters are {c) inducible, controlling expression of their linked coding regions in response to
a particular stimulus. Some are also {r} repressible, allowing for an effect like a programmable dimmer
switch.

Figure 7.5: Material production can be triggered via, among other choices: (l) chemical stimulus,
which can be implemented by adding the trigger to the print substrate; (¢) thermal stimulus, in which
an exogenous temperature change after printing is used; and (r) optical, in which post-printing cells
are exposed to different intensities or wavelengths oflight.
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Figure 7.6: In nature, the GAL1 promoter is attached to the gene that makes an enzyme involved in
metabolism of galactose, a sugar that provides less energy than dextrose; the promoter has two meth-
ods of response, both suppressing expression in the presence of dextrose and promoting expression

in the presence of galactose.

Having decided to use an inducible promoter, the next key question was what type of stimulus to use ( Fig-
ure 7.5). We examined the function of promoters which are controlled by heat, different wavelengths of
light, and a wide variety of chemical stimuli (phosphates, alcohols, metal ions, and sugars, among others).

We discounted thermal stimulus because of the undesirable effects of changes in temperature on the viscos-

ity of our printing solution and print substrate. Optical stimulus had several attractive features, including

the potential of finest-scale control over material production, but both optical gene regulation systems we
examined [ 88, 93] were extremely complex and not feasible to implement on a Phase | timeline. We therefore
decided to use a chemical-based stimulus.

A key realization from this examination of promoters was that the type of stimulus best suited to a partic-
ular implementation of our technology concept would vary based on the form factor of the material being
produced. A material that does not require small-scale variation in material properties - for instance, a
structural element in tension — can be produced at much lower cost and effort using thermal or chemical
stimulus; a more specialized piece, such as a gear or buckle, might require a scanning laser optical stimulus
system to be fully optimized. Table 8.2 summarizes our conclusions.

Of the remaining promoters, the GAL1 promoter, pGAL1, offered several notable features. It is well-studied,
and its peak expression effect is so strong that it is sometimes used as a baseline for comparing the effective-
ness of other promoters [ 14, 73]. In nature, pGAL1 regulates galactose metabolism. Galactose is a sugar that
requires more energy to break down (i.e., is less desirable as a food source) than common dextrose. pGAL1
represses expression in the presence of dextrose and induces expression in the presence of galactose, leading

to preferential consumption of dextrose ( Figure 7.6 ). Placing pGAL1 upstream of our material coding re-
gion would therefore allow us to suppress material production by placing the cells in a dextrose-containing
medium, then stimulate it by printing the cells onto a galactose-containing substrate. This functional unifi-
cation between the act of printing and the act of material production stimulus eliminated several potentially
costly development steps in our Phase | workflow.

We therefore chose inducible chemical stimulus, implemented by  pGAL1 and dextrose/galactose presence,
as our material stimulus method. The depth of the connection between printing process control and ma-
terial stimulus method, and the importance of achieving functional unification wherever possible, was
another key aspect of our technology concept identified here.
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7.24 Material Delivery Method Selection

Material delivery method is the means by which the final material products (proteins, secondary materials,
etc.) are removed from the cell. For materials which are manufactured within the cell, there are two broad
approaches to delivering it to the external environment. One class of approach to material delivery is to
use existing cellular mechanisms; cells have many ways of transporting proteins and other biomolecules
outside of themselves (Figure 7.7). The other class of approach is to forcibly remove the material, typically
by killing and rupturing the cells. Some secondary materials, such as metal ions sequestered by surface-
expressed proteins, are deposited entirely outside of the cell to begin with, making production and delivery
unified into a single function.

Initially, our primary criterion was simply to use an established method of material delivery, as the Phase
I timeline did not allow for the extensive additional protocol development. Having already decided to use
a protein as our end material (see subsection 7.2.2 for details), sequestration was not a relevant approach,
although it remains of interest for future work involving secondary materials. A review of existing work
on related methods of biomolecule production (section 5.2) showed that, of the remaining possibilities, cell
rupture was typically used for large biomolecules and fibers, such as silk and ‘plastic” polymers, whereas
genetic parts for secreting smaller proteins in yeast have been used in the production of pharmaceuticals
for decades [15, 117].

Given the size of the protein choice we made, secretion was a natural choice, However, this stage of the
proof of concept served to strongly emphasize that the choice of implementation for material delivery
method is deeply intertwined with the selection of target material. The results of our initial survey are
shown in Table 8.3; this is an area that will require further characterization and development.

Having chosen secretion as our delivery method, we had to determine how to implement it in our host
strain and given our choice of material coding region. The secretory mechanisms of eukaryotes are much
more complex than those of prokaryotes, and secretion often requires several different genetic mechanisms
to work in concert. Fortunately, we were able to identify a consensus artificial ‘secretion signal” protein
section that had been proven to work for a wide variety of proteins in our host organism [21]. This ‘header’
(pre-pro-peptide) attaches to the material protein of interest and signals the cell that it should be secreted;
the header sequences is cleaved as part of the secretion process, leaving the desired protein deposited
intact in the extracellular environment. The DNA sequence corresponding to this amino acid sequence
was modified slightly to account for limitations of our synthesis capabilities and inserted upstream of our
material coding region. The sequence is included in Appendix B.

7.2.5 Material Binding Method Selection

Once the material has been extracted from the cell, via secretion or another delivery method, it must be
bound either to other deposited material (as in material self-assembly) or to the print substrate. This is
necessary both to ensure a continuous material product and to enable the cells to be removed prior to
material analysis.

The mechanisms used in nature to cause continuous macroscale material growth appear to involve fine
control of the cells’ immediate microenvironment (pH, chemical composition, and so forth), but are cur-
rently poorly characterized. One of the key strengths of our technology concept is that it treats this function
as a ‘black box’; we do not need to understand how it works now as long as we can stimulate the cell to
reproduce the desired behavior, and when the genetic tools are developed in the future to allow us to cus-
tomize the behavior, our technology’s potential will only be expanded. Therefore, although this part of our
technology concept is theoretically the most wide-open in terms of potential implementations, for our proof
of concept, we limited ourselves to the simplest material binding methods currently well-understood.

There were three criteria on which we made our binding method selection. The first, as with our previous
choices, was that it correspond to an established genetic part, a necessity given our timeframe and budget.
The second was that it not interfere with material production or delivery. The last was that it require
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Figure 7.7: The material can be delivered by to the external environment via, among other choices:
(l) secretion, in which the material has a self-cleaving tag that causes the cell to export it outside
its membrane; (c) sequestration, in which the cell expresses a protein that causes it to gather a
material present in the external environment close to itself; and (r) lysing, in which the cell has to be
exogenously broken open to release the desired material.

minimal pre- and post-processing, as reducing the overhead of biomaterial production is a key selling
point of our technology concept.

The natural place to start was by surveying existing protein purification methods, as the choices already
made regarding material selection, stimulus method, and delivery method, simplified the material binding
step of our proof of concept to separating a secreted protein from its parent cell. We quickly identified the
concept of protein affinity tags - short protein sequences added to a ‘main’ protein that bind to a specific
complementary substance - as a suitable implementation.

Our initial choice was a polyhistidine tag, which binds to nickel or cobalt ions. We implemented this as an
additional DNA sequence downstream of our material coding region. We achieved detectable binding with
this method (full resultsin  section 7.7); however, cytotoxicity assays showed that the presence of nickel ions
in our print substrate had a significant negative effect on material production due to stress on the printed
cells. We therefore re-implemented this step with a second type of affinity tag, an antibody-binding tag
(V5 epitope); this approach borrows from the technique of western blotting. Characterizing the binding
efficiency of this new implementation is not yet complete.

As with material stimulus and delivery achieved earlier, the implementation of ‘on contact’ affinity tags as
our material binding choice lets the act of printing also be the trigger for material binding. In our proof
of concept, therefore, printing is the trigger for all three downstream steps. This functional unification is
a significant advantage of our chosen implementation, and highlights the need to address all steps of the
technology concept simultaneously when making implementation decisions for future work.

7.26 Assembly and Testing

With all of these choices of genetic sequences made, the final step was to assemble each of these parts and
test the efficiency of the final engineered cell strain.

With five genetic parts to combine ( Figure 7.9 ), we used several different established methods. Our first,
partial plasmids, containing only the target material genes, were assembled using TOPO TA cloning kits

(Life Technologies). We then added the secretion tag and other parts using Golden Gate assembly [ 31];
this resulted in several partial plasmids, which later became useful as controls. After our first implementa-

tion, using the GFP and RFP sequences provided in [ 24, 53] proved to have relatively low fluorescence, we
adjusted the sequences in software to re-balance their codon frequency and had the new sequences synthe-
sized from scratch; these new sequences were again inserted into the plasmid using TOPO cloning. After

our first binding method proved to be of marginal efficiency, we realized that we would need to express
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Figure 7.8: Protein-based materfals can be given an “affinity tag’ which binds to a substance present
in the print substrate. Polyhistidine tags (I) bind to certain kinds of metal ions, such as nickel or cobalt;
antibody-epitope tags () bind to specific antibodies, A more advanced option is {r} is self-assembly,
in which a 'seed’ material is embedded in the substrate to allow self-assembling protein or other
biomolecule constructions to form.

the gene construct in E. coli as well to provide a baseline for protein quantification; we therefore added a
consensus ribosorne binding site (used in[ 30], sequence given in [ 90]) first with the Flexi digestion/ligation
system {Promega), and then re-done with site-directed plasmid mutagenesis [  59] after the restriction site
scar from the Flex] system proved problematic.

We tested the functionality of cur engineered cell strain first qualitatively, by fluorescence microscopy ( Fig-
ure 7.10). Both RFP and GFP expression were clearly much higher in the strains grown in galactose medium

than in glucose medium, although there was (as expected) a low level of ‘leakage’ expression in the glucose
cultures,

The next test was to quantify the expression and to demonstrate secretion. RFP and GFP cultures were
grown in either dextrose or galactose for 7 days. Each day, their density (number of cells per mL) and
flucrescence (relative to a standard) were measured and recorded. Dividing the fluorescence by the cell
density gives an average measure of fluorescent protein produced per cell. Each day, an aliquot of cells
from the culture was spun down and the supernatant (remalining liquid free of cells) was also measured for
fluorescence; this provided a measure of how much flucrescent protein was being secreted into the culture
medium, rather than simply contained within the cells. As these tests were done in conjunction with the
final print medium and substrate tests, the results are shown in  Figure 7.15.

To demonstrate the effectiveness of material binding, we extracted and purified the RFP and GFP made by
our cells. These purified protein soluticns were mixed inside of microcenterfuge tubes with small pieces
of our substrate that had different concentrations of nickel, as well as a few other materials we had exam-
ined for use, After a brief period ofincubation to ensure the proteins had time to bind fully, the substrates
were washed with distilled water to remove any unbound protein. The substrates were then stained with
Coomassie Brilliant Blue {Sigma-Aldrich), a blue dye which binds to protein, and washed to remove un-
bound dye. The dyed substrates were theh measured for blue light absorption to quantify the amount of
bound protein [ Figure 7.11 )

The results show that the presence of nickel in our substrate has a clear protein-binding effect. However,
the lowest level of nickel at which binding was observed was also, in our post-printing expression tests, the
highest level of nickel at which detectable matenal expression occurred.

These rasults show that our target choice of material is easily detectable; that its expression is strong and
our stimulus method provides adequate control; and that our delivery method is effective. The binding
efficiency was detectable, which was our minimum bar, but required further investigation In combinaticn
with our specific print substrate { subsection 7.5.3).



Figure 7.9: Our final plasmid design had five distinct parts (top). Through a variety of assembly
methods, we generated several partial plasmids {,r) as well as the complete plasmid (c).

dextrose dextrose galactose

RFP cells

red fluorescence red fluorescence

RFP cells

green fluorescence

green fluorescence
Figure 7.10: The RFP and GFP cells both show strong expression in galactose medium and minimal

expression in dextrose medium. The non-fluorescence (phase contrast) micrographs are included to
give a sense of overall cell density.
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Figure 7.11; A simple test using a blue dye which binds to proteins was used to test the differences
in protein retention on several different substrates with the same surface area. The amount of dye
bound was quantified by blue light absorption.

7.3 Print Medium
7.3.1 Medium Basis Selection

The printing medium must keep the cells alive and in a non-material-producing state prior to printing;
provide protection during printing; not interfere with cell expression post-printing; and work together
with the print substrate to form a physical support structure for the cells and to minimize cell motion (drift
or migration}) after printing.

Given our choice of host cell strain, the printing medium needed to be an aqueous solution containing all the
elements of a yeast minimal growth medium, minus uracil. Given our choice of material stimulus control,
it needed to include dextrose as a carbon source, to prevent material production prior to printing. (This is
an excellent illustration of how the implementation choices of this technology concept are interdependent.)
We also included ampicillin, an antibiotic which does not affect fungi such as yeast, as a control against
bacterial contamination. The remaining choice was only whether the print medium would contribute to
the physical support structure, meaning have a gelling basis, or not.

Our microdispensing system had a viscosity limit of 10 cP (=10mPa  -5), which means that the print medium
must be printed in a close to liquid state. If the print medium was to contribute to the physical support
structure, it would have to be triggered to gel after after printing. As discussed in section 5.1, a number of
biocompatible printing support scaffold materials have been developed. Since the ingredient used as the
gelling basis had by far the largest effect on total print medium viscosity, we tested all of our potential bases

at different concentrations under varying temperature conditions (  Figure 7,12,

Both agarose and alginate, the two materials with the most suitable viscosities in the range of concentra-
tions that suit our application, are polysaccharides. Agarose gels below a certain threshold temperature;
alginate gels in the presence of calcium ions. We chose alginate as our print medium basis, as adding tem-
perature contral to our printing process was not feasible given our setup at the time. Because the calcium
exposure can be provided by printing the medium onto a calcium-containing substrate, this choice also
provides functional unification between the act of printing and the substrate gelling, further simplifying
our workflow.
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Figure 7.12: We tested four different gel bases under a variety of concentration and temperature
conditions. The dashed line represents the limit of our microdispensing system.
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Figure 7.13: We tested cell settling in our alginate-based medium on 1-hour {I) and 12-hour (r) time-
frames. The y-axis is in optical density, which is proportional to absorbance on a log scale,

The final recipe for our print medium is included in  Appendix B .

7.3.2 Anti-Aggregation Performance

Our microdispensing system had a particulate limit of 10  pm in diameter; we found that it was very sensi-
tive to the presence of particles larger than this size and frequently clogged, sometimes requiring expensive
replacement of the nozzle, if the solution to be printed was not passed througha 10  pm filter immediately
prior to loading. Given that our target print solution was a cell suspension, and yeast cells fairly rapidly
form aggregates, the rate of yeast cell settling in the print medium was a parameter of high importance.

The workspace of our micropositioning system is one cubic centimeter (1 x 10~% m3). Combining this figure
with a desired minimum resolution of one cell diameter per droplet and the maximum droplet production
rate of our nozzle gave us a maximum print run time estimate of one hour,

We tested the settling rate of yeast cells in our medium by filling a transparent container with a cell sus-
pension of our target density and continually measuring the absorbance at a fixed level near the top of the
liquid level. Absorbance, in this type of setup, is proportional to cell density, so as more cells begin to drift
downward, the measured density at the top of the solution should decrease.

We tested two different concentrations of alginate in our print medium {  Figure 7.13 }, and determined that
0.75% alginate was sufficient to meet all of our criteria.

73.3 Cell Growth and Expression

To determine whether our print medium design had any negative affect on cell growth, we grew the RFP-
expressing cells, the GFP-expressing cells, and the original unaltered cell strain in our print medium for a
week and measured the cell density { Figure 7.14 ). Neither the print medium nor the presence of the genetic
modifications appeared to affect growth,

To determine whether the print medium formulation was sufficient to fully suppress material production,
and whether the equivalent galactose concentration in the print substrate would stimulate it, the cell strains
were grown in either our print medium, which contains dextrose, or a modified version containing galac-
tose. The effect of dextrose and galactose is very clear ( Figure 7.15). Also worth noting is that the GFP is
approximately twice as bright as the RFP, which can be seen by comparing the levels of the background
'leakage’ expression, and that the RFP appears to be more stable than the GFF, as it takes longer to accumu-
late to a steady level.
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Figure 7.14:  Cell density measured over a week for our unmodified host cell strain, our RFP-
expressing cells, and our GFP-expressing cells in our print medium. The medifications necessary

to enable material production do not appear to affect cell growth when the cells are not actively pro-
ducing. Compare with Figure 7.21 .
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Figure 7.15: We quantified the amount of secreted fluorescent protein by measuring the fluorescence
of the supernatant after the cells had been gently spun down. This measurement was normalized to a
fluorescent standard and then divided by the number of cells present in the original solution to create
@, a measure of the average amount of secreted fluorescence per cell,
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These results clearly show that we have established the functionality of our print medium and its inte-
gration with our cell strain, an important step towards our proof of concept demonstration. They also
established that a typical timeframe for material deposition is on the order of 2 days, a parameter that
allowed us to add a section on time costs and savings to our mission feasibility /benefit analysis.

7.34 Cell Drift and Gelling Measurements

As the positioning of the cells is one of the primary control variables for our technology concept, quantifying
and reducing the uncertainty in it is key. In keeping with our ‘one cell per voxel” ideal resolution criterion,
we wanted to keep cell drift after printing to within one cell diameter, or 10 um for our 5. cerevisige cell
strain.

A short qualitative demonstration comparing cell motion in ordinary aqueous medium to that in different
gelling bases (glycerol, agarose, and alginate with and without calcium) on an agar substrate was con-
ducted in order to determine the amount of post-printing cell drift likely to occur. Videos taken at 200x
magnification showed that the baseline cell drift, for cells printed in aqueous medium, was on the order of
several hundreds of microns. Agarose reduced this to essentially zero, as it gelled completely upon cool-
ing. Glycerol reduced to drift by approximately an order of magnitude; alginate’s effect without calcium
was barely noticeable. Alginate with calcium, like agarose, gelled upon printing and reduced cell driftto a
largely undetectable level. (Video files are available upon request.)

This short demonstration indicated that our alginate-based print medium reduced cell drift to within ac-
ceptable parameters.

7.4 3D Printing System
74.1 Hardware & Software Design

Additive manufacturing systems typically consist of two major parts: a dispensing subsystem, which han-
dles feeding the material at the appropriate rate and time, and a positioning subsystem, which . In some
designs, the positioning subsystem is physically integrated with the dispenser and moves it relative to a sta-
tionary build platform on which the finished piece is deposited; in others, the positioning subsystem moves
the build platform, the dispenser head is stationary, and only software integration is required between the
two.

As reviewed in Section 5, there are a number of commercially available microdispensing systems capable
of printing living cells at picoliter resolution, which corresponds very roughly to a droplet diameter of 10
pm. Spatial resolution of positioning systems is typically finer: on the order of 1-2 um for DC-motor-based
solutions and into the nanometers for piezo-based systems.

We created a concept cell printing run consisting of a double-walled cylinder with an outer diameter of 1
cm. This form factor was chosen as a simplified version of several load-bearing elements found in animals,
including sponge spicules and small vertebrate bones. Based on this concept print run, we derived the set
of performance parameters for our micropositioning and microdispensing subsystems used in our market
search. These parameters are reproduced below.

Printing system requirements: A combination of motion positioners, motion verification sensors (encoders),
controller/driver electronics, and software, some or all of which may be integrated with each other, suffi-
cient to allow commanded positioning to the following specifications:

» Range of motion in X direction (along print substrate surface) > 10 mm

* Range of motion in Y direction (along print substrate surface, perpendicular to Y} > 10 mm

» Range of motion in Z direction (perpendicular to print substrate surface) > 10 mm

* Resolution (encoder or other sensor limit) < 0.01 pm
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« Minimum incremental motion < 0.1 gm

= Positional inaccuracy (measured directly, or inferred from maximum of roll/pitch/yaw at 10 mm, as
on-axis bi-idirectional repeatability, compensated backlash, or equivalent figure) < 2 ym per 1 mm
travel

*» Controller/driver interface allows for direct, low-level commands (e.g., via command-line interface —
note that a proprietary pipe from 3D modelling software does not meet this specification)

* Controller/driver interface specifications are compatible with real-time operation (e.g., R5-232 - note
that USB may not meet this specification)

* Command set for controller/driver is well-documented and said documentation is made available
* Linux (Debian preferred) support for controller/driver — at a minimum, C libraries are provided
* Must be compatible with external hardware mounting of dispensing subsystem and printing substrate
* Must accept commands via same in-house-developed software as dispensing subsystem
Dispensing system requirements: A combination of dispensing hardware, dispensing verification sensors (e.g.

camera), controller/driver electronics, and software, some or all of which may be integrated with each
other, sufficient to allow commanded dispensing to the following specifications:

» Must dispense droplets of volume < 50 pL to 100 pL
» Must have fluid reservoir of > 25 uL
¢ Must reliably load and dispense fluids containing particulates > 10 ym in diameter

* Must be compatible with fluids with the following properties: viscosity > 0.9 mPa-s, temperature 5-40
°C

* Droplet throughput > 5 Hz

* No bic-incompatible wetted parts

¢ Dispenser head empty/clean/reload cycle time < 1 hr

* Must be controllable via direct interface (e.g., serial) or triggered via external signal (to allow for syn-
chronization with positioning system timing)

» Command interface is compatible with real-time operation (e.g. R5-232 — note that USB may not meet
this specification)

* Must be accept direct, low-commands to the following degree: trigger dispensing, query dispensing
status, or dispensing complete signal

¢ Must be compatible with external hardware mounting of positioning subsystem and printing substrate
* Must accept commands via same in-house-developed software as positioning subsystem

* Must include droplet sensing/metrology system (e.g. focused optical feed to CCD) to allow in-house-
developed software to perform droplet verification analysis and adjustment

There were very few options available on the microdispensing side; most systems we reviewed with droplet
size resolution in the appropriate range were designed for pure liquids and their manufacturers could not
or would not provide guidance on the system’s anticipated performance with particulates (such as cells)
in solution. Of those who did, only one, MicroDrop, made a system which provided low-level access to
basic commands rather than requiring a proprietary software interface; since we needed the subsystem
for integration into our prototype, this feature was a must-have. Our final solution was the MicroDrop
MD-E-6010 system.
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Figure 7.16:  Our current hardware setup, with important components marked.

Having made our microdispensing subsystem selection considerably narrowed our choices for micro-
positioning system, as the two subsystems needed to use the same type of software interface for us to
be able to integrate their functions. We chose the Physik International C-863.11/M-111.1DG controller/
motor subsystem.

After receiving the commercial-off-the-shelf hardware, we needed hardware and software integration. We
designed and built a laser-cut acrylic frame with adjustable spacing to mount the micropositioning stages
and microdispenser head ( Figure 7.16).

As shown in Figure 7.17, the software written for this project takes realtime input from the user to fill and
empty the dispenser head, and reads input files that describe the pattern to be printed. It then sends the
appropriate commands to the bioprinter, with separate serial port connections for the dispensing system
and the positioning system. These input files include the xyz locations where drops are to be deposited,
the number of drops at each location, and the voltage and pulsewidth that the piezoelectric dispenser head
will use. This software is written in C++ and runs on a Debian PC connected via RS-232 serial ports to the
controllers for the positioning and dispensing systems. This software relies on raw user-supplied material
patterns files, so a future step will be to upgrade it to allow it to read 3D file formats that are more standard.

7.4.2 Resolution & Cell Number

To optimize the print resolution, a range of voltages and pulsewidths were tested for the piezoelectric
dispenser head, as shown in Figure 7.18. Of the values tested, the maximum number of cells per drop was
achieved with 150 V and a 150 microsecond pulsewidth. Lower voltages proved unreliable, in the tests
referenced in Figure 7.18 as well as prior print tests: occasionally, no droplet dispensed at all at 50 V.

The parameters that maximize the number of cells per drop appear to be the most consistent in terms of
standard deviation, and so to move toward reliable single-cell resolution, these same parameters (150 V,
150 us) would be used with cell cultures that are more dilute than those at which this data were taken.

%

7.4.3 Cell Survival and Expression

The microdispensing system is a contactless piezoelectric system that works by sending a pressure wave
through a thin glass tube containing our cell culture. We were concerned that this process might damage
the cells. Typical results in the literature for similar systems have achieved cell survival rates as high as

90% [27, 58]; rates can be higher for systems which print multiple cells per drop [ 66], as the larger amount
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Figure 7.17: A flowchart for the software that controls the bioprinter, taking an input file that describes the print pattern and sending
control signals to the positioning and dispensing systems.



Beads per Five Droplets vs. Voltage, Pulsewidth
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Figure 7.18: One of our plots showing the number of cells per print location for a range of dispenser
head voltages and pulsewidths. Pulsewidths are in microseconds. We used a battery of these tests
to determine the optimal printing parameters.
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Yeast Survival via Dead Stain Post-Printing
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Figure 7.19; RFP and GFP cells were treated with a fluorescent dye that only stains dead cells.
The fluorescence level resulting from staining printed cells were compared to staining an equivalent
number of heat-killed cells to establish a floor for the number of cells killed by printing.

ofliquid present around each cell provides a protective effact.

We established a lower limit for the viability of dispensed cells by using SYTOX Green (Molecular Probes), a
nucleic acid stain that can only enter cells with compromised membrane integrity (and thus generally non-
viable). We created a ‘killed control’ by leaving a 1 mL aliquot of our cell strain suspended in PBS (a neutral

salt buffer) in a 70-80 BC water bath for 10 minutes, 25 pL of cell culture at the same density in the same
buffer was then printed into a sample container. Both the printed cells and the killed control were stained
with 5 uM SYTOX Green following the manufacturer’s protocols. The entire 25 L printed cell sample and
25 L of the killed control were then each diluted into 200 L of PBS to reduce background fluorescence.
The 200 pL final samples were measured in a fluorometer (  Figure 7.19 ) to determine the amount of bound
flucrescence and then in a spectrometer to determine the cell density, allowing calculation of the amount of
flucrescence present per cell { ¢},

The results indicate a minimum survival rate of 40% for the RFP-expressing yeast and 60% for the GFP-
expressing yeast. While the true rate is likely substantially higher, this is a sufficient demonstration to
prove that enough cells survive to achieve our proof of concept.

7.5 Print Substrate
7.5.1 Substrate Composition Selection

The print substrate must keep the cells alive after printing; allow (in combination with the print medium)
for a sufficiently low level of cell ‘drift’ post-printing; support the printed cells in an actively secreting state
for long enough to allow a sufficient material yield; bind the secreted material so that it can be isolated; and
allow removal {washing away} of the cells post-secretion.

Essentially all of the main print substrate components were determined by our earlier implementation
choices (Figure 7.20). Agarose was chosen as a gelling base after we tested it against our RFP- and GFP-
expressing cells and determined that it had acceptably low interference with fluorescence detection. Our
choice of ura3 S. cerevisiaeas a host strain meant that our substrate needed to contain a nitrogen base with
selective amino acid supplements as a selective nutrient source, Quruse ofthe  pGAL1 for material stimulus
control meant that the substrate had to contain galactose as a secretion expression stimulant. QOur choice
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Figure 7.20: Many of the substrate components were determined by a priorl cholces, Induding the
presence of nickel lons (for the affinlty binding], galactose (to stimulate materlal production], caldum
lons {to trigger gelling), and the yeast nitrogen base plus selective dropout supplements {te ensure
the yeast remain active).

of gelled alginate as a biocompatible physical support meant that the substrate also had to contain clciumn
chloride, in order to cause contact gelling. The open-air nature of our print process means that ampiclllin
was necessary to prevent bacterlal combination during the active material deposition phase. Our inltial
cholce of polyhistidine tags as material binding sites meant that the substrate also needed to contain nickel
lons.,

7.5.2 Post-Printing Growth and Expression

To test that the cells would be able to produce sufficient amounts of materlal after printing, we conducted
growth and fluorescence assays of cells manually deposited on our print substrate,

The first test simply compared growth in the presence of galactose to growth in the presence of dextrose
(Figure 7.21 ). This showed a delay of growth due to the lower efficlency of galactose as a metabolic energy
source, as expected, but no other ill effects.

The second test compared per-cell fluorescence @, as defined aarllar, In two different concentrations of al-
ginate at a variety of concentrations of calcium and nickel, As the alginate gels In the presence of calclum,
these fluorescent readings show significant noise when compared to the readings taken in pure liquid cul-
tures ( Flgure 7.22 ).

The fluorescence data from the full battery of tests Is shown in  Figure 7.23, The presence of calclum ap-
peared to have essentially no negatlve effect on material production. The presence of nickel, however, was
cleary harmful at all but the lowest concentration. Interestinghy the higher concentration of alginate ap-
pears to offer some protective effect against the higher nickel concentrations; this may indicate that alginate,
which takes up some of the calcium ions as part of the gelling process, also takes up nickel ions {which have

the same charge) at a lower efficiency

7.5.3 Material Binding and Washing

Polyhistidine tag binding tests for RFF and GFP were also run using the Dynabeads His-Tag Isolation and
Pull-Down kit. The proteins were bound to the beads, washed, and then eluted, and the alution products
wene then run on an electrophoresis gel, the image of which is shownin  Figure 7.24 . There are no bands for
the lysls solutions because they were too dlluted. There are bands for the flow-through that do not indude

a visible GFP or RFP band, and there are no visible bands for the wash solution. The elution products for

GFP and RFP each Indude a band that does not appear for wild type yeast, and these additlonal bands
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Density of S. cerevisiae

in Galactose vs. Time, 7 Days
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Figure 7.21:

Cell density measured over a week for our unmodified host cell strain, our RFP-

expressing cells, and our GFP-expressing cells in a galactose-containing medium. The modifications
necessary to enable material production do not appear to affect cell growth when the cells are actively
producing. Compared to Figure 7.14 , the use of galactose as a carbon source appears to slow cell
growth, as expected, but allow for a slightly higher maximum population.
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Figure 7.22: The normalized per-cell fluorescence @ was measured over time to determine whether
the presence of calcium and nickel in the substrate would reduce material production.
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Figure 7.23: The normalized per-cell fluorescence @ was measured over time at different concentra-
tions of calcium and nickel.

are appropriately positioned relative to the ladder for the tagged RFP and GFP. This demonstrates that
the combination of quantity of tagged material {protein) produced and the binding efficiency of the tags
is sufficient for detection. However, the Dynabead kit uses cobalt as a binding substrate, and amount of
cobalt needed in a print substrate for comparable binding is well above the toxicity threshold for our cells.

Thus, although this material demonstration is sufficient for our proof of concept, it also establishes that
binding polyhistidine tags using metal {nickel or cobalt) ions are not a promising implementation for future
development. We have begun investigation into two other possible alternatives, antibody-epitope pairs and
protein-protein (or protein-polysaccharide) binding domains.

7.6 Material Template Selection

Our basic performance parameters, derived from the state of the art in related fields using similar technol-
ogy {Section 5}, are shown in Table 7.2. We designed a simple grid of five by five droplet locations to enable
us to directly measure as many of our parameters as possible with simple microscopy. Since so many nat-
ural materials are composites ( Table 4.1), we decided that our proof of concept should use two different
materials. This yielded the two-material template shownin  Figure 7.25.

7.7 Printing Demonstration & Performance Characterization

The first step in our proof of concept was to demonstrate the functionality of all the non-living parts, as
the genetic engineering was by far the largest part of the Phase | work and would not be completed until
relatively late in the process. This was accomplished by using 6  um polystyrene beads (Polysciences) in
two different colors to represent the two cell strains. The result is shown in Figure 7.25 . These simulated
print test runs were used to generate the print system performance metricsin  Table 7.2.

Once the genetic engineering was completed for RFP and GFP expressing yeast, the two cultures were
printed in the same alternating pattern as the beads, and micrographs of the resulting grid were taken on
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Figure 7.24: The protein bands resulting from a protein binding test using Dynabeads. The lanes are,
from left to right: the SeeBlue Plus2 protein ladder, lysed cell solutions (RFP left of GFP), polyhistidine
binding flow-through (RFP left of GFP), the used wash solution after the first wash (RFP left of GFP),
and the elution products for RFR, GFP, and wild type yeast.
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Figure 7.25: (r) The material template, printed in two colors to represent the two different cell types.
The beads are 6 um in diameter. (l) The results of the two-color grid print test with simulated cells,
with the original material template overlaid. All locations received at least one 'cell’ except for one, the

farthest right red location in the second row from the bottom. Image magnification is 25x.
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Figure 7.26: RFP-expressing yeast cells were printed in an alternating grid with GFP-expressing
yeast cells. The droplets are placed at 0.4 mm increments for a 0.8 x 0.8 mm grid. {t) Grid im-
aged separately with red and green fluorescent filters, (b,) Grid imaged with phase contrast. (br)
Composite Image of red and green fluorescence.

a fluorescence microscope using a different filter to view each fluocrescent protein. The images taken using
the two files are overlaid in Figure 7.26 so that the alternating pattern is apparent.

This, in combination with our print substrate washing tests (data shown in earlier sections), demonstrates
critical end-to-end functionality of our proof of concept system.

7.8 Results & Discussion

We have clearly demonstrated that there is at least one complete biological ‘chassis” that meets the perfor-
mance requirements of this technique. Although many of our implementation choices can be fine-tuned in
future work, when comparing our results to our originally derived metrics, we meet or exceed our mini-
mum requirements in every case ( Table 7.2).

The process of creating our proof-of-concept demonstration, as intended, brought to the forefront a number
of needed answers and new questions about our technology concept. Perhaps the most powerful takeaway
is the degree ofinterdependence between the different implementation decisions involved; nearly every
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Table 7.2: Desired and current performance parameters,

Metric Minimum Desired Current
positioning precision | 1 cell diameter B 10um 1 um 2 uim
dispensing volume S 1000 52 Bt <08
“voxel” size enc. 1000 cells = 1 nlL 10 pl 20 pl
cell survival 50% 80% 50%
pattern compietion 75% 95% = 95%

choice we made substantially impacted our options at every other step. We have summarized the most
important linkages in  Figure 7.27 . We were aware prior to our Phase | work that the technical implementa-
tion of our concept would be application-dependent, but this work has clearly demonstrated the significant
process-design effort involved in optimizing the approach for a given application. This is, in part, a con-
sequence ofits interdisciplinary nature; each design decision has meaningful biological, chemical, physical
and mechanical consequences that must be taken into account.

Another overall takeaway is the importance offunctional unification in process control. In our proof of
concept, we wers abie 1o make the physical act of printing the trigger for material production, material de-
livery, substrate gelling and support, and material binding. Without this simplification, our demonstration
would have been far more time-consuming to create. This combination of physical cues is something that
needs to be taken into account very early in the implementation design process,

The individual component steps also yielded several key findings.

Although it may not be relevant In industrial or commercial application, for research purposes, detailed
material analysis is an important additional step. Many of our choices were affected by the frequent need
for immediate, low-cost material deposition verification {fluorescence microscopy). Future work will be
necessary to determine if there is a need to monitor production rates this closely for structural material
depaosition - for exampile, for real-time feedback to stimulus control - or if this step can be eliminated once
the technology has reached a more mature level,

The selection process for the material stimulus method lad us to our insights regarding the relationship
between stimulus type, spatial and temporal resolution, and material form factor {  Table 82). Thisis a
vital piece ofinformation for any future work in this area. Similarly, our material delivery method selection
process led us o refine our original understanding of the link between delivery and material type, although

this is a weaker determination.

Ancther realization of note was that the concept of 5 ‘'voxel, as the unit of three-dimensional printing, is a
significant oversimplification of a parameter to use for our print metrics. Cell size, cell functional unit size
{if different from cell size), material organization scale, dispensing droplet velume, ‘number resclution’
{the precision with which the number of cells in a droplet can be controlled), positioning accuracy, and
sthrmulus spatial resolution are all part of the “resolution’ of our printing system. Although we defined our
final print performance { Table 7.2) in terms of voxel resolution, since our original metrics were expressed
in these terms, in future work we will likely develop more specific figures of merit.

Finally, implementing our proof of concept helped us observe that the time costs of our technology are not
necessarily intuitive. As shown in  Figure 7.15, there is a certain amount of time (approximately 2 days)
necessary for the cells to reach maximum material deposition. Howevey, this time cost does not scale with
the size of the material; once the cell array has been printed at the correct cell density, the delay for material
deposition will always be 2 days, whether the cell array is millimeters or tens of meters in size. The time cost
that scales with form factor and size Is the printing time. Our current prototype prints approximately 1 mlL

of array in 1 hour with approximately 1 um resolution; however, this ratio will be substantially improved
for material and stimulus types that require a lower cell spacing resolution. Moving to a more parallelized
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Figure 7.27: We have identified the linked decision-making pathways of each of our implementation
choices. Understanding these interdependencies is key for future work on our technology concept.
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print system (akin to having multiple jets in an inkjet print head), or one specialized for volume throughput,
will also affect this part of the overall time cost.

These insights point to two primary outstanding needs in enabling technology. The first is for identification
and characterization of genetic parts for new material types. This includes both existing structural biomate-
rials — especially those with multiple constituent materials — and, further in the future, de novo gene design.
A particular need is for genetic tools to control delivery methods other than secretion; most of the most
promising biomaterials have inorganic phases at least partially deposited outside of the cell, a mechanism
currently outside the scope of synthetic biology. Being limited to secretion-related genetic parts, or else
using a ‘black box’ approach to extracellular deposition without human-created controls, will prevent our
technology concept from reaching its full potential.

The second key need is for better modelling and predictive tools for complex materials. Current technol-
ogy is just beginning to scratch the surface of predictive functionality tools for protein folding; modelling
properties and self-assembly of our materials will require understanding the interactions between several
additional layers of structure beyond that. Such tools will need to be developed to, one day, allow de novo
hierarchical material design.
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8 Future Development Pathways

8.1 Introduction

Our third objective was to survey options and provide recommendations for hardware, biological, and
material implementations for the next stages of technology development. This takes two forms. The first is
short-term recommendations for follow-on work, particularly new or alternative potential implementations
of the different components of our technology. The second is identifying longer-term needs, including
advances in other fields, and describing pathways forward in those areas.

8.2 Short Term Implementations
8.2.1 Target Materials

Two primary factors determine the suitability of existing biomaterials for near-term future implementation.
The first is how advantageous the material’s mechanical properties are in comparison to existing engineer-
ing material choices. The second is the degree to which the genes and mechanisms responsible for material
production have been identified. We surveyed both of these factors for a range of promising structural
biomaterials in Table 6.2, Table 6.3, and Table 6.6.

Based upon our work here, we believe that the short list of materials to be considered for future implemen-
tation includes spider silk, silkworm silk, cellulose, mollusk shell, and crustacean shell. Of these, spider
silk comes closest fo having a pre-identified genetic part; one of its major constituent proteins has been
cloned and expressed in E. coli [108]. Silkworm silk is a close second, as a significant percentage of its major
proteins have had their corresponding genes sequenced [98, 115]. Cellulose, which is a polysaccharide, not
a protein, is produced in plants by a complex arrangement of membrane-bound proteins formed by at least
ten different genes [100]. Some bacteria produce a different form of cellulose [47]; though some of the genes
responsible for the total synthesis pathway have been identified and cloned [48, 95], their full synthesis
function has not been reproduced. The genetic bases for the formation of mollusk shell and crustacean
shell are at a much lower state of knowledge.

A longer term avenue of investigation could be the investigation of empirical control of biomineralization
by printed living mollusk or insect shell-lining cells; this would lose the precise control aspect of our tech-
nology concept, but might be a promising first step towards the most promising compressive materials.
However, for the short term, we recommend that future work focus on either spider or silkworm silk, with
cellulose as a fallback. We summarize these recommendations in Table 8.1.

Table 8.1: The potential materials proposed for immediate follow-on investigation, in order of imple-
mentation preference. They are ranked by whether the genetic parts responsible for their production
have been identified (a necessary first step) and expressed in another organism (a second step to-
wards standardization.)

Material Identified Expressed Notes
spider silk at least two major proteins one protein [34, 108]
silkworm silk at least two major proteins only partial sequences  [98, 99, 115]
cellulose (bacterial) | at least three genes in combination no full synthesis function [48, 95]




Figure 8.1: Combining printing the substrate, with differing chemical compositions, with printing the
cells will allow us finer control over material production and deposition.

8.2.2 Support Medium & Substrate

New target materials will require new support media to provide the required raw materials for the engi-
neered cells. In the case of mollusk shell, which is a composite of calcium carbonate with proteins and
polysaccharides, the substrate would need to include the required calcium as well as the organic feedstock.
As for cellulose, the compound itselfis a polysaccharide, so the organic feedstock should be sufficient to
preduce it, but to form a material with any structure, the cellulose would need to be embedded in a matrix
of cross-linking glycans to for a macrostructure similar to the fibrils it forms in cell walls, or a different type
of adhesive matrix to hold the cellulose strands together in a macro-scale structure. This matrix could be
included in the print substrate and printed in alternating layers with the cellulose-secreting cells.

The first steps going forward would be to start with an alginate substrate prepared using cell growth media

for use in initial tests to confirm that the new cell cultures can be printed effectively, survive printing, and
grow, Then the additional substances, such as calcium in the case of mollusk shell, would be added to the
media reclpe, so that the expression of cells deposited on this medla can be tested. Cellulose-producing
cells should be able to express without additional raw materials in the print substrate, and layering with a
matrix solution can be tested after the initial expression tests. The  GAL1 promoter can be used the same asin
this work, so that galactose in the print substrate will induce expression after printing, although alternative
promoters can be investigated.

Once expression of printed cells is verified, alginate can be used in the print media so that printed droplets
will gel on a substrate containing calcium ions, holding the cells in position until they have secreted mea-
surable amounts of the desired material. This rapid gelling effect can also allow for multiple layers of cells
to be printed on top of each other to create a three-dimensional structure as opposed to the two-dimensional
proaf-of-concept in this work. Depending on the type of matrix used with cellulose, altemating layers of
cellulose-producing cells and the matrix solution may take the place of alginate In this process.

8.2.3 Production Stimulus

We have surveyed a number of potential material production control stimuli (  Table 8.2). The primary
factors to consider when cheosing a control stimulus for future work are, firstly, how well the type of
stimulus corresponds to the desired form factor, and secondly, whether there is an existing genetic part
{promoter or other regulatory sequence) that corresponds to It.

Form factor matters because different types of stimuli have different spatial and temporal resolutions. Tem-
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Table 8.2: Different material production stimuli match different form factors.

Stimulus | tresolution X resolution Form Factors

chemical low high thick sheets, solid (deep) shapes

optical high high thin sheets, fine surface structures
thermal low low smooth density or composition gradients

perature is easy to control in a large gradient, either linear or exponential, but hard to change rapidly or
over short distance scales. Chemical exposure can either be changed rapidly using fluidics, or achieve high
spatial resolution if the substrate is printed with different compositions. Optical stimulus can achieve high
spatial and temporal resolution over a 2D space at a low cost, but 3D spatial resolution within a partially

opaque cell array becomes much more costly.

There are relatively simple heat-responsive eukaryotic promoters [ 91], and a wide variety of chemically
sensitive ones that respond to salts, metal ions, sugars, and so on (e.g.,, [ 14, 73]). The optically sensitive
regulatory systems that have been identified are substantially more complex, involving cascades of multiple
mechanisms [ 88, 93].

Since much short-term work will likely focus on thin material sample sections, all three options are likely to
be relatively inexpensive to produce in terms of process control. This leaves the labor cost of implementing
the genetic engineering for a given stimulus as the determining factor. We therefore recommend chemical
control for short-term work, with implementing optical stimulus as the next logical step.

As our immediate future work is therefore likely to rely on chemical stimulus, we should mention the
possibility of 3D printing the substrate as well as the cells ( Figure 8.1 ). Our printing hardware is compatible
with our current print substrate, meaning that we only require multiple-material printing capability to be
able to create spatial patterns of different chemical stimuli. We upgraded our printing hardware to this
level as one of the last stages of our Phase | work, so it is likely we will be able to investigate this avenue in
the near term as well.

8.2.4 Cell Positioning & Deposition

The bioprinters cell deposition setup and procedure can be updated to accommodate new cell types, and

to improve the efficiency of the printing process. If cell types other than S. Cerevisiae are used to produce
the desired materials, the voltage and pulsewidth used by the piezoelectric dispenser head to deposit the
cells will need to be calibrated such that a number of cells are deposited per drop that is appropriate for
the material pattern to be printed. If the size of the cells varies from that of S. Cerevisiae, a different size of
dispenser head may be needed to accommodate the new cell diameter without clogging, while also keeping
the minimum drop size and cells per drop as close to single-cell resolution as possible. Additionally, with
multiple print heads, multiple cell types or solutions could be loaded into the bioprinter simultaneously,
streamlining the process of printing materials with multiple components by eliminating the need to empty
and fill a single print head with each new solution or cell culture.

In the longer term, other deposition methods are worth investigation. The deposition setup would need
to be optimized for microgravity use if this technology is considered for the ISS, and that would involve
adjusting droplet velocity and the distance from the dispenser head to the substrate, at a minimum. For the
scenario of on-site construction on Mars, a deposition system integrated into a mobile platform that
moves along the structure as it is constructed may be the most effective option.

It should be remembered that not all possible cell array construction approaches require full 3D printing
capability. Another possibility is analogous to extrusion, in which a thin cross-section of cells is used to
produce material that is continuously drawn away as it is deposited ( Figure 8.2 ). Implementation of high
spatial resolution stimuli might also lower the minimum cell printing resolution for certain types of mate-rials,
although the strength of the effect will have to be determined experimentally.
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Figura 8.2: A hypothetical alternative approach to cell armay construction: if either the cells are bound
to a substrate, or the materlal Is functionalized so that it can be subject to forces without affecting cell
placement {e.g., through a magnetlc tag), then a thin cross-section of cells could be used to produce
a much larger piece of material that is continuously drawn away as it is depasited.

B.2.5 Material Delivery

We have surveyed 2 number of potential material delivery methods { Table 8.3). The primary factors to
conslder when choosing a delivery method for future woerk are, firstly, how well the type of delivery corre-
sponds to the desired material type, and secondly, whether there is an existing genetic part (secretion tag
or other pre-processing sequence) that coresponds to it.

The relationship between material type and delivery method have already been discussed in subsection7.24.
Of the options we surveyed, by far the best studled and least controlled approach is cell lysing. Metal or
Inorganic salt sequestration and deposition is generally poorly understood, akthough it is often assumed

to involve either secreted or surface-expressed proteins. We have included the entry ‘extracellular() in

Table 8.3 to represent this class of mechanism. Secretlon is, by comparison, well understood.

Implementation ofinorganic material integration is dependent on future work in other fields identifying
the relevant blosynthetic mechanisms, We therefore recommend that short-term future work use secretion
as a delivery method, with cell lysing as secondary option for materials unsultable to known secretlon tags.

826 Material Binding

The method of material binding to the print substrate, and to neighboring lavers of cell-produced materlal,
will depend on the material type. For proteins, the addition of a polyhistidine tag or a V5 epitope tag to
one end of the protein can allow the protein to bind to nickel or ¥5 antibodies in the substrate, respectively:
Cellulose, on the other hand, may need to be bound by the matrix solution that crass-links it Into structures
similar to fibrils.

Mollusk shell may need to simply bind to kselfin layers analogous to those found in nature, with the
cells possibly held in place initially by gelled alginate, but the material itselfforming structural layers
through the interactlon of the calcium carbonate layers with the protein and polysaccharide layers. Due to
their chemical properties, some materials will actually be self-assembling If the necessary environmental
conditions are met. Bamples of self-assembling materials are molecular crystals, lipid bilayers, and certain
polymaers [ 36].



Table 8.3: Different material delivery methods match different material types.

Method Material Examples

secretion proteins, some polysaccharides

sequestration coppet, iron, nickel, other metals

extracellular(?) | some polysaccharides, most inorganic biominerals
lysing silk, cotton, other fibers, bioplastics

8.3 Long Term Approaches

Given that our technology is innovative, multidisciplinary, and extremely broad in potential scope, it is
to be expected that a significant part of our TRL advancement in our Phase I work has been identifying
specific unknowns relevant to our technology concept and investigating options to characterize them. In
the previous section, we focused on immediate work that could be done to advance the proof of concept
implementation. In this section, we list those longer-term questions identified by our Phase I work which
must be answered to gain a complete understanding of this technology’s potential costs and benefits.

» Single-cell printing resolution. We found that the only limiting factor in our cell array construction was
the low repeatability of our microdispensing system. Although the droplet volume was very precise,
the variability in the number of cells contained in each droplet causes to undesirably high variability in
the number of cells placed at each location. Possible solutions include installing a monitoring system
that can detect the number of cells printed in real time and re-print over the same location until the
desired number is reached., This is not outside the scope of being added to existing commercial devices
in the next few years, as the metrology system would essentially be a simplified flow cytometer.

» Micropositioning resolution. The minimum achievable resolution of DC-motor-based systems is in the 1
pm range, which exceeds the diameter of most eukaryotic cells. Finer resolutions can be achieved with
piezo-based systems for work which requires prokaryotic cells; the limiting factor here, as discussed
above, will be droplet resolution and repeatability.

* Stimulus control. Control of the stimuli used to regulate cell material production and structuring must
be at a fine enough spatial and temporal scale. Chemical stimuli are limited only by droplet size, if
the print substrate is pre-printed to include the stimulus. Optical stimulus can be over an order of
magnitude more precise in space, and resolved on microsecond timescales, if technology comparable
to that in a scanning laser microscope is used; however, opaque or semi-opaque supports or scaffolds
will sharply limit the depth at which it can be used. Quantifying these limits will be important for
determining the cost and potential benefit of implementing each.

Identification of new genetic parts corresponding to stimulus, delivery, and target materials. Although rapid
generation of libraries of characterized genetic parts is a common goal in synthetic biology, few existing
efforts focus on genes related to structural materials. Fewer still focus on new control or delivery
mechanisms related to material production. Although we can use ‘black box’ empirical techniques,
such as growing the cells which natively express a material in close to their original environment, we
will not be able to create material customization without real genetic tools at our disposal.

» Design of new genetic parts. De novo gene design and synthesis is still an emerging area. Ultimately, it
will be necessary to develop these tools in order to create materials fully customizable down to the
molecular level. It is likely fifteen to twenty years before this becomes a bottleneck for our technology
concept; however, our technology will not achieve its full potential without it.

» In situ resource extraction. A strong selling point of our technology from an aerospace perspective is its
ability to build a wide variety of materials from basic, locally extractable resources. This advantage is
only magnified as in sifu resource utilization technologies improve.

» Compliant materials modelling tools. The combination of compliant and rigid elements in natural bioma-
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terials gives them their extreme toughness, resilience, and energy-dissipating ability. Existing material
stress-strain modelling tools do not handle these properties well [11]. This is a current area of materials
modelling research, due to its applications to emerging robotics and architectural concepts based on

tensegrity.

» Modelling tools for self-ussembling materials. Although this need shares some common ground with soft-
ware tools such as predictive protein folding models and computational nanomaterials design, the
many additional layers of structure in the most highly ordered biomaterials will require a specialized
toolset. This is a novel requirement created by our technology concept.

» Identification of biomaterial mechanical properties in a relevant environment. This is a key unknown which
can be addressed in the short term by materials testing under simulated space environments. However,
in order to predict the performance of new materials created with out technology concept as part of the
design and synthesis process, we will ultimately need to add this function to the proposed modelling
tools referred to above.

= Material properties for design tools. Most structural design tools, such as finite element analysis software,
assume essentially constant material properties and calculate maximum allowed loading conditions
accordingly. To fully tap our technology concept’s potential, this process has to be inverted; we need
the ability to calculate fine-grained material properties to suit a given shape and load.



9 Complementary Advances

This highly interdisciplinary proposals is related to a suite of complementary technologies, and has the
potential to interface with several. The field of bioprinting has focused primarily on tissue and organ
printing with companies such as Organovo leading the way (reviewed in [50]). Recent successes in printing
vascular tissue, heart valve, ears, skin and bone indicate the dawn of a new era in bioprinting. It should
be noted that Organovo has recently partnered with Autodesk, the world’s leader in 3D design, to develop
an interface for 3D bioprinting. We have an excellent relationship with Autodesk in other projects, and
we have started to investigate the use of their software for our bioprinting platform. While this work
is complementary, the focus on tissue and organ bioprinting is to deliver functional cells in the correct
conformation, whereas this proposal focuses on using the printed cells as a mean for “micromanufacturing”
but having the cells secrete biomaterials which then go to form the finished product.

We are excited about the overlap between the materials produced under the proposed work and bioprinted
fabrics. The microstructure and embedded capabilities that our technology can produce should revolu-
tionize the production of flexible materials that could provide unique capabilities for human exploration,
including habitat coatings and astronaut clothing. For example, just as we are proposing the seamless con-
struction of materials that differ in rigidity and elasticity, so too could this construction be applied to a
spacesuit or habitat cover.

The reduction in upmass of off-planet biological production systems is strongly linked with in sifu re-
source utilization (ISRU). The development of the ISRU aspect is being explored elsewhere in our lab.
Heterotrophic cells, such as yeast which we have used up to the this point, require organic inputs and
metals. The former — most notably fixed carbon and nitrogen — can be provided by photosynthetic mi-
crobes. We have developed this concept since 2011 in a project we call “PowerCell”, where cyancbacte-
ria or algae will provide photosynthate that will feed heterotrophic “production organisms”, which will
generate food, fuel, and other materials, and oxygen, or in the case of the present project, biomaterials.
The synthetic biology has been developed under the rubric of the 2011 Brown-Stanford iGEM team in our
lab (http:/ /2011.igem.org/ Team:Brown-Stanford /PowerCell /Introduction), and the production cell sys-
tem has been prototyped by the 2013 Stanford-Brown iGEM team (http://2013.igem.org/Team:Stanford-
Brown/Projects/EuCROPIS). We have a unique opportunity to test this concept at microgravity, lunar and
Martian gravity as a secondary payload of the German Aerospace Centers Ew:CROPIS satellite mission,
due to be launched in late 2016. The data from this mission will allow us to better estimate the production
capability of PowerCell at destination gravities, and thus the overall production capability of the NIAC
biomaterials project.

Similarly, all living organisms need a source of metals. The 2012 Stanford-Brown iGEM team under Roth-
schild’s supervision used synthetic biclogy to build an E. coli with the capability to bind metals to its flag-
ellum (http://2012.igem.org/Team:Stanford-Brown/Biomining/Introduction). While the initial proof-of-
concept was for copper binding, the potential exists to specifically bind any metal that can be bound by
a protein with specificity. This work is currently being developed by a Ph.D. student in Rothschild’s lab,
Jesica Navarette, UC Santa Cruz.



10 Summary & Conclusions

The mission benefit analyses as described in our Phase I proposal (Objective #2, Section 6) are complete and
contained in this report. As was appropriate for the information we had prior to the completion of the proof
of concept, we focused on the benefits due to material subsitution and in situ resource utilization. These
calculations alone show that our technology can save hundreds of kilograms of upmass for a potential hu-
man habit construction mission (a net mass savings of approximately one third per habitat module without
ISRU, or mass savings including the full 240 kg per module if all materials are derived from ISRU). We have
shown that continued advancement of this technology concept for use in a space mission environment is
justified.

We completed the proof of concept described in our Phase I proposal (Objective #1, Section 7), a two-
material array of non-structural proteins. We created an implementation of each step in our technology
concept (Figure 7.1) and demonstrated its critical functionality (Table 7.2). Our current host cells are S.
cerevisige, a yeast, genetically engineered to secrete our target materials, fluorescent-tagged proteins, when
exposed to galactose. Our current print medium and substrate are a glucose-containing alginate medium
deposited onto a calcium- and galactose-containing agar surface. The calcium gels the alginate, and the
introduction of galactose when the cells contact the substrate triggers the material secretion. This way,
the act of printing is combined with the act of creating a physical support for the cells and providing
the material production stimulus, greatly simplifying the end-to-end-process. The biological chassis and
printing hardware we created as part of this work can be re-used for future work by inserting a material
coding region upstream of the fluorescent tag. Overall, we showed that our technology concept is sound.

Our survey of future development pathways (Objective #3, Section 8) proved extremely informative in
light of the lessons learned from our proof of concept work and mission scenario analyses. For example,
we were able for the first time to distinguish between the levels of functionality provided by production of
structural proteins, other polymers such as polysaccharides, and true organic-inorganic composites such as
bone and mineralized shell. We were also able to survey the state of knowledge of the precise mechanisms
involved in the formation of both non-protein-based structural materials, such as chitin and cellulose, and
the inorganic phase of biominerals, and quantify our previously qualitative estimates of our technology
concept’s reliance on advances in other fields. Both of these analyses represent significant advances in
formulating specific applications for our technology concept.

For Objective #4 (Section 9 ), we surveyed potential collaborations with other projects and synergies with
enabling technologies that are developing, including labs at Stanford University and Drexel University,
Organovo, and Autodesk. Collaboration with tissue engineers at Organove would allow our technology to
develop in parallel with tissue printing technology, and collaboration with Autodesk would speed the de-
velopment of software to translate standard 3D model file formats into commands usable by the bioprinter.
Finally, we have been in touch with the team behind the 2013 NIAC Phase II ‘Super Ball Bot - Structures for
Planetary Landing and Exploration” and are planning to develop our biomaterial printing technology with
the goal of enabling tensegrity-based rovers such as theirs to use lighter, more robust materials.

A smooth transition from TRL 2 to TRL 3 assumes that the implementations of the technology concept
which demonstrate critical functionality are also pathways for future development; while this is the case
for most hardware or software projects, the multidisciplinary nature of our project, particularly the biolog-
ical aspect of it, means that this is not always true. The most clear example of this in our Phase I work is
the fact that our polyhistidine tag material binding method worked sufficiently well for a proof of concept
demonstration, but is too cytotoxic for use in future work where we would need a much greater amount
of the substrate to bind structural materials. Another, less obvious, example, is the case of genetic parts
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for material production. We have determined as part of this work that although there are large number
of known genetic parts that correspond to non-structural materials, such as the proteins we used in this
work, sequences for structural organic proteins, let alone biomineralization pathways, are still far from
standardization (Table 6.6). These realizations allowed us to further subdivide our concept into more de-
tailed development areas, some of which are clearly established at TRL 3, others of which were newly
identified sub-technologies moved from TRL 1 to TRL 2.

Similarly, although a single feasibility /benefit analysis is sufficient for advancement from TRL 2 to TRL 3,
not all potential benefits to a technology concept as broad in scope as ours are apparent at TRL 2. Both our
future pathways survey and our proof of concept work highlighted that the true mass savings potential of
our technology concept cannot be quantified without modification of existing materials modelling tools to
take into account the possibility of positional materials properties customization. Therefore, in our Phase I
work, we have simultaneously both advanced one potential set of applications of our technology concept
from TRL 2 to TRL 3 and also identified a previously unknown set of applications and advanced it from
TRL 1to TRL 2.

Our overall TRL advancement breakdown in shown in Table 3.2. Overall, we have moved the original
formulation of our concept forward from TRL 2 to TRL 3, and the expanded formulation of it presented
in this document has been advanced from a combination of TRL 1 and early TRL 2 to an overall late TRL
2, using the definitions in Table 3.1. We have also identified the key areas necessary for both short-term
and long-term advancement, and made recommendations for specific future work in the most promising
directions. With future work on a 1-2 year timeframe to continue advancement to overall TRL 3, we will be
well positioned to begin work on a specific space mission technology insertion path.
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A Press & Publications

The project has received significant publicity. We have received requests for collaboration from other insti-
tutions, including labs at Stanford University and Drexel University; we will propose to work with at least
one of these potential collaborators in our Phase II proposal. We have also received visits from industry, in-
cluding Organovo, a tissue engineering company, and Autodesk, a major 3D and materials design software
company.

The project has also been featured in the popular press. A partial list of publications includes:

s TechCrunch (http:/ /techcrunch.com /2014 /02 /09 /how-nasa-prints-trees/)
¢ VICE's Motherboard

* ENGINEERING.com (http:/ /www.engineering.com/3DPrinting / 3DPrintingArticles / ArticlelD/7132/
NASA-Research-Aims-to-Print-Wood-in-Space.aspx)

¢ 3Ders.org (http:/ /www.3ders.org/articles /20140210-nasa-to-3d-print-wood-in-space.html)
» Newsweek (http:/ /www.newsweek.com/2014/05/30/recycling-mars-251740.html)

A New Technology Report (ARC-17157-1) was submitted for this project in March 2013 and is currently in
review for patentability at the Patent Counsel Office at NASA Ames Research Center.
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B Recipes, Protocols and Sequences

B.1 Plasmid Maps

pGAL1 1..451
TATA Box 309..314

txn start 394..394

pT7 475..494

1 ori 6703..6248
) secretion tag 525..638

. yemRFP 639..1346

V5 Epitope 1377..1418

His tag 1428..1445

Stop Codon 1446..1448

CYC1 txn term 1467..1719

pYES-yeRFP-final
6720 bp

URA3 promoter 4706..4481 ~
P pUC ori 1902..2575

Figure B.1:  The plasmid backbone used for our RFP-producing yeast cells

pGAL1 1..451
TATA Box 309..314

txn start 394..394

pT7 475..494

1 ori 6709..6254
) secretion tag 525..638

. yeGFP3 639..1352

/" V5 Epitope 1383..1424

His tag 1434..1451

Stop Codon 1452..1454

CYC1 txn term 1473..1725

pYES-yeGFP-final
B726 bp

URA3 promoter 4712..4487 S
P pUC ori 1908..2581

Figure B.2:  The plasmid backbone used for our GFP-producing yeast cells
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B.2 Print Medium Composition

The print medium we developed and tested for this work, as described in the main body of the report,
is detailed below. This recipe is for dextrose as the sugar type; galactose is substituted at a 1-1 ratio for
stimulus control. For a 300 mL final volume:

1. Combine:

¢ 2.01g yeast nitrogen base
» 0.576 g yeast synthetic drop-out medium (uracil deficient)

o If any other additives are required for the specific experiment, add them now unless they will not
survive the autoclave.

e DI water to a total of 270 mL

2. Autoclave the mixture.
3. After cooling until the flask is safe to touch, add:

« 30 mL of a sterile 20% dextrose solution (2% sugar final concentration)

300 uL of a 1000x concentrated ampicillin solution (1x final concentration)

» any experiment-specific additives that would not have survived the autoclave, which must have
been sterilized by other means

4. Store at4 °C.

B.3 Print Substrate Composition

The print substrate we developed and tested for this work, as described in the main body of the report, is
detailed below. For a 300 mL final volume:

1. Combine:

e 2.01g yeast nitrogen base

» 0.576 g yeast synthetic drop-out medium (uracil deficient)

* 9g agarose

* (If any other additives are required for the specific experiment, add them now unless they will not
survive the autoclave.)

» DI water to a total of 270 mL

2, Autoclave the mixture.
3. After cooling until the flask is safe to touch, add:

* 30 mL of a sterile 20% galactose solution (2% sugar final concentration)
» 300 pL of a 1000x concentrated ampicillin solution (1x final concentration)

* any experiment-specific additives that would not have survived the autoclave, which must have
been sterilized by other means

4. In a sterile environument, pour into petri dishes, and once the agar has gelled, store at 4 °C.
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