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Abstract (Academic)
Additive Manufacturing for Robust and Affordable Medical Devices
Daniel A. Wolozny
Additive manufacturing in the form of 3D printing is a revolutionary technology that has
developed within the last two decades. Its ability to print an object with accurate features down to
the micro scale have made its use in medical devices and research feasible. A range of life-saving
technologies can now go from the laboratory and into field with the application of 3D-printing.
This technology can be applied to medical diagnosis of patients in at-risk populations.
Living biosensors are limited by being Genetically Modified Organisms (GMOs) from being
employed for medical diagnosis. However, by containing them within a 3D-printed enclosure,
these technologies can serve as a vehicle to translate life-saving diagnosis technologies from the
laboratory and into the field where the lower cost would allow more people to benefit from
inexpensive diagnosis. Also, the GMO biosensors would be contained with a press-fit, ensuring
that the living biosensors are unable to escape into the environment without user input.
In addition, 3D-printing can also be applied to reduce the cost of lab-based technologies.
Cell patterning technology is a target of interest for applying more cost-effective technologies, as
elucidation of the variables defining cell patterning and motility may help explain the mechanics
of cancer and other diseases. Through the use of a 3D-printed stamp, bacterial cells can be
patterning without the use of a clean room, thus lowering the entry-barrier for researchers to
explore cell patterning.
With the commercialization of 3D-printing, an opportunity has arisen to transition lifesaving technologies into more cost-effective versions of existing technologies. This would not only

allow more research into existing fields, but also to ensure that potentially life-saving technologies
reach the people that need them.

Abstract (Public)
Additive Manufacturing for Robust and Affordable Medical Devices
Daniel A. Wolozny
3D-printing is a revolutionary technology developed within the last two decades. Its ability
to print an object with accurate features down to the micro scale have made its use in medical
devices and research feasible. A range of life-saving technologies can take advantage of 3Dprinting to go from bench top technologies into the field. This technology can be applied to medical
diagnosis of patients in at-risk populations. Cells are able to detect and react to their environment.
We can take advantage of this to design genetically modified cells for disease diagnosis. However,
genetically modified cells are heavily regulated and it is thus difficult for use outside the lab.
However, by containing them within a 3D-printed enclosure, these technologies can serve as
vehicles to translate life-saving diagnosis technologies from the laboratory and into the field where
the lower cost would allow more people to benefit from inexpensive diagnosis. Also, the
genetically modified biosensors would be contained with a seal, ensuring that the genetically
modified cells are unable to escape into the environment without user input.
In addition, 3D-printing can also be applied to reduce the cost of lab-based technologies.
Cell patterning technology is a target of interest for applying more cost-effective technologies in
order to understand how cells self-pattern and move in their environment. This may help explain
the mechanics of cancer and other diseases. Through the use of a 3D-printed stamp, bacterial cells
can be patterned without the use of expensive facilities, thus lowering the entry-barrier for
researchers to explore cell patterning.
With the commercialization of 3D-printing, an opportunity has arisen to transition lifesaving technologies into more cost-effective versions of existing technologies. This would not only

allow more research into existing fields, but also to ensure that potentially life-saving technologies
reach the people that need them.
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Chapter 1: Introduction
Additive manufacturing, the technology of turning a design into a 3D part by depositing
layers on top of one another, was first invented in 1987. Over the next decade, the technology
developed leading to several subtypes including Fused Deposition Modeling (FDM) patented by
Stratasys. This technology, also named extrusion printing, takes 2D designs in Computer Aided
Design (CAD) and turns them into 3D models. These models are introduced into Computer Aided
Modeling (CAM) software which transforms the 3D model into computer-numerical-control
machine instructions in preparation for printing. The printer head heats the extrusion material,
usually thermoplastics, of known properties and deposits them in layers to produce a part.
The design of devices and parts for commercial development tends to be an expensive
undertaking. This is even more so in the case of the generation of new technologies for use in
science, medicine and engineering. Not only is the production cost high, but so is their research
and development. However, such devices are necessary to tackle the medical problems and
diseases faced by millions. This illustrates a need for the rapid design and application of medical
life-saving technologies to patients. To reach their target audience, such technologies must be
inexpensive, easy-to-use and high-throughput. A promising technology for tackling these
problems is additive manufacturing also known as a rapid prototyping technology. A sub-type of
additive manufacturing called extrusion printing is a cost-effective commercial technology for the
design, optimization and generation of devices. These 3D printed devices may be used to take lifesaving but restricted biological technologies from laboratory settings to at-risk populations. In
addition, they may be used in combination with existing technologies to lower the cost of
laboratory techniques instrumental to furthering our knowledge of human disease states.
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Technologies exist outside of hospitals that may be of use for ensuring early diagnosis of
infections in patients, however, these technologies are highly regulated due to fears and concerns
derived from new and untested technologies. An example of this is synthetic biology which
engineers genetically modified cells. These bacterial cells, categorized by the public as Genetically
Modified Organisms or GMOs, are powerful sensors for detecting chemicals in their
environmental mien. These GMO bacteria fall under the category of biosensors due to the presence
of a biological component to sense inputs and an engineered system to translate the inputs into
outputs, which makes them effective medical diagnosis tools. These whole-cell biosensors are
tools that are more amenable to mass production due to their ability to reproduce and grow wi th
minimal nutrients. Whole-cell biosensors tend to be confined mostly to laboratories due to caution
and fear of Genetically Modified Organisms (GMOs). Containing them from the environment and
preventing mixing with wild strains of bacteria is essential to meeting international regulations and
thus gaining acceptance of their use. To ensure the life-saving benefits of such engineered cells
reach patients, an easy to use 3D printed containment device can be designed to transport the
biosensors outside the laboratory setting. This would allow a potentially game-changing diagnostic
technology to leave the lab and reach those in need for a fraction of the cost of modern diagnostic
machines. For this project, 3D printing will first be leveraged to create a system enabling the
containment and field-deployment, and therefore utility, of cells engineered with synthetic
biology. This project will demonstrate the utility of additive manufacturing and materials design
in the creation of devices for the cost-effective application of synthetic biology. In addition, a
robust synthetic biological sensor will be utilized for the detection and quantification of a chemical
marker of bacterial population size.
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3D printing technology can also be applied to aid in lowering the high entry-barrier found
in some fields of research such as soft lithography patterning used to create imprints on viscoelastic
surfaces. These imprints can be used for patterning a variety of cells to explore the principles
behind how cells interact with each other. This technique holds many advantages such as its high
accuracy at low scales, however, it is limited by the need of a clean room to filter dust out of the
air in order to make the lithography masks necessary to create the patterned molds. These rooms
are needed as dust in the air becomes relevant and obstructs the creation of patterns at the micron
and nano scales where the device features are manufactured. Clean rooms are costly to maintain
and of scarce availability. The ability to create patterns without the use of lithography masks and
thus without clean rooms could significantly accelerate research in the field as well as increase the
number of engineers and scientists participating. The increase in research and decrease in cost can
be accomplished by utilizing 3D printing. Designing and printing a custom made stamp, eschews
lithography masks and clean rooms entirely and utilizes a high-throughput 3D printed device
designed to make replicable patterns on viscoelastic surfaces. For this project, additive
manufacturing will be used to make a new, cost-effective tool for bacterial cell patterning,
interaction and detection of the environment. These new cell patterning tools will form a useful
technology for a range of studies, including those aimed at furthering our understanding of
organismal development, tissue formation and even cancer. Furthermore, they can serve as an
educational tool for high school level education on bacterial patterning, behavior and biosensing.
All of these sections will support or be integrated with the pursuit of the use of additive
manufacturing as a versatile engineering tool to enable new biological studies. An overarching
principle in pursuing this goal will be a focus on building tools to lower the cost of scientific
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research and to create greater access to relevant fields of research whether inside or outside the
laboratory
The goal of the proposed work is to successfully develop additive manufacturing (e.g., 3D
printing) as a tool to deploy biological technologies. As a first objective, a device will be designed
and fabricated that enables field-deployment of an engineered cellular biosensor, while mitigating
the risk of escape of this genetically modified organism (GMO). This cellular biosensor will be
developed by taking genes from the quorum sensing system of P. aeruginosa, and will serve to
recognize N-3-oxo-dodecanoyl-L-Homoserine lactone (3O-C12-HSL) produced by this organism.
The cellular biosensor will be grown within the additively manufactured device to become a
system for the sensing of field samples using synthetic biology. Using this new paradigm will
allow for the use of genetically modified organisms outside of the lab and in the field. As a second
objective, additive manufacturing will be used to pattern bacterial biosensors. This new
methodology for bacterial cell printing will use 3D-printed stamps to imprint cells onto a soft agar
surface. This technology will be used for the edge detection of chemical signals in agar as well as
to showcase the utility of 3D printing for improving research and decreasing costs inside and
outside the laboratory.
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Chapter 2: Literature Review
History of Additive Manufacturing
Additive manufacturing, the process by which a 3D design is used as a template to buil d
an object in layers by depositing materials, can be divided into several sub-types such as
stereolithography, solid ground curing, laminated object manufacturing, and fused deposition
modeling1.

Additive manufacturing first became commercialized

by the invention of

stereolithography twenty nine years ago 2,3. Stereolithography is a method where a computercontrolled laser solidifies thin layers of ultraviolet sensitive liquid polymer into three-dimensional
objects4-6. In 1991, new additive manufacturing technologies were commercialized when solid
ground curing, laminated object manufacturing, and fused deposition modeling techniques were
introduced. Solid ground curing, similar to stereolithography, also utilizes ultraviolet sensitive
liquid polymers, but instead of lasers, the photopolymer is cured by exposing each layer to
ultraviolet light through a photo-resistant mask7,8. Next, laminated object manufacturing is a rapid
prototyping system where layers of adhesive coated laminates are succesively combined together
and cut with a laser cutter 9,10. Finally, fused deposition modeling (FDM) pioneered and
trademarked by Stratasys, uses thermoplastics, a type of plastic polymer that becomes pliable at
specific temperatures11,12. The thermoplastic is extruded from a nozzle onto a surface and built up
layer by layer13. FDM is fast and relatively inexpensive, which has led the technology to quickly
develop for use in finer and finer applications.
Prodigy®, the first FDM machine that took prototyping orders, was first sold by Statasys
LTD in 2000 and was later redesigned and sold as Dimension BST ® in 2002 for $29,900. As
competition and innovation surged in the 3D printing industry Stratasys dropped the price of
Dimension BST® to $18,900. As public interest in the technology grew, Stratasys introduced the
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uPrint Personal Printer for $14,900 in 2009. Later, the launch of the RapMan 3D printer for
$996.45 gave rise to a new generation of low-cost private-use 3D printers3. After the expiration of
the Stratasys FDM patent, many new companies began to compete in the market and a wide variety
of inexpensive equipment kits and fully assembled machines became readily available. An opensource project was also launched simultaenously which has led to low-cost systems for personal
use. Since then, 3D printing technology has been rapidly refined, costs have fallen from the high
thousands to the low thousands, and the accuracy of the 3D prints have sharply increased14.
The current generation of FDM 3D printers, pioneered by BotMill’s Glider 3.0 for $1,395
and marketed for the do-it-yourself community was born in 2011 from the open-source project.
Carrying a wide variety of printable materials from metals to plastics, these new 3D printers were
of a much higher quality, with faster printing speeds and higher print resolution. Other companies,
such as MakerBot and Buildatron Systems, began to launch FDM machines of their own. The
FDM technology, also known as extrusion-based printers, became much cheaper and enabled 3D
printing to be more commercially available with prices of the newest models ranging from $500
to $5,000 dependent on machine size, resolution, and accuracy.

Extrusion Printers and Design of 3D Parts
Extrusion printers can be bought either disassembled or pre-assembled. Typical extrusion
printers are designed to be highly modular to facilitate cleaning, part replacement, and addition of
self-printed components to upgrade its functions. Extrusion printers are composed of a 3D frame
which may be fabricated out of wood, plastic, or metal and encompasses the extrusion site. They
possess a port to input a filament of thermoplastic material into a heater element where it is
liquefied to 0.5°C above its melting point before being deposited using a heated nozzle15,16. The
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extruded material quickly loses heat to the environment 0.1 s after extrusion or can be cooled by
an external fan once outside the heated nozzle 1. The nozzle is part of the printer head, which also
contains a stepper motor and a mechanism that advances the material feed. The printer head is
actuated within a horizontal plane (i.e., with x- and y- directions) using two additional stepper
motors mounted in the 3D printer frame. The vertical (i.e., the z-direction), meanwhile, is
controlled by a fourth stepper motor that actuates the platform upon which the 3D-print is created.

Figure 1: Image of a Zortrax M200 3D Printer. (A) A filament of thermoplastic material is
drawn into the printer extruder where it is heated by a heating element and extruded through a
nozzle. Once outside the nozzle the filament loses heat to the environment or is cooled through the
use of an external fan. (B) The filament is fed through the top of the printer head where it lays
down material onto the printer bed. Stepper motors, control the movement of the printer head in
the x- and y- directions. When a layer of the object to be printed it placed onto the bed, another
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stepper motor, controlling the z- axis, moves lowers the printer bed allowing a new layer to be
built on top of the last one.

Extrusion printers interpret commands through a simplified machine language for
computer-numerical-control (CNC) that instructs the machine to move to points in space at a
defined speed, control material cooling, and, in certain cases, control material extrusion. In order
to fabricate an object with this system, a 3D model (i.e., a graphical rendering of a physical object)
is created using computer aided design (CAD) software. Next, this model is converted into a series
of mechanical motion commands using Computer Aided Manufacturing (CAM) software 17,18. This
CAD-CAM paradigm can be used to control any CNC manufacturing machine, ranging from 3Dprinters to ubiquitous desktop printers and lathes. The technology is particularly useful for the
rapid prototyping of device parts for engineering applications.
The 3D CAD software has become the tool of choice to turn sketches from the realm of
2D paper to 3D computer images. Current 3D CAD software is designed with a heavy emphasis
on user-friendly interfaces and the ability to produce more complex parts. These 2D sketches are
designed with exact measurements and constraints upon a 2D axis, which ensures a realistic
representation of the device is produced. The sketch can then be elongated or revolved to add depth
to the object along an axis to form 3D parts. In addition, the software allows for the mating of parts
to test whether different parts can be assembled into a complete device. The constraints are
extrapolated from the 2D image onto the 3D image and encoded into a stereolithography (STL)
file format to be exported to the 3D Printer for use. The STL file format originates from a CAD
software created by the company, 3D Systems, and is widely used for rapid prototyping and 3D
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printing19,20. STL files only contain information on the surface geometry of a 3D object described
into unstructured triangulated surfaces.
The STL file can then be exported into a CAM software, where the object dimensions such
as size and orientation on the x-y-z plane are decided by the user. The object can then be spliced
into discrete layers with specific dimensions. The CAM software also considers the printing of
support structures for the 3D printed parts. 3D prints are geometrical structures, and, similar to
what is seen in ongoing building construction, support structures are necessary to build some
segments. Just as in architecture, any overhanging segments of the structure which lack direct
contact with the printer bed require support structures until the structure is completed and is able
to take the load. In addition, a support structure composed of a thin layer between the print and the
printer bed called a raft is built prior to printing which facilitates removal of the 3D object from
the printer. This new design of the 3D object and supporting structures, is exported to the 3D
printer as digital instructions of the necessary printer movements and actions to build the 3D object.
Within the CAM software options, the user must decide which thermoplastic material is to be used
for the print. Drop-down menus are available showing the different types of materials that the
printer can utilize along with accompanying melting temperature and cooling instructions.

Materials for 3D Printing
The materials being fed into 3D printers can vary widely from steel or nylon to a variety
of plastics based on the desired properties of the final product. For extrusion printers, thermoplastic
polymers are most often used since these materials tend to have a well-defined melting temperature
along with specific properties which are useful for the final product. Some of the most widely used
materials are plastics such as poly-lactic acid (PLA) or acrylonitrile butadiene styrene (ABS).
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These plastics tend to be used due to the relatively low cost and the clean finish of the produced
parts. The plastic polymer ABS, with a melting temperature of 220°C, a tensile strength break of
42 MPa, a flexural modulus of 2.02 GPa, and a notched Izod impact strength of 12 J/݉ଶ is very
suitable for device prototyping. Along with the above, plastic ABS also has a low impact strength,
making it a good choice to produce parts for mechanical prototyping prior to mass production. The
low impact strength leads to objects that are strong and stable, without the danger of part
deformation over time. The objects fabricated from ABS are also suitable for chemical postprocessing, for example, acetone. Upon exposure to acetone vapor, a good solvent for plastics, the
completed parts can be smoothed through melting of the individual extrusion layers into a smooth
surface21. ABS can also be modified to tailor the properties of the finished products for different
forms of 3D printing. For use in FDM applications, ABS can be mixed with lubricants, oils, and
stabilizers. These additives serve to modify the physical properties of the thermoplastic and are
generally used to increase the fluidity of the thermoplastic polymer while melted and/or to increase
friction of the material 22-24. New materials and more cost-effective, precise machines, have allowed
gradual improvements to the resolution and accuracy of the parts printed as well as made them
more cost-effective.

3D Printing Medical Devices
The first set of commercial 3D-printers had a resolution of parts printed at about 254 Ɋ݉
and with an accuracy of about 127 Ɋ݉, allowing for the fabrication of fine parts suitable for
mechanical devices like hand-cranks, building models, etc1. However, while the resolution was
adequate, the accuracy was not sufficient for use in creating the fine parts needed for medical
devices. Commercial extrusion printers have made small gains in resolution over time but have

10

steadily improved on the accuracy of the parts printed, ensuring accurate prints down to 90
Ɋ݉ͳǤͷɊ݉25,26. The technology is also now cost-effective enough to make prints suitable for
revolutionizing medicine and healthcare. The resolution improvements have been realized through
better heating elements, tighter nozzles, and optimization of the material properties of the
thermoplastics by mixing with oil and lubricants. On the other hand, the accuracy improvements
have also come about through refinement of the stepper motors, software upgrades to improve
movement and control the speed of the printer head, as well as new methodologies such as wireprototyping to reduce time printing27,28.
In recent years, 3D printing has made large strides toward the production of cheap medical
devices. In the field of medicine, 3D printing is now utilized to aid in healing, testing, diagnosing,
and treating ailments. These 3D printed parts can be broadly categorized into four types:
biomodeling, implants, medical aids and tools, and drug delivery devices29,30. Biomodeling
involves the use of 3D printing to manufacture models of human anatomy or other biological
structures for planning or testing medical approaches 31. For example, physicians use 3D printing
to help real patients and their ailments by using customized printed models of the patient’s body
to practice on before performing surgery. Dentists have also begun using 3D printing to model
teeth and prepare braces. Implants, as the name suggests, are printed to replace lost body parts
and/or functions32. In the category of implants, and as FDM technology has been refined, more
and more attention has been turning towards use in biotechnology; specifically, organ engineering.
Extrusion printers are able to print structures layer by layer, patterning down to the micron scale,
this has allowed for their use in organ engineering. The current resolution allows for the design
not only of the organ macroarchitecture (e.g. anatomical features), but the organ microarchitecture
(e.g. pore size, shape, porosity, etc) as well33. This technology can be used to meet the long time
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demand for a new source of organs for transplants 34,35. Medical aids and tools serve to supplement
medical professionals in surgeries, diagnosis, etc 36. Devices used for these purposes come in a
variety of shapes specific to the problem they aim to solve. For example, using patient data,
medical devices and external prosthesis can be made for elbow and ankle-foot prosthesis. The
physical visualization of a patient’s bone can also serve to diagnose types of breaks30. Finally,
other 3D printed parts can be used to directly deliver drugs to patients 37.
Among these four categories, an untapped area of particular interest lies in medical
diagnosis of infectious diseases, as costs for accurately diagnosing diseases are extremely high and
require established medical infrastructure 38-40. For example, a variety of strains of tuberculosis,
categorized by drug resistance, have begun to spread throughout South Africa. These strains range
from drug sensitive, to drug resistant to extensively resistant bacteria. Analysis of the cost of
treatment per patient has found that treatment costs anywhere between $257 for drug sensitive
strains all the way to $26,392 for extensively drug resistant strains. The cost for the extensively
resistant strain is 103 times greater than the sensitive strain, which, even at its low cost, is a
substantial strain for a developing country to carry. This cost could be ameliorated with more
effective diagnosis of these infections and subsequent early treatment options. Another disease,
visceral leishmaniasis, is responsible for much death in human patients in developing countries
and early diagnosis is critical to prevent the expensive drug regimens ranging from $458 to $629
total per patient needed to cure an advanced case of the disease 41. Worse, this disease goes hand
in hand with malnutrition and patients are prone to become re-infected. This shows that locations
and people who most require diagnostic services are unable to afford or access them.
3D printed devices can be used as a cost-effective solution to this problem. As 3D printing
technology has developed, the capabilities of the printers have risen while the price per machine
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has fallen. Furthermore, the recent expiration of the Stratasys patent has allowed an increase in
competition within the market and a plethora of machines to be produced to match the demand of
the market. This has also directly lead to an increase in the availability and the variety of machines
for sale and ensures the continued development and refinement of the technology. The raw material
used to print devices are inexpensive filaments that can be sold in bulk for lower cost. From this,
it can be seen that, due to the low cost per part, the printed devices can be tailor-made to solve
specific problems such as diagnosing infectious diseases in areas of interest. Devices can also be
designed to be portable in order to reach places where there is no or poor medical infrastructure.
While hospitals attempt to ensure the containment of contaminated fluids within their own
premises, this is not always possible in rural locations. 3D printing can also be used to address this
by designing devices that are self-contained and have the capability to isolate samples from the
environment. 3D printing can be used to deploy new technologies as tools for deploying medical
solutions and thus remedying the cost problem42.
Although 3D printing has begun to venture into the realm of medicine and medical
technology, it is still in its infancy. As stated previously, medical technologies can be roughly
broken down into four categories: biomodeling, implants, medical aid and tools, and drug delivery
devices. Among medical aids and tools, in-situ diagnosis tools have often been neglected. The
diagnosis and subsequent treatment of infectious diseases are massive monetary drains on
developing and developed countries alike and 3D printing can be used as the solution to reduce
cost by creating technology for preventive diagnosis of infectious diseases 43-45. Extrusion
technology can serve to design vehicles for medical diagnosis, can reduce costs and can allow for
the needs of susceptible populations to be met. These devices should be able to meet patient needs
in the presence or absence of dedicated medical infrastructure, specifically, these technologies are
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to be used outside the laboratory setting. 3D printers have now reached the point where they are
modular, transportable and easily shipped worldwide. Apart from technology for use outside the
lab, 3D printing can also be used to reduce the cost of existing technologies by replacing more
expensive systems as well as by allowing for high-throughput operation within a laboratory setting.
Whether within the lab or outside it, once the 3D printed parts have been extruded by the
printer they harden and produce plastic devices. These devices must be designed with the physical
properties of the material, in this case ABS, in mind. In addition, the principles of plastic
manufacturing and assembly must be used to help and guide in designing the dimensions of the
devices. Plastics have been used for a long time to produce technology and thus the mathematics
behind these manufacturing approaches are well-established. Equations useful for the design of
such parts are described below.

Plastic Design Approaches
The principles for using plastic to design mechanical parts come into play at this stage of
a 3D printed device’s design. The device parts have to be carefully designed to ensure
compatibility between the parts. In order to use plastics effectively as parts, the stress level, stress
duration and operating temperature must be considered. Plastic can be defined by its viscoelastic
behavior in terms of four important aspects: the rate of application of the load, the fading memory
of the elastic material, the creep of the material, and the relaxation of the material 46. The loading
frequency can change the dynamic modulus, which is essential to understanding how a viscoelastic
material reacts to stress under vibratory conditions. The material will also be affected by all
previous loadings (the fading memory of the viscoelastic material). The strain on the material will
increase with time, called the material creep. Finally, a constant stress will deform the material
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over time. The behaviors of the plastic material can be understood in terms of forces acting upon
the devices and upon the functions the parts will play. To tackle devices for use within the
laboratory and outside, as well as to simplify their use we used passive elements for the device
designs called interference fits such as press-fit and slip-fit.
Passive elements are those that are built into the structure of the device and require no
added energy to perform their function. Dynamic elements are those that must be assembled and
require the addition of work to function. Interference fit is a passive element where the fastening
between two parts is achieved through friction47-49.

Figure 2: Manufacturing Assembly Approaches: Press-Fit and Slip-Fit. (A) Press-fit is a way
of assembling manufactured parts. Two parts, an outer member and an inner member, are designed
such that the outer member’s radius radius (ݎ ) is slightly smaller than the inner member’s radius
(ݎ  ߜ). This produces what is known as an interference fit and serves as a seal. (B) Slip-fit is
another way of assembling manufactured parts similar to a press-fit. The main difference lies in
that, for slip-fit, the inner member’s radius is slightly smaller than the outer member’s radius.
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Press-Fit, as the name implies, is an assembly method derived from an interference fit that
involves the design of two parts such that the fit between them is tight, preventing the joined parts
from slipping against each other. In press-fit (Figure 2A), two manufactured components are joined
such that a female component receives a male insert50,51. The critical diameter of the receiver is
slightly smaller than that of the insert. The resulting hoop stress in the receiver is realized as a
compressive force on the insert, preventing movement. This compressive force is normal to the
insert’s surface, resulting in frictional forces that limit slipping46. Not only is press-fit able to join
parts together, but it is a relatively easy to use approach that ensures that the assembled device
requires minimal training. Press-fit tends to be used to tightly mate parts, as can be seen in bycicle
joints and tupperware containers. Press-fit serves to account for the stresses that develop in an
interference fit. The male insert experiences external pressure which results in compressive
tangential and radial stress while the female component experiences internal pressure resulting in
tensile tangential stress and compressive radial stress. The pressure produced by the interference
fit can be defined in terms of the total radial displacement caused by the male insert into the female
component52:
ߜ ܧ൫ݎଶ െ ݎଶ ൯
ͳ݊݅ݐܽݑݍܧ
 ൌ
ʹݎ ݎଶ

Where  is the pressure of the male insert on the female component, ߜ is the radial
displacement, E is the modulus of elasticity of the material being used to make the parts, ݎ is the
external radius of the male insert, and ݎ is the internal radius of the female component. The
maximum force ܲ௫ to assemble a press fit varies depending on the following:
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ܲ௫ ൌ  Ɋʹ݊݅ݐܽݑݍܧܣ

Where μ is the coefficient of friction and A is the area of the female component. This force
can be used to calculate torque:

ܶ ൌ ܲ௫ ݎ ൌ ʹߨɊݎଶ ݈ ͵݊݅ݐܽݑݍܧ

Slip-fit on the other hand is a sliding clearance fit and is used to create low-friction,
lubrication-free bearings which allow slipping to occur53. In contrast to press-fit, the critical
diameter of the receiver is slightly larger than that of the insert (Figure 2B). The female component
in this case is slightly larger than the male insert, allowing the male insert to slide into the fe male
component. Slip-fit can be used to guide two components of a device into proper alignment for
device function while minimizing friction. Slip-fit is a ubiquitous approach that can be found
throughout many designs in consumer goods and scientific equipment varying from sports caps to
test tubes to bullets and guns to traditional diverter water spouts found in household showers.
These manufacturing designs can be used to assemble fully functional, medically relevant
devices out of 3D printed plastics. Understanding the different assembly strategies available also
aids in determining what can be built and what problems can best be addressed with the materials
at hand. Apart from other uses, 3D printed plastics can be designed as casings to protect the more
fragile components from the environment and the environment from these components. A sensor
is an example of a medically relevant device that may benefit from 3D printed technology.
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Biosensors
Sensors have great potential as medically relevant tools for diagnosis. A sensor is an object
whose purpose it is to detect changes in the environment and provide an output 54,55. Sensors are a
type of transducer, taking energy in one form and converting it into another. Generally, the energy
input becomes a detectable signal output. They can also be defined as analytical devices used to
detect analytes. Sensors are useful to provide feedback about objects that cannot be quantified by
the naked eye and are used throughout medicine. Examples of such devices can be found in
pregnancy tests, glucose monitors, etc.
A biosensor is a sensor which is composed of a biological component with a
physiochemical detector. The signal produced can result from changes in proton concentration,
absorption, heat emission, mass change, etc 56,57. The biosensor can convert this signal into a
measurable response such as current, potential, temperature change, light absorption, or mass
increase. Biosensors can be divided into various types based on the biological components used
for detection, which include: antibody/antigen, biomimetic, enzyme, nucleic acid, cell structure,
and whole cell 56,57. Antibody/antigen-based biosensors use antibodies, biological molecules
exhibiting binding capabilities, to detect signals58. Antibodies interact with their antigens by means
of a lock and key paradigm by which only a unique key may fit the lock. These biosensors are
composed of an antibody which when exposed to its antigen, which is unique for every antibody,
and a tracer. The tracer can be a fluorescent molecule, an enzyme or a radioisotope, any of which
generates a detectable signal. Biomimetic-based biosensors use a material that emulates the
structures and functions of natural materials. These biosensors have gained in popularity due to
their oftentimes superior mechanical, optical, electrical and/or biological properties 59. Enzymebased biosensors utilize enzymes, their specific binding capabilities and their catalytic capabilities
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to report signals60. The catalytic activity provided by enzymes allows for lower detection limits
then those normally possible for other binding techniques. Usually, the enzymes are immobilized
to a surface where the variable being measured can be added to measure a change in pH, in color,
etc. Nucleic acid-based biosensors typically utilize deoxyribonucleic acids’ ability to hybridize
complementary strands. These sensors can also make use of DNA amplification and recombination
to transduce signals. For example, ethidium bromide, a commonly used dye for DNA detection
intercalates into the base stacking region and the major groove of DNA to emit a fluorescent
signal61. Cell-structure biosensors, also labeled as cell-free biosensors utilize cellular components
to detect signals. For example, ribosome extracts from bacterial cells were used as a
transcription/translation environment to produce firefly luciferase as a reporter in response to an
analyte62. Whole cell-based biosensors as the name implies, utilize whole cells in order to capture
signals from the environment. These biosensors either function by bio-recognition of the analyte
by the entire cell or by a specific cellular component63. They are extremely useful due to the ability
of living systems to integrate a wide variety of environmental inputs into a recognizable output. In
theory, any component of the complex cellular machinery within a cell may be remodeled to
provide an output. Whole cell biosensors have been used for environmental monitoring, chemical
signal detection, temperature change and even electrical current detection. Their most common
use is for chemical signal detection where an analyte is bound or catalyzed and produces a readable
output from the cell. Chemical signals to and from cells and their study have served as inspiration
to remodel cellular networks through molecular cloning which has in turn led to the creation of the
field of synthetic biology. A summary of the biosensor types discussed is presented in Table 1.
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Biosensor Type
Antibody
Biomimetic

Type of Interaction
Irreversible non-covalent
binding
Reversible non-covalent
binding

Use
Product detection
Product detection

Enzyme

Biocatalytic activity

Product detection and
biocatalytic conversion

Nucleic acid

Complementary base
pairing

DNA detection and
sorting

Biocatalytic activity

Environmental
monitoring, chemical
signal detection,
temperature change

Biocatalytic activity

Environmental
monitoring, chemical
signal detection,
temperature change

Cell structure

Whole-cell

Table 1: Summary of Biosensor Types. Biosensors can be mainly sorted into six categories based
on their method of action: antibody-based, biomimetic-based, enzyme-based, nucleic acid-based,
cell structure-based and whole cell-based. The cellular component they are based on defines how
they interact with their respective analytes and what they are used for.

Synthetic Biology
Synthetic biology is a field whose goal is to bring the rigor of an engineering discipline to
bear on the rational engineering of microorganisms 64. The roots of synthetic biology can be found
in an early publication on the study of the lac operon in Escherichia coli which posited that cells
respond to the environment using genetic ‘circuits’ which underpin their behavior65. As key
technologies such as Polymerase Chain Reaction (PCR), restriction enzymes and ligases were
discovered and later commercialized, the dream of editing DNA and assembling new regulatory
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systems from components became feasible. PCR is a technique that utilizes a few or even a single
copy of DNA as a template to amplify large quantities over several orders of magnitude 6 6.
Restriction enzymes are a type of protein, produced mainly by bacteria, which cleave DNA at or
near specific sequence of DNA bases 67. DNA Ligases are specific enzymes that facilitate the
joining of DNA strands by catalyzing the formation of the phosphodiester bond68. These are useful
tools, collectively referred to as molecular cloning techniques, useful for altering DNA sequences.
The advent of automated DNA sequencing allowed engineers to not only create DNA sequences,
but also to read them. The subsequent reverse engineering of cellular systems lead to the
recognition that functional modules exist within cells that are similar to engineered systems in the
mid-1990s69.
The first genetic circuits produced by synthetic biologists were designed to be analogous
to electrical circuits. Among these circuits were the toggle switch and the repressilator. The toggle
switch as the name implies is a bi-stable gene-regulatory network with an on and an off state which
can serve as a cellular memory unit70,71. It was constructed in E. coli from two repressible
promoters which mutually inhibit each other. Transient addition of one of two inducers allows the
system to switch between two stable states. This chemical inducer turns the E. coli with its genetic
circuit into a biosensor for the detection of two chemical inputs. The repressilator, constructed in
E. coli also responds to transient chemical inputs, making it a biosensor as well. The repressilator
is composed of three negative feedback loops each repressing the one before 72. This produces an
oscillating network that periodically produces fluorescent proteins as an output. While these two
circuits were the first to be considered synthetic biology products, they were certainly not the last.
In recent years, edge-detector circuits, light sensing circuits, event-counting

circuits,

programmable microbial kill switches, quorum sensing-based communication between cells and
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synchronized genetic clocks across populations have been created 73-78. All the aforementioned
examples produced by synthetic biology are biosensors. The light sensing circuit and the edge
detector rely on photon signals while the quorum sensing-based communication circuit, the
programmable kill switches and the synchronized genetic clock all rely on chemical signals.
All life needs to detect changes in the environment to survive, thus it can be said that every
cell is a biosensor as all cells struggle to survive while sensing the environment. As synthetic
biology has continued to mature as a discipline, more and more circuits have been developed that
are able to better capture the electrical circuit mentality that first shaped the field. However,
although we can build biosensors of many types, taking them outside the lab where they would be
useful to solve many of the major medical problems is difficult79.

Genetically Modified Organisms (GMOs)
The problem faced when removing synthetic biology produced whole-cell biosensors from
the laboratory is that these cells fall under the label of Genetically Modified Organisms (GMOs).
There are many GMOs being produced today as the biotechnology industry has developed and
new technologies have become available. There are many varieties of GMOs and they can range
from drought resistant crops used in harsh climate to genetically modified bacteria for biosensing.
Due to the apprehension native to all new technologies and misinformation about the how GMOs
affect the environment, the general public tends to show aversion to the use and/or release of any
GMOs and as such they are subject to controversy and intense regulation. Furthermore, studies
have shown that the heavy regulation imposed on GMOs and their use stem from a fear of
ignorance and the unknown long-term risks such organisms might pose80. Even with governmental
approval in regions like North America, Asia, and Europe there is still much resistance to the use
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of products derived from GMOs81. Even with such resistance, the benefits provided by GMOs
cannot be ignored; in 2002 there were over 100 million acres of GMO crops reported primarily in
the U.S.A., Argentina, Canada and China 82. GMO regulations, although broad and often times
country-specific can be generally classified as belonging to one of six types: regulating approval
process, determining risk, labeling of the organisms, traceability, coexistence of non-GMO and
GMOs, and GMOs already approved by international organizations as safe 83. Among these,
approval and risk assessment are two types of regulations that go hand in hand. Design of an
appropriate containment system for biosensors could go a long way in lowering the determined
risk of a GMO biosensor. 3D printing and plastic manufacturing assembly can serve as a carrier to
deliver the broad promise of synthetic biology to those who need it most. GMO biosensors could
potentially be deployed through the use of 3D-printed devices in order to interrogate the patterning
of bacterial cells on surfaces.

Micropatterning for Bacterial Cells
Bacterial cells, while simpler in size and structure when compared to more complex cells
such as mammalian cells can form extremely complex patterns and structures. There is much of
bacterial cells, their organization, intracellular and intercellular structures that are not well
understood. Being able to interrogate the patterns formed by bacterial cells can be used to form a
better understanding of the underlying principles which lie behind the life processes of higher level
organisms. In particular, gaining the ability to pattern cell may help to elucidate how cells function
as dynamic systems, how they organize their intracellular structure, how they replicate and how
they organize into multicellular structures 84. Furthermore, this may shed light on the evolutionary
origin of multicellularity which could aid in creating a better understanding of tissue formation
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and development as well as solving problems involving cellular patterning and motility like cancer.
In addition, only a small number of cells can be cultured in the laboratory, the ability to pattern
cells and control their spatial distribution might allow access to a broader range of cells than those
currently accessible85,86. Micro-patterning can aid in creating new techniques for isolating and
culturing bacteria. These techniques can take the form of specialized environments or spatial
regions that can be created with lower cost and time expenditure. These spatial regions can also
help with understanding cell-cell communication by physically isolating individuals and/or
populations and ensuring control of the surrounding cellular mien. Controlling their spatial
location can also help to probe how cells respond to the spatial distribution of chemical signals on
surfaces. Similar areas of study have been tackled in mammalian micro-patterning87,88. Micropatterned surfaces are most often created using approaches such as soft lithography.

Microfabrication using Soft Lithography
To further study cell spatial behavior, cells must be studied within patterned environments
closer to their natural mien. As such, the ability to design cell patterning has become increasingly
important for exploring such interactions. A surface that has potential in this application is
Polydimethylsiloxane (PDMS) which belongs to a group of polymeric compounds commonly
referred to as silicones 89.
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Figure 3: Chemical Structure of Dimethylsiloxane and Polydimethylsiloxane (PDMS). (A)
The monomer, Dimethylsiloxane, is part of a group of polymeric organosilicon compounds known
as silicones. It is composed of a central silicon atom (yellow) with two methane side chains (grey
with three white circles) and an oxygen atom (red) which in turn connects to the next monomer to
form a chain. (B) These monomers join together into long polymeric chains. (C) These chains join
together naturally into a mesh (Free PDMS) with high viscoelasticity. The viscoelastic properties
of the material can be changed by the addition of a crosslinker agent which forms branches between
the PDMS chains to form Crosslinked PDMS.
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PDMS is one of the most widely used silicone organic polymers as it is optically
transparent, and non-toxic which allows both for cell visualization and culture. PDMS is composed
of monomers of Dimethylsiloxane (Figure 3A) where two methyl groups and one oxygen are
linked onto a central silicon atom. The monomers link together to form a potentially infinitely long
chain (Figure 3B). PDMS polymers (Figure 3C) have flexible polymer chains which become
loosely entangled with each other into a mesh and is the reason behind its high viscoelasticity. The
PDMS mesh can then be combined with a dendrimer, also known as a cross-linker agent, which
when catalyzed with a Platinum compound, introduces branch points into the mesh. The branch
points decrease the freedom provided by the polymer backbone, which means that the higher the
amount of cross-linker agent added, the lower the PDMS viscoelasticity.
After cross-linking, the PDMS will have a highly hydrophobic external surface that is
unable to be wet. Plasma oxidation can be used to alter the surface, rendering it hydrophilic by
adding silanol groups to the surface. The surface can then be further functionalized with other
chemicals or even proteins such as fibronectin. The PDMS can be poured into a mold which will
ultimately determine what application it can be used for. One way of utilizing PDMS for cell
patterning is soft lithography, a group of techniques first developed by the Whitesides group which
is used for replicating patterns. An elastic PDMS stamp with patterned features is used to control
the deposition of proteins such as fibronectin, which can be used to transfer patterns from the
micron to the nano scale90. This elastic stamp requires a ‘master’ or mold with relief structures on
its surface. Soft lithography has become widely used in biotechnology for many applications such
as microfluidic device fabrication and cell patterning91. Cell patterning, through what is referred
to as micro-contact printing, is very useful for the confinement of cells to specific arrangements
and preventing migration across the surface. These properties allow the study of individual cells
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as well as cell ensembles92. Soft lithography is a promising technology for cell patterning, as it
allows the study cell morphologies, and how cells interact with their neighbors and with shaped
environments. The Whitesides group has used the technique to pattern mammalian cells into
islands with adsorbed fibronectin and studied how the available surface area determined what
metabolic program was evidenced by the cells93. Another study by the Whitesides group showed
that blocking the availability of a PDMS surface with a patterned membrane and then incubating
that surface with cell adhesion proteins would allow cells to bind only on the exposed locations 94.
Soft lithography can also be used to create cellular co-cultures to study multicellular interactions 95.
The applications allow for the exploration of cell interactions closer to their natural environment
as 3D macrostructures within organisms.
Soft lithography has also been utilized on other soft surfaces such as agar 96. Weibel et al.
designed a technique for patterning bacteria utilizing agarose stamps. The technique is based off
soft lithography and utilizes a mold to create an agarose stamp. The stamp can then be contacted
with bacteria of choice and used to contact print multiple times onto agarose surfaces. The agarose
stamp also has a long life, able to be used hundreds of times. This bacterial patterning approach
allows for the exploration of patterns of bacteria, probing into biofilm formation and bacterial
organization97-99.
Soft lithography is a useful technology for cell patterning, however, it requires the use of
specialized facilities and equipment. Although soft lithography itself is a relatively cheap
technology, creating the mold for patterning PDMS is expensive and requires photolithography.
Photolithography is a process used to pattern substrates using light to transfer a geometric pattern
from a photomask to a light sensitive chemical called a photoresist 100. Photolithography is an
extremely dust-sensitive technique as it attempts to pattern surfaces at the micron and nano scales,
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the same scales as dust particles, where dust would make the patterning fail. Thus,
photolithography requires something called a clean room, which is a room specifically designed
to filter dust out of the air. Clean rooms are usually used in the fabrication of microelectronic chips
which require similar levels of resolution. They are expensive facilities and as humans also shed
dust and micro-particles, their usage comes with extensive training sessions to ensure procedures
minimize exposure of experiments and devices to dust particles. Furthermore, not all labs have
readily accessible clean rooms. Photolithography also requires the use of other specialized
equipment, such as photoresists, which can be dangerously corrosive, and spin coaters which not
all facilities with clean rooms have.
Standard soft lithography can be quite expensive. However, not only can 3D printing be
useful for designing diagnosis medical devices, it could also be useful in decreasing the cost of
existing technology such as soft lithography. Creating new devices with soft lithography requires
specialized training and comes at a large cost in both time and money. Supplementing this
technique with a cheaper, faster, and less training-intensive technique could serve to ameliorate
the costs that become a high entry barrier for many researchers 101. If the cost of cell patterning
could be reduced through the use of a 3D-printed platform to pattern more PDMS surfaces reliably,
it could significantly lower research expenditures and allow greater access to this field of study.
Furthermore, not only the economic cost, but also the time consumption could be minimized
through the use of a high-throughput 3D-printed device. This shows that there is room to enhance
existing work in cell patterning. Understanding the principles behind these processes is relevant to
furthering our knowledge of many physiological processes and disease states such as human
development and cancer. Understanding cell motility and specifically, the resulting tissue
patterning, is especially relevant to wound healing and tissue growth.
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Conclusion
3D printing can radically decrease the cost of designing and producing medically relevant
devices. By leveraging tools from the fields of additive manufacturing, synthetic biology, and cell
patterning, we can meet our goals of developing extrusion technology as a platform for developing
inexpensive, reliable and deployable medical devices. Due to the extensive literature dedicated to
the use of manufacturing approaches for the creation of plastic devices, 3D-printing is versatile
and can also allow for the design of devices which can operate both outside and inside the lab.
Press-fits and slip-fits can be used to make passive devices which allow for sturdy, versatile and
deployable technologies. These 3D printed devices were constructed along two avenues, for use
outside of the lab with the creation of a device for deploying genetically modified biosensors
directly to patients and as devices for decreasing the cost of soft lithography through 3D-printing
and effective manufacturing design.
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Chapter 3: An Additive Manufacturing Approach that Enables the Field
Deployment of Synthetic Biosensors
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Abstract
The tools of synthetic biology can be used to engineer living biosensors that report the
presence of analytes. While these engineered cellular biosensors have many potential applications
for deployment outside of the lab, they are genetically modified organisms (GMOs) and are often
considered dangerous. Mitigating the risk of releasing GMOs into the environment while enabling
their use outside a laboratory is critical. Here, we describe the development of a living biosensor
consisting of a synthetic biological circuit, engineered in E. coli from genetic parts taken from the
quorum sensing system of the opportunistic pathogen Pseuodomonas aeruginosa. This biosensor
utilizes the P. aeruginosa protein, lasR, to detect the presence of the quorum sensing molecule 3oxo-dodecanoyl homoserine lactone (3O-C12) in a dose-dependent manner. The biosensor was
designed to be contained within a unique 3D-printed device housing. The device housing was
designed to be attachable to a laboratory sample tube, transportable and to maintain a GMO
isolated from the environment. The seal utilizes a press-fit to ensure the safe containment of the
biosensor. The device was designed to be utilized in a lateral pinch grip. Upon application of force
onto the device lid, the stress-focusing cut-out facilitates the designed fracture of the device
housing’s base and thus that the living biosensor contacts a specimen of interest without ever being
exposed to the environment. Cells can be visually analyzed in the field within sample tubes, or
returned to the lab for further analysis. Many biosensors lack the versatility required for
deployment in the field, where many diseases can go undiagnosed due to a lack of resources and
equipment. Our bioassay device utilizes 3D printing to create a portable, modular, and inexpensive
device for field deployment of living biosensors.

Key words: Synthetic biology, biosensors, 3D printing, GMO
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Introduction
Synthetic biology is a combination of biology and engineering. It attempts to gain new
understanding and utilization of the natural world by applying engineering principles to design
genetic elements for cellular control. Common examples of synthetic biology include memory
switches such as the toggle switch and oscillator circuits such as the repressilator that enable cells
to switch between distinct states based on a chemical or other input1,2. This ability to sense an input
from the environment enables cells to serve as biosensors3. A synthetically engineered biosensor
takes advantage of the versatility of living cells to detect and process inputs into analyzable
outputs4-7. In synthetic biology, this often takes the form of a fluorescent output, but can also be a
chemical output8-10. Living cells, especially bacteria, can survive in many conditions and can be
engineered to detect and diagnose infectious biomarkers in clinical settings 11,12. There is potential
to use these genetically modified biosensors to reduce the cost of medical diagnosis.
Genetically modified organisms (GMOs) are regulated by many laws and governmental
bodies, making them difficult to deploy outside laboratory settings 13-17. To allow engineered
biosensors to be deployed to diagnose diseases in the field, these regulations must be satisfied. An
avenue that could be explored for the use of engineered biosensors is to ship the samples back to
a central location where they can be analyzed. However, this is not cost-effective and would
require the shipment of biological samples which can degrade over time. An in-situ solution is
necessary to integrate biosensors into medicine. Additive manufacturing, in the form of 3D
printing, can serve as a solution to isolate GMOs from the environment and allow them to be used
for field diagnosis.
Critical additive manufacturing approaches were first commercialized three decades ago18.
Since then, additive manufacturing technology has evolved rapidly, making 3D printers widely
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available. The 3D printers utilized for this work function by successively depositing layers of
extruded filaments to build a 3D structure 19. These types of 3D printers have already been proven
to successfully design, print and test medically relevant devices 20,21.
In this work, we chose to employ a robust approach for detecting the quorum signal of
Pseudomonas aeruginosa that is frequently used in synthetic biology to design cell-cell
communication circuits (Figure 4A)6,22. The living biosensor consists of engineered E. coli
designed to detect the presence of the P. aeruginosa quorum sensing signal, N-3-oxododecanoyl
homoserine lactone (3O-C12). By introducing components of P. aeruginosa’s native 3O-C12
signaling pathway to E. coli, the living biosensor was constructed. Here, a transcription factor,
lasR, acts as a signal transducer by binding 3O-C12 and dimerizing. This complex is then able to
bind to a transcriptional activation domain found within its cognate promoter, Plas , which is also
transplanted into E. coli7,23,24. The cognate promoter Plas is placed upstream of the output red
fluorescence gene, mCherry25. Once bound, lasR promotes the expression of the mCherry gene
producing a red fluorescence output upon detection of the chemical 3O-C12. We specifically chose
3O-C12 as the chemical to be detected due to its relevance in medical settings, including its ability
to cause diseases such as pneumonia and to complicate existing medical conditions such as cystic
fibrosis26-31.
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Figure 4: Field detection of 3O-C12 through the use of a Genetically Modified Organism
(GMO) and a 3D-printed enclosure. (A) The 3O-C12 biosensor was engineered to constitutively
express a protein, lasR, which is able to bind a N-3-oxododecanoyl homoserine lactone (3O-C12).
Once bound to 3O-C12, the lasR protein dimerizes and binds to a DNA region contained in the
Plas promoter, which promotes the expression of mCherry. (B) The biosensor is placed in a 3Dprinted enclosure. A biological sample can then be extracted and placed in a sample tube which is
connected to the 3D-printed device. The device cover is then pressed, causing the biosensor to fall
into the sample. (C) The biosensor turns red to report exposure to the 3O-C12 in the sample, and
39

this signal can then be quantified using flow cytometry. Histograms represent data collected for
10,000 events for the both the Uninduced and the 100 nM 3O-C12 samples (n=3)

As an example of the clinical relevance of this approach, in rural and less developed areas,
lung infections from the organism P. aeruginosa can be acquired in local clinics. Upon lung
infection by P. aeruginosa (Figure 4B), the organism, as well as its quorum sensing signaling
molecule, 3O-C12, may be found in lung sputum samples. This sputum can be collected and placed
within commercially available sample tubes. As a result, an approach enabling these samples to
be immediately analyzed in the field, using the tools of synthetic biology, would be ideal for early
diagnosis. Current diagnosis approaches focus on often times expensive genetic screening of these
infections and their underlying causes (ie. diseases like cystic fibrosis) through DNA sequencing.
These methods have shown a higher incidence of such infections in some population subgroups.
This implies the existence of population subgroups at greater risk of acquiring these infections
such as young children, certain racial sub-groups, etc. In these sub-groups however, the true cause
of the high incidence might be misdiagnosed by already existing high morbidity. Simultaneously,
P. aeruginosa can complicate other medical conditions and causes diseases such as pneumonia32.
In the solution presented here, the sample tube is mated with a unique cap containing the
synthetic biological sensor (Figure 4B). This unique 3D-printed device completely encases the
living biosensor, allowing its transport from the laboratory, while also allowing the sensor to be
introduced directly to a sample. When the sputum sample is ready to be analyzed, force is applied
to the device by the user’s thumb in a lateral pinch grip, causing the bacterial biosensor to break
out of the housing and fall into the sample. Detection of 3O-C12, which is produced by P.
aeruginosa in the sample or already present in the sample, causes the living biosensor to produce
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mCherry (Figure 4C) and turns the sample red, which can be detected through fluorescence
analysis or visually with the human eye. Thus, a colorimetric change in the sample can indicate
the presence of P. aeruginosa in the lungs which could serve as a critical technology to lower the
costs of diagnosis.
P. aeruginosa functions as an opportunistic pathogen often found in patients with
compromised immune systems or with cystic fibrosis and causing recurring infections of the lungs
and respiratory tract. Current diagnostic technology typically takes the form of ELISA assays
(protein-housing assay) and real-time PCR assays, which are either expensive or require extensive
training of professionals to administer33,34. The sensing approach described here could serve as a
simple and inexpensive complement to current diagnosis techniques for detecting P. aeruginosa.
Since the cellular biosensor can be stored and transported within a secure, 3D-printed device for
containment, this device can be used as a platform for the deployment of synthetically engineered
biosensors in the field.
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Materials and Methods
Cell Culture and Molecular Cloning
The Escherichia coli (E. coli) strains used in this study were derived from E.coli K12 parent
strain and are listed in Table S2. E. coli cells were grown in batch culture at 37 °C in LB media35.
Resistant transformants were selected using a final concentration of 50 μg/mL kanamycin (Fisher
Scientific). For cloning, E. coli NEB Turbo was used as the host to propagate the plasmids. Cells
were grown at 37 °C in Luria-Bertani (LB, Fisher Scientific) media supplemented with a final
concentration of kanamycin of 50 μg/mL. For growth on plates, LB media was supplemented with
2% agar (w/v) and a final concentration of 50 μg/mL kanamycin.
The oligonucleotides used in this study are listed in Tables S3, respectively, and were
constructed through standard molecular cloning approaches35,36. The sensor plasmid was
constructed by first amplifying an 843 bp PL,tetO-1-LasR DNA region from a plasmid, pkDT17
ordered from Addgene, originally from the laboratory of Dr. Peter Greenberg37. A 711 bp mCherry
gene was amplified from a high-throughput library of components to produce an RBS-mCherryT0 fragment, which was inserted into a vector, pke2mcs from the same library above resulting in
the LasR sensor plasmid, pDW065 (Figure S1)5.

Dose Response Characterization
To study this gene network’s dose response, starter cultures of E.coli with pDW065 were
grown overnight in LB media supplemented with a final concentration of 50 μg/mL kanamycin.
The cultures were diluted to 0.2 OD600 (i.e., the optical density at 600 nm) and allowed to grow
until reaching 0.6 OD600. The cultures were diluted again, supplemented with 0 - 100 μM 3O-C12
(Sigma Aldrich) and maintained at exponential phase at 37 °C until fully induced (~8 hrs).
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Cultures at 0.6 OD600, were diluted 1:100 in filtered PBS (Fisher Scientific) and fluorescence was
measured using an Accuri C6 Flow Cytometer.

Design and Fabrication of ABS Devices
The 3D-printed device was designed using Autodesk Inventor ® (Autodesk, California),
where it was rendered into a 3D model. The designed model was then exported as an STL file – a
file format used for rendered 3D objects to Z-suite®, a software used to translate the 3D object into
a set of printer instructions. The Z-suite® software is then used to export the file as a z-code file
which is used in the Zortrax M200 (Zortrax S.A.) to print the 3D design using an Acrylonitrile
Butadiene Styrene (ABS) variant, ABS ULTRAT. This ABS variant has a composition of ABS
(90~100%; CAS: 9003-56-9), stabilizer (0~5%), lubricants (0-2%), mineral oil (0~4%; CAS:
8042-47-5), tallow (0~4%; CAS: 67701-27-3), wax (0~4%; CAS: 110-30-5), PC (0~3%; CAS:
111211-39-3) and anti-oxidant (<2%).

Device Surface Polishing
In order to smooth the surface roughness of device components post-printing, to smooth
the press-fit surfaces for a tighter seal. The 3D-printed components were first placed on a flat
surface. A layer of paper towels was molded to the inside of a 1000 mL beaker and secured with
a layer of aluminum foil. The paper towels were then saturated with acetone. The beaker was
inverted over the device components, and care was taken to avoid direct contact between the liquid
acetone and the components. After 1 h, the beaker was removed and the devices were exposed to
ambient air for 2 h.
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Device Use and Operation
When ready for use, the sample to be examined was placed into a Beckton Dickinson 14
mL sample tube. The sample tube cap was removed and the assembled device was then snapped
into place onto the sample tube. The cover was then firmly pressed with a lateral pinch grip until
the bacterial well fell into the sample tube. When cultures reached 0.6 OD600, samples were diluted
1:100 in deionized water and fluorescence measurements were acquired using an Accuri C6 Flow
Cytometer.

Results
To make the 3D-printed device modular, it was designed to attach to a common laboratory
sample tube form factor (Figure 5A). This not only ensures modularity and that the device can be
used wherever samples tubes are available, but also makes the device easy to use. The device
consists of two components (Figure 5B), referred to herein as a housing and a cover. The cover
serves to isolate the contents enclosed in the housing interior from the surrounding environment.
In addition, the top of the cover is designed to be ergonomic for pressing with a thumb or
forefinger. Once assembled, the device can be enclosed within a rectangular prism with dimensions
of approximately 0.026 m X 0.026 m X 0.023 m. A cross-section schematic of the assembled
device (Figure 5C) shows the housing and cover held together by an interference fit called a pressfit which tightly couples the housing and the cover. The housing has an in-built feature called the
bacterial well which was built to contain rich agar with a small lawn of bacteria. The agar serves
to sustain and contain the bacterial biosensor within the device. Next, we added small mechanical
features to the device, the design of which was based on modeling with a finite element method
software suite, COMSOL Multiphysics®38. Importantly, our models were based on construction
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with acrylonitrile butadiene styrene (ABS), a thermoplastic. Thermoplastic polymers become
pliable after heating, harden upon cooling, and are frequently used in 3D-printing. ABS is often
used as it has a glass transition temperature of 105 °C that makes it well-suited for 3D-printing39.

Figure 5: Biosensor 3D-Printed Device Details and Schematic. (A) The 3D-printed device can
be attached to a sample tube, where it forms a seal. This device is separated into two parts, the
cover and the housing. (B) The device cover is sealed onto the housing using a press-fit. (C) The
device housing contains a bacterial culture well, which serves as a chamber in which culture
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nutrients, agar, and living biosensors can be deposited. The housing is designed with a stressfocusing cut-out, which serves to concentrate the pressing force transmitted from cover to separate
the bacterial well from the housing. (D) The stresses concentrated by the stress-focusing cut-out
were modeled using COMSOL® to ensure that the device was usable with a one handed lateral
pinch grip.

In addition to the cover, housing, and bacterial well features discussed above, we designed
a small mechanical feature that enabled an axial force (i.e., applied directly downward on the
cover, along the major axis of the sample tube) to cause the bottom of the housing to quickly
separate from the housing and release the biosensor into the sample during a (designed)
catastrophic failure. In order to cause this fast yielding, we created two depressed annuli features
in the housing bottom (on both the interior and exterior, shown in Appendix C and D with
additional detail). Herein, we refer to these annuli as “stress-focusing cut-outs.” These cut-out
features serve to concentrate stresses developed from the applied axial force on the cover, allowing
simple activation of the device by a user’s thumb using a pinch grip.
Finite element analysis was used to numerically evaluate stresses developed within the
device when force was applied during its use. Specifically, the stress profile through the stress focusing cut-out was modeled using COMSOL Multiphysics ® for different designs to arrive at the
final version selected and presented here38. An evenly distributed pressure load was applied to the
surface of the housing by the cover, generating stress in the cut-out. Three different designs of the
stress-focusing cut-out were modeled to identify stress magnitude and concentration in the cut-out
for a given applied force. For further details and methodology used for this modeling, see
Appendix C and D. Relative to other preliminary designs, the final design presented (Figure 5D)
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has both the highest maximum stress developed within the cut-out for a given applied force and
the best spatial distribution of high stress concentration through the cut-out. This design of the cutout allows our device to be constructed from a relatively high strength material, while still
requiring only a relatively small force to activate the sensor by breaking the cut-out.
The device was also designed to be simple to assemble and use (see Appendix B). A 40 μL
agar plug was added to the bacterial well and the 3O-C12 living biosensor was plated on its surface.
The device cover was then fit onto the housing and attached to a sample tube, which isolates the
biological sample from the environment. The user’s thumb is then used to activate the device. This
applied force on the cover develops stress in the stress-focusing cut-out within the housing. The
bacterial well then breaks away from the housing and falls into the sample. The thumb’s pressure
on the cover pushes the second stage of the cover into place, sealing the inside of the device
housing from the environment once more. This seal also prevents the sample within the sample
tube from escaping during a leak, in the event the device is inverted or agitated.
Upon immersion in the sample, the biosensor was then grown for 8 hours. The 3O-C12
activated biosensor then produced mCherry protein. After the growth period, the biosensor was
examined in an Accuri C6 Flow Cytometer and compared against an uninduced biosensor. The
induced biosensor showed a shift in fluorescence emitted at 590 nm, distinctly separate from the
uninduced biosensor control fluorescent peak (Figure 6A). The cells were then maintained in an
exponential state exposed to concentrations of 3O-C12 between 0.01 pM - 10 μM. After the cells
were fully induced, fluorescence was measured and readings were plotted to produce a doseresponse curve (Figure 6B). The dose-response curve was then fit to a Hill function derived from
a genetic model using a Michaelis-Menten formalism. The biosensor can also operate as an on/off
switch to detect the presence of 3O-C12 and will turn visibly red after ~8 h (Figure 6C).
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Figure 6: Biosensor Dose-Response Curve. (A) When induced with 3O-C12, the biosensor
changes from an uninduced state to and induced state. After induction the biosensor fluoresces by
producing mCherry protein. The biosensor, when exposed to varying decades of 3O-C12 and
maintained in exponential state, responds to the 3O-C12 inducer. Data collected for 10000 events
for the uninduced and the 100 nM 3O-C12 samples for n=3. (B) After eight hours of induction,
the biosensor reached an equilibrium state of mCherry expression which can be quantified. The
system can then be fitted to a Hill function with an R2 value of 0.987. (C) With enough time, the
sensor becomes a toggle switch and is able to output an On/Off response.

Discussion
While synthetic biology-based biosensors can be versatile in the detection of chemical
inputs, many are currently confined to a laboratory setting due to regulations that restrict the use
and transport of GMOs. The 3D-printed system described here can potentially facilitate the use of
GMOs outside of the laboratory, adding a new tool for medical and environmental testing. We
envision this system being especially beneficial in areas without significant medical infrastructure
or access to healthcare.
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The 3O-C12 biosensor is able to quantitatively detect 3O-C12 concentrations ranging from
0.1 μM to 10 μM. It is well documented that a P. aeruginosa infection in the respiratory tracts can
cause tissue inflammation40-43. Although the specific method of action of chemical 3O-C12
remains unknown, it is believed to happen through interactions with toll like receptors on the cell’s
surface44. The chemical 3O-C12 at a dosage between 10 and 100 μM causes a Ca2+ release from
the cell’s internal calcium stores which produces an inflammatory response45. This range is slightly
above the detection limits of our 3O-C12 biosensor. However, a simple series of dilutions (e.g., ½
, ¼ , …) with media, similar to other quantification assays such as those performed when doing
protein assays like the Bradford Assay, can overcome this limitation46. Diluting the sputum
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collected in media will also allow for the cells to divide faster with a more suitable environment
for growth.

Figure 7: From the Printer to the Patient to the Lab. (A) A 3D-printer and the biosensor can
be shipped to locations with vulnerable populations. (B) The 3D-printer can be used to print the
bioassay device and the genetically engineered biosensors can then be cultured within. (C) The
device with the biosensor can then be transported to the patient’s location. (D) The device is waterresistant and would impede water infiltration and thus the escape of the biosensor, allowing time
to recover the device without the escape of GMOs. (E) Through normal use of the device, the
bacteria would be directly deposited into nutrient rich media, where they will immediately begin
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to grow. However, the sealed device will prevent that same media from reaching the cel ls for a
period of 14 hours. Data collected for 10000 events for the Sealed and Unsealed samples for n=3.

The bioassay device can be fabricated anywhere a 3D-printer is available. The 3D-printer
that we used currently is sold for less than $2,000, and many new 3D-printers can be purchased
for a price ranging from $200 to $500. Our bioassay device can also be fabricated quickly, as
needed, with devices ready after less than 2 h (Figure 7A). The material cost to manufacture one
of the 3D-printed devices we have described is approximately $0.50, using 8 g of ABS. Relative
to the biosensor housing and cover, the biosensor itself contributes only a small portion of the
overall cost of the device. The printer can be used at any location allowing for flexibility i n the
device’s deployment. Biosensors can also be readily grown, freeze-dried and shipped worldwide.
With a small quantity of freeze-dried biosensor loaded into the devices (Figure 7B), they could be
sealed and are ready for use. They can then be directly transported to the point-of-care for use
(Figure 7C). It is important to quantify how well the device isolates the biosensor from the
environment to determine how well the device contains the biosensor. An experiment using
nutrient rich media (Figure 7D) was used to simulate a worst-case scenario. When shaken at 140
RPM in 100 mL of media (Figure 7E), the bacterial well introduced into the media was able to
propagate cells immediately. When the entire, intact device was submerged in media. The sealed
device was able to able to isolate the biosensor from the environment for a period of 14 hours
before the cells escaped and showed visible turbidity in 100 mL of media.
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Figure 8: Biosensor Activity on Contact with 3O-C12. (A) A sputum sample would be taken
from the patient and mixed with media in a sample tube. The 3D-printed device can then be
collapsed to release the bacteria into the sample. (B) The biosensor was designed to enable both
quantification of 3O-C12 concentration as well as a more simple on/off behavior where 3O-C12
at or above 10 nM will turn the sample visibly red. (C) The biosensor will turn visibly red with a
98-fold fluorescence increase compared to the initial fluorescence value after 10 hours of exposure
to the inducer. mCherry protein production will then continue as long as cells remain exposed to
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the inducer. Data collected for 10000 events for the Uninduced and the 100 nM 3O-C12 samples
for n=3.

In the field, a sputum sample (Figure 8A) could be collected from the patient and diluted
into a sample tube with cell media. To ensure that no bacteria outcompete the biosensor in the
sample, kanamycin antibiotic could be added to ensure the bacterial samples from the patient’s
sputum are not able to survive. The biosensor cover would then be pressed firmly and actuated,
forcing the freeze-dried bacterial pellet to enter the sputum sample. The sample can then be
returned to the site of 3D-printing for incubation and activation of the biosensor (Figure 8B). The
biosensor can simultaneously quantify specific levels of 3O-C12 exposure when maintained in
exponential state or can switch into an on/off behavior by adding the biosensor to the sample
(Figure 8C). Alternatively, a longer incubation period of 9 hours will allow the biosensor to turn
the liquid sample visibly red, thus serving as a two-state system that is useful to visually determine
whether a patient has a P. aeruginosa infection.
The device was designed to be fabricated and used by non-technical or volunteers. After
attachment to a sample tube, the device and sample tube can be gripped by the hand and the thumb
can be used in a lateral pinch grip to activate the sensor. The average lateral pinch strength of an
adult with their dominant hand ranges from approximately 5.0 – 7.5 kg of force, which is sufficient
for use of this device47. Due to the design of the stress-focusing cut-out presented here, lateral
pinch force generated by adults will allow the device to reliably function in the field.
The experimental results presented here indicate that the 3O-C12 biosensor is able to sense
inducer concentrations when P. aeruginosa biofilms are present, as in the case of recurring
infections. The living biosensor, while useful for the purpose of detection, has the potential to face
less regulatory hurdles due to its enclosure within the bioassay device, which allows for its
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contained deployment outside the lab. The 3D-printed device turns the GMO into a component of
the overall device and ensures that the biosensor is isolated from the environment. 3D-printing this
device enables our living biosensor, with its versatility to process environmental input, to be fielddeployed as a novel, cost-effective diagnostic technology.

Conclusion
In this study, we employed a robust approach for detecting the quorum signal of
Pseudomonas aeruginosa that is frequently used in synthetic biology6,22. The designed biosensor
consists of an engineered E. coli cell line designed to detect the presence of the native P.
aeruginosa quorum signal, 3O-C12. By introducing components of P. aeruginosa’s native 3OC12 signaling pathway to E. coli, the living biosensor was constructed. A transcription factor,
lasR, acts as the signal transducer by binding 3O-C12, dimerizing and then then binding to a
transcription activation domain found within its cognate promoter, Plas , which is also transplanted
into E. coli7,23,24. Once bound, lasR promotes the expression of the mCherry gene, which encodes
a red fluorescent protein25. The biosensor was then placed within a 3D-printed device which makes
use of a press-fit to seal the biosensors within. The 3D-printed device is modular, can be used as a
replacement cap for bacterial test tubes and serves as a secure containment for the GMOs for up
to 14 hours.
We specifically chose 3O-C12 as the chemical to be detected due to the relevance P.
aeruginosa has in medical settings where it is well known for causing illness, such as pneumonia
or for exacerbating existing conditions such as cystic fibrosis 26-31. Its relevance made it a perfect
example for illustrating the potential of the 3D-printed device. The biosensor placed within the
3D-printed device is modular and thus can easily be exchanged for other targets of interest. Use
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of this technology may significantly increase access to diagnostic technology for at-risk
populations as well as decrease the costs of diagnosis.
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Chapter 4: An Additive Manufacturing Approach for Replicable and CostEffective Bacterial Cell Patterning
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Abstract
Detecting the chemical signatures of biological and clinical specimens on surfaces of
interest is relevant to furthering our knowledge of many physiological processes and disease states.
Previously, several cell micro-patterning devices have been used to probe cellular interactions and
the ability of bacteria to sense their environment. However, these devices, commonly made
through photolithography techniques 1, frequently share high capital costs that create an entry
barrier for many researchers. Our micro-patterning approach takes advantage of 3D printing to
create a device for high-throughput creation of patterning imprints. It requires no mask, is lowcost, and can be easily reconfigured to suit the needs of the project. The micro-patterning stamps
were produced through 3D printing on a Zortrax M200 printer and designed with the software tool,
Autodesk Inventor®. They consist of a flat surface upon which pyramidal geometries are printed
ending in a thin surface, which can be used for patterning. Two different types of stamps were
designed, a cross pattern stamp and a grid pattern stamp which can be loaded with cells. The excess
was allowed to air dry and the stamps were then used to imprint a cell pattern onto an agar surface
resulting in clean, replicable patterns. In addition, by using a genetically modified biosensor, the
bacterial cell imprints can be utilized as edge detectors. The biosensors detect the chemical on the
agar and fluoresce depending on the concentration of 3-oxo-dodecanoyl homoserine lactone (3OC12) they sense. We anticipate this device will have a broad impact by lowering the barrier for
entry for bacterial micro-patterning.

Key words: 3D-Printing, Bacterial Patterning, Biosensor
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Introduction
Cells, while individually simple, can evolve complex behaviors through joining into
multicellular structures 2-5. In fact, it is presumed that this complexity and the benefits it imparts
onto the population as a whole is what first gave rise to multicellular organisms through evolution68

. Understanding how these structures come about, their underlying principles, and how cells react

to a spatially distributed chemical stimuli is essential to our comprehension of cell patterning and
motility related functions such as wound healing, tissue development and even illnesses such as
cancer9-12. Cell behavior based on spatial distribution continues to be explored, especially in the
field of synthetic biology. By genetically modifying cells and eliciting behaviors on command,
cellular response can be reliably studied 13. Many genetic circuits have been generated to probe
how cells organize, communicate and react to small soluble molecules within their environment
such as the toggle switch, the repressilator, synthetic predator-prey system, and the edge detector 1417

. The edge detector, for example, senses two different inputs in order to determine an edge. Tabor

et al. created a mask that only allowed light exposure of Escherichia coli biosensor cells within a
predetermined region. Only along the edge between the light and the dark did the cells produce a
black pigment to represent the edge 18.
Edge detection can play a large role in processes ranging from cell motility to disease
detection19,20. Edges in patterns can also be created by directly imprinting the cells into a pattern
on a surface. Using stamps in order to create pattern of bacteria was pioneered in the laboratory of
George Whitesides through the use of a technique known as soft lithography, a group of techniques
which is used for replicating patterns at micro- and nano-scales21. Soft lithography can be used to
pattern on a variety of materials ranging in material properties from glass to more viscoelastic
materials such as polydimethylsiloxane or even on agar gel 22-25. The stamp is coated in a solution
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of biological material and pressed onto a surface. While soft lithography is defined by fine control
and resolution of the patterns produced, it requires the use of photolithography to produce a mold,
which is expensive and must be made in clean rooms. As an inexpensive alternative to soft
lithography, here we report the use of additive manufacturing to design and print stamps for
bacterial cell patterning.
Additive manufacturing is the process by which a 3D design is used as a template to build
an object in layers by depositing materials 26,27. There are many types of 3D printing technologies
available, however, one of the more commercialized and readily available types is extrusion
printing28. This printing technique is a versatile and reliable technology for the design,
optimization, and printing of devices. These devices tend to be printed with the use of
thermoplastics, categorized as such due to their well-defined melting temperature, such as
acrylonitrile butadiene styrene (ABS). The thermoplastic used also confer specific properties
useful for the final product being printed. ABS possesses low impact strength, making it a good
choice to produce parts prior to mass production. The low impact strength also leads to objects
that are strong and stable, without the danger of part deformation over time. These thermoplastic
parts can be assembled into fully functional devices through the use of manufacturing assembly
methodologies. These methodologies have to take into account the viscoelastic behavior of the
plastic parts based on: the rate of application of the load, the fading memory of the elastic material,
the creep of the material, and the relaxation of the material 29.
In this study, we propose the use of 3D-printed stamps for the patterning of bacterial cells
for the purpose of interrogating the chemical composition of a surface. To test this methodology
we designed two different stamps to determine the validity and overall usability of this technique
for bacterial cell patterning. The stamps were used to pattern a synthetic biology biosensor onto
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an agar plate. The biosensor can be patterned on a chemical in order to detect the edge of the region
with the chemical. The biosensor was induced by a small molecule, 3O-C12, and the spatial
distribution of the corresponding output was observed on the patterns through a red fluorescent
output.
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Materials and Methods
Bacterial Cell Culture
The E. coli strains used in this study were derived from a K-12 parent strain. E. coli cells
were grown in batch culture at 37 °C in Luria-Bertani (LB, Fisher Scientific) media using a final
concentration of 50 μg/mL kanamycin (Fisher Scientific) 30. For growth on plates, LB media was
supplemented with 2% agar (w/v) and a final concentration of 50 μg/mL kanamycin.

3D printed micropatterning device design and construction
The stamping device was produced through 3D-printing in a Zortrax M200 3D-printer and
designed with the software tool, Autodesk Inventor® (Autodesk, California). The 3D model was
then exported as an STL file, a file format used for rendered 3D objects to Z-suite®, a software to
translate the 3D object into printing instructions. The Z-suite® software was then used to export
the file as a z-code file used by the Zortrax M200 (Zortrax SA, Poland) to print the 3D design
using an ABS variant, ABS ULTRAT.

3D-Printed Stamp Examination
The 3D-printed stamps, were removed from the 3D-printer and placed on a stereo
microscope. The stamp features were examined for smoothness of the printed features while
images of the features were taken with a Raspberry Pi camera.

Bacterial Pattern Stamping and Circuit Induction
To stamp the E. coli cells onto agar plates, starter cultures of E.coli with the 3O-C12
biosensor were grown, as stated above. LB agar plates were prepared and warmed in a 37 °C
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incubator. The 3D-printed stamps were sprayed with 70% ethanol and allowed to air dry. Inducer
was added onto the stamped bacterial cell patterns at 40 μM 3O-C12 (Sigma Aldrich) and allowed
to dry. The biosensor culture was poured onto an empty petri dish and the stamp was placed face
down onto the bacterial culture within the petri dish. The stamp was removed from the bacterial
culture and allowed to air dry for 5 minutes. The stamp was placed face down onto an LB-agar
plates and evenly pressed down. The stamp was then removed and set aside, the pattern was
allowed to dry for 5 minutes. The plates were incubated at 37 °C until the cells were fully induced
(~8 hours).

Bacterial Pattern Imaging and Fluorescent Microscopy
The patterned agar plates were removed from the incubator. The stamped feature on the
agar plate was cut with a blade and the excess material surrounding it was removed. A microscope
coverslip was placed on a flat surface. The patterned agar slab was carefully lifted with tweezers
and placed face down onto the coverslip. Confocal images were obtained from examining the
patterned agar slabs with a Nikon Eclipse Ti microscope. The agar coverslips were imaged in DIC
at 20X to obtain pictures of the cell patterns. Then, a TRITC filter set was used to obtain fluorescent
images of induced and uninduced sections of the patterns.

Results
An engineered biosensor was utilized to probe for the spatial distribution of a chemical,
3O-C12. The biosensor (Figure 9A) was designed to constitutively express a protein, lasR, which
is part of the quorum sensing cassette of Pseudomonas aeruginosa. The red biosensor output
remains inactive until the addition of 3O-C12 to the cells. lasR binds to 3O-C12 upon contact and
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is then able to bind to its cognate DNA binding region found upstream of the red fluorescent
protein, mCherry. Once lasR binds, it promotes the transcriptional machinery and mCherry is
expressed, turning the cell visibly red. The 3O-C12 biosensor can be used to detect the spatial
distribution of 3O-C12 deposited on an agar surface and is also able to monitor the diffusion of
the chemical on the agar as well as the edges of the 3O-C12 infused region (Figure 9B). The
stamped pattern (Figure 9C) responds to the presence of the analyte and the biosensor produces a
red fluorescent output.

Figure 9: Synthetic Biology Biosensor for Probing Chemical Spatial Distribution. (A) A
synthetic biology biosensor was built previously to sense the presence of a quorum sensing signal,
3-oxo-dodecanoyl homoserine lactone (3O-C12), produced by an opportunistic pathogen,
Pseudomonas aeruginosa. The biosensor constitutively produces a protein, lasR, which upon
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contact with 3O-C12 produces a red fluorescent protein output. (B) The 3O-C12 biosensor can
then be used to detect the presence of its analyte on a surface. By patterning the biosensor in a
known spatial distribution, the presence of the chemical within the agar plate can be detected by
the biosensor. The areas marked in red showcase the parts of the sensor which become induced
upon detection of 3O-C12.

The two patterning stamps were designed in Autodesk Inventor ® and printed in a Zortrax
M200 3D-Printer using acrylonitrile butadiene styrene (ABS), a thermoplastic for printing.
Thermoplastic polymers are frequently used in 3D-printing, becoming pliable after heating and
hardening upon cooling. ABS is often used as it has a glass transition temperature of 105 °C that
makes it well-suited for 3D-printing parts and patterns31. The stamps were designed to create
patterns at the micron scale, about 635 μm wide. They were labeled, respectively, as cross pattern
stamp and grid pattern stamp (Figure 10A). The cross pattern was designed to probe in four
directions and the grid pattern was a modification of the cross pattern, designed for finer detection
with additional extensions. The 3D-printed stamp surfaces were analyzed under a stereo
microscope (Figure 10B). Minor deformation was seen on the cross pattern stamp (Figure 10B,
left) while the grid stamp (Figure 10B, right) was completely smooth. The stamps were submerged
in a cell/LB solution and then imaged under the stereo microscope. The cell solution was present
throughout the entire pattern (Figure 10C) with excess liquid being retained on the cross shaped
stamp (Figure 10C, left) while the grid pattern stamp (Figure 10C, right) retains excess liquid at
the intersections of the pattern. The stamps were allowed to air dry to remove excess liquid on the
surface. When stamped onto agar and allowed to grow at 37 °C for 8 hours, clear patterns emerge
(Figure 10D). The stamps created replicable patterns, where the agar plates grew a cell lawn only
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where the two 3D-printed stamps, the cross pattern stamp created (Figure 10D, left; N=11) and the
grid pattern stamp (Figure 10D, right; N=14) created imprints.
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Figure 10: 3D-Printed Stamp for Replicable Bacterial Cell Patterns. (A) The two 3D-printed
stamps, a cross shaped stamp (left) and a grid stamp (right) were designed in the software Autodesk
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Inventor and printed on a Zortrax M200 3D-printer. The faces of the stamps were designed to
pattern cells on the micron scale. (B) The 3D-printed stamps were analyzed under a stereo
microscope. Minor deformation was seen on the cross pattern stamp (left) while the grid stamp
(right) was completely smooth. (C) The stamps were submerged in a cell/LB solution and then
imaged under the stereo microscope. The cell solution was present throughout the entire pattern.
The minor deformations retain excess liquid on the cross shaped stamp (left) while the grid shaped
stamp (right) retains excess liquid at the intersections of the pattern. (D) When stamped onto agar
and allowed to grow at 37 °C for 8 hours, clear patterns emerge. The stamps created replicable
patterns, where the cross-shaped stamp (N=11) and the grid stamp (N=14) grew a cell lawn only
where stamped.

To determine the usability of the biosensor as an edge detector, the biosensor was
interrogated through the use of a localized 3O-C12 droplet added onto the surface of the agar
plates. The stamps had dimensions of 36 mm x 18 mm and 25 mm x 17 mm so the patterns would
be imprinted onto the agar (Figure 11A). The stamps and their dimensions thus serve as a scale
bar for the pattern sizes. Cells were stamped onto the agar surface in triplicate such that the middle
of the pattern coincided with the 3O-C12 droplet. As the cells grew on the surface, the chemical
diffused as well, leading to mCherry expression (Figure 11B). After 24 h, the red fluorescence
becomes visible to the naked eye. As time passes, the biosensor mCherry expression increases in
a radial manner from the droplet location, with the red hue diminishing closer to the edge as 3OC12 concentrations dropped below the limits of the biosensor’s detection.
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Figure 11: Diffusion of a 3O-C12 Droplet on the Agar Surface and Detection by the 3O-C12
Biosensor. (A) The two 3D-printed bacterial stamps have dimensions which are, respectively, 36
mm X 18 mm and 25 mm X 17 mm. (B) The stamps were used to pattern the biosensor atop a
dried 5 μL 3O-C12 droplet of a concentration of 40 μM. The cells were stamped such that the
middle of the pattern imprinted onto the dried droplet (represented by a blue circle). The imprinted
cells were examined every 8 hours for 40 hours. As the cells grew, the 3O-C12 concurrently
diffused through the agar in a radial manner. At 16 h, the red fluorescence becomes visible to the
naked eye. As time passes, the mCherry expression by the biosensor increases in a radial manner
from the 3O-C12 droplet location. The edges of the patterns transition from the red coloring to
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white as the local 3O-C12 concentration approaches zero. The experiment was conducted with
N=3.

To probe for the spatial distribution of the 3O-C12 chemical (Figure 12A), the biosensor
was imprinted onto the agar plates by each of the two stamps respectively, the cross pattern stamp
(Figure 12A, left) and the grid pattern stamp (Figure 12A, right). 5 μL of 40 μM 3O-C12 were
added onto the intersection of the cross pattern imprint and on the middle intersection of the grid
pattern imprint and allowed to dry. After 8 hours of growth with the inducer, the imprints were
imaged for the presence of red fluorescence. Near the center of the cross pattern imprint (Figure
12B, left) the 3O-C12 biosensor was activated and outputted mCherry protein. The further from
the deposition site of the 3O-C12 inducer, the more attenuated the red fluorescent signal became.
At the edges of the pattern, the biosensor was inactive and no mCherry could be seen (Figure 12B,
right). A similar pattern can be seen from the grid pattern imprint. The closer to the area where the
inducer is present, the high the fluorescent protein output (Figure 12C, left). Conversely, the
further away from the inducer, the lower the fluorescent signal until the signal is completely lost
at the edges (Figure 12C, right).
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Figure 12: Induction of 3O-C12 Biosensor for the Detection of 3O-C12 Spatial Distribution.
(A) The two patterns, the cross shaped pattern (left) and the grid pattern (right) were used to stamp
a bacterial pattern onto agar plates. Subsequently, the middle of the patterns were spotted with 5
μL of 40 μM 3O-C12 and grown for 8 hours at 37 °C. (B) A strong red fluorescent signal was
detected upon inspection of the cross intersection, a representative image can be seen (left) of the
upper edge of the cross intersection. No fluorescent signal was detected on the edges of the pattern,
a representative image can be seen (right) of the lower right hand of the cross pattern (N=7). (C)
A strong red fluorescent signal was detected upon inspection of the grid intersection, a
representative image can be seen (left) of the lower edge of the intersection. No fluorescent signal
was detected on the edges of the pattern, a representative image can be seen (right) of the lower
right hand of the cross pattern (N=7).
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Discussion
While soft lithography is a versatile technique for the creation of micropatterns on surfaces,
it is fundamentally an expensive technology. Because of the need for clean rooms and the high
training expenses associated with the technology, the entry-barrier to using soft lithography
techniques for new labs is monetarily high. 3D-printing can aid in reducing the costs associated
with the patterning of bacterial cells due to lower training requirements and material expenses.
Utilizing a 3D-printing approach is useful due to the cost-effective and highly accessible nature of
the technology, which can be manufactured anywhere a 3D-printer is available. The 3D-printer
used in this study costs less than $2,000, and new 3D-printers can be purchased for prices ranging
from $200 to $500.
The material used to print the stamps, ABS, is a cost-effective material, which can be
bought for $49.90 per 800 grams of material. Each stamp uses 9.5 grams, which leads to a total
cost of $0.59 per pattern. In addition, the 3D stamps can be cleaned and then reused multiple times.
The stamps will not suffer wear and tear while in use against a soft substrate such as agar, making
it ideal for cost-effective projects.
Finally, the 3D-printed bacterial stamps hold potential for use in educational purposes.
High school biology laboratories have the agar substrate, bacterial cultures, and the requisite
knowledge for handling bacterial cells. As stated above, a 3D-printer can be bought at low cost
and could significantly enhance student’s understanding of bacterial patterning, behavior, and
biosensing capabilities.
In this study, we utilized our previously constructed 3O-C12 biosensor developed from the
quorum sensing system of P. aeruginosa and frequently used in synthetic biology32,33. The
biosensor was utilized as a tool for probing chemical edges in an agar substrate. Stamps were 3D-
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printed for patterning bacteria at the micron scale and were of two different types: the cross pattern
stamp, and the grid pattern stamp. The stamps were coated in a biosensor and media solution and
then used to imprint clean and replicable patterns on agar plates showcasing the versatility and
potential of 3D-printed stamps. The cross and grid stamps imprinted patterns for N=11 and N=14,
respectively. Another benefit is that the stamps are customizable and can be changed according to
the needs of the project. They can also be made of a larger size to imprint on a larger surface area
of agar.
The imprinted cells were also analyzed to determine the effects that the spatial distribution
of the inducer had on the biosensor, in other words determining its ability as an edge detector. The
biosensor exposed to the 3O-C12 inducer at 40 μM showed an ability to detect the inducer’s spread
within the agar. Areas of the patterns near the center of the inducer droplet demonstrated a high
fluorescent output, those at the edge demonstrated decreased fluorescent output, while cells in the
pattern outside of inducer exposure remained uninduced.
Identifying chemical edges on surfaces is extremely important to cell patterning, tissue
regeneration and development as these processes are directly related to chemical gradients.
Gaining further understanding of how multicellular structures evolve from single cells also
provides an opportunity to elucidate the concepts behind cell patterning. The ability to pattern cells
and determine chemical gradient spreads using 3D-printed stamps and engineered biosensors
provides a useful tool to further this understanding. In addition, it can also be used as an
educational tool in high school laboratory settings to allow students to probe cellular patterning,
behavior and biosensing.
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Conclusion
In this study, we utilized our previously constructed 3O-C12 biosensor developed from the
quorum sensing system of Pseudomonas aeruginosa frequently used in synthetic biology32,33. The
biosensor was utilized as a tool for probing chemical edges in an agar substrate. Stamps were 3Dprinted for patterning bacteria at the micron scale. The stamps were of two different types: the
cross pattern stamp, and the grid pattern stamp. The stamps were coated in a biosensor and media
solution and then used to imprint patterns on agar plates. The stamps imprinted patterns for N=11
and N=14, respectively, and the patterns were clean and replicable showing the versatility and
potential of 3D-printed stamps. Another benefit is that the stamps are customizable and can be
changed to the needs of the project. They can also be made of a larger size to imprint on a larger
surface area of agar. Furthermore, the stamps are relatively inexpensive to make and will be able
to last through significant use before needing to be replaced.
We used the biosensor developed previously to interrogate and detect chemical surface
edges. The imprinted cells were exposed to the 3O-C12 inducer at 40 μM and the response of the
biosensor to the spatial distribution of the inducer could be observed. Areas of the patterns near
the center of the inducer droplet demonstrated a high fluorescent output. Areas of the pattern at
the edge demonstrated decreased fluorescent output while cells in the pattern completely outside
the inducer exposure were Uninduced.
Identifying chemical edges on surfaces is extremely important to cell patterning, tissue
regeneration and development. Gaining further understanding of how multicellular structures
evolve from single cells is an opportunity to elucidate the concepts behind patterning. Its relevance
made it a good example for illustrating the potential of the 3D-printed device. Finally, not only
can this tool be used to pattern cells or as a genetically modified edge detector, but it can also be
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used as an educational tool in high school laboratory settings to allow students to probe cellular
patterning, behavior and biosensing.
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Chapter 5: Conclusions
Additive manufacturing is a relatively new technology that has developed within the
past 29 years. One of the subsets of additive manufacturing, extrusion printing, also known as 3Dprinting, has great potential for the cost-effective manufacturing of versatile medical devices. 3Dprinting has been used for a wide range of technologies ranging from biomodeling, implant
creation, medical aids and tools, and drug delivery. The field is rapidly expanding and moving into
the generation of 3D-printed artificial organs. There are many advantages to utilizing 3D-printing,
as the technology is able to produce devices inexpensively and in a high-throughput manner.
Furthermore, 3D-printers are easily shipped and are thus readily available, as well as being
relatively inexpensive in comparison to large medical diagnostic technologies. 3D-printing can be
used not only to produce new devices, but also to streamline existing technologies. Utilizing
engineering principles and manufacturing assembly, a variety of devices can be designed and built
to fit the needs of the project. In this work, 3D-printing was utilized in order to make two devices:
1) a containment device for the deployment of a living genetically modified biosensor outside the
laboratory, 2) a device for the inexpensive and high-throughput replication of printed patterns on
an elastomeric surface.
A biosensor was designed in order to diagnose an opportunistic pathogen often found
within hospitals, P. aeruginosa. This organism is known for causing pneumonia and to infect the
lungs of cystic fibrosis patients. P. aeruginosa is able to communicate with its population through
the use of quorum sensing, and they use a chemical, 3O-C12 for this purpose. The biosensor
utilizes the quorum sensing detection element of the quorum sensing system, lasR, in order to
detect 3O-C12 and then uses a red fluorescent protein, mCherry, to report its presence in a dosedependent manner. This biosensor could serve at-risk populations get diagnosis at a reasonable
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cost, however, the technology is limited to within the laboratory due to regulations on GMOs. The
creation of a 3D-printed device to prevent bacterial escape into the environment could allow for
the safe deployment of the biosensor outside the laboratory. The 3D-printed device was thus
designed for the containment of our genetically modified biosensor. The container was designed
to meet several requirements: it had to contain the bacteria, it had to be modular, easy to use and
inexpensive. The device was designed around an enclosure, which is where the biosensor lies while
stored within the device. A lid was then created for the device using a press-fit to form a seal which
would isolate the biosensor from the environment. The device was designed to be modular and
useful in a wide range of locations, so it was designed to fit onto standard bacterial culture tubes.
In addition, the 3D-printed device can be used for the deployment of any biosensor and is not
specific to the 3O-C12 biosensor. To ensure ease-of-use, a feature was designed around the
bacterial well that focuses the force tangential to the well onto the base of the device causing it to
fracture in a controlled manner. The device is small, making it transportable and inexpensive to
manufacture. The device was tested to determine the length of time the seal was maintained in the
event that the device is inverted or violently shaken. The device maintained the biosensor isolated
within for about 14 hours before cells escaped.
Additive manufacturing can also be used to improve existing technologies for
laboratory use and to lower costs. I utilized additive manufacturing to design stamps in a new
approach to facilitate bacterial cell patterning. The stamps serve as carriers for the biosensors and
can be used to make replicable imprints on agar substrates. Depending on the biosensor used the
patterns can serve different purposes. For this project, the 3O-C12 biosensor designed previously
was used. The bacterial patterns could be used to detect the presence of an inducer and served as
a chemical edge detector for 3O-C12. The imprints reported a fluorescent output when exposed to
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the center of an inducer droplet, while the cells at the edge reported a much lower fluorescence
and the cells outside the inducer reported no fluorescence at all. The technology holds potential
for use in studying and replicating bacterial patterns and behavior especially biosensing. Another
advantage of the 3D-printed stamps is that not only can multiple replicable micro patterns be
generated, but the stamp remains useable as long as the patterns are used to stamp agar and not
hard surfaces. The patterns can thus be created to culture cells at a fraction of the cost than soft
lithography based patterns.
3D-printing is a promising technology to improve and innovate on medical devices. Due
to its versatility it is effective for the use of devices both inside and outside the laboratory. The
technology is relatively inexpensive with 3D-printer costs now ranging from $200 to $2,000. The
devices and their uses are limited only by design constraints and user specifications. Whether it is
for the design of a brand new biosensor containment device or for the stamping of bacterial cell
patterns and edge detectors, 3D-printing can radically change the cost of devices, making medical
devices cost-effective and thus affordable for at-risk populations.
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Appendices

Appendix A: 3O-C12 Biosensor Plasmid Map

Figure S1. 3O-C12 Biosensor Plasmid Map. The 3O-C12 sensor, also known as pDW065 is
composed of three main elements: the plasmid backbone, the lasR cassette, and the mCherry
cassette. The backbone consists of an Ampicillin Resistant cassette, and a pUC origin of
replication. The lasR gene is placed under the control of a P ltetO-1 promoter while the mCherry gene
is under the control of the Plas promoter, which contains a binding site for the LasR protein.
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Appendix B: Key Steps in Bioassay Device Use

Figure S2. Key Steps in Bioassay Device Use. (A) A living bacterial and agar are added to the
bacterial well within the bioassay device. (B) The device lid is aligned to the device base and
pressed with a thumb until a press-fit seals. Using a thumb, force can be applied to the lid, which
releases the press-fit and directs force onto the stress-focusing cut-out. (C) The bacterial well then
falls into the sample where it inoculates the sample with the biosensor. (D) The liquid and bacteria
within the test tube remain isolated from the environment.
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Appendix C: Device Boundary Constraints, Loads and Mesh Elements for Stress Simulation

Figure S3. Device Boundary Constraints, Loads and Mesh Elements for Stress Simulation.
(A) The purple highlighted boundary of biosensor housing is the sole, fixed boundary constraint
used for all simulations. All other boundaries are free. (B) The purple highlighted boundary shows
the surface where the sensor activating lid applies a distributed pressure load during use. All
simulations used a total load of 100 N distributed across this highlighted area. (C) COMSOL
predefined ‘normal’ meshing was used for all simulations.
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Appendix D: Cross Sections of Three Different Device Iterations with von Mises Stress
Distributions

Figure S4. Cross Sections of Three Different Device Iterations with von Mises Stress
Distributions. (A) Final design configuration and stress distribution of the stress-focusing cut-out
portion of the biosensor housing, (B) an alternative design having arcs coming to a point, (C) and
an alternative design having peaks. As this figure shows, the largest stress and best distribution of
high stress resulted in the final design seen in (A). Material properties used for all simulations were
a material density of 1150 kg/m3, Young’s Modulus of 2 GPa, and Poisson’s ratio of 0.35. All
simulations used a total load of 100 N distributed across the boundary load area. COMSOL
predefined ‘normal’ meshing was used for all simulations.
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Appendix E: Measurement of Outer Diameter of Beckton-Dickinson Test Tubes

Tube
1
2
3
4
5
6
7
8
9
10
Mean
STDEV

Outer
Diameter
(inches)
0.645
0.649
0.646
0.650
0.648
0.652
0.650
0.649
0.650
0.648
0.648
0.0021

Inner
Diameter
(inches)
0.603
0.601
0.602
0.601
0.604
0.601
0.605
0.603
0.607
0.602
0.603
0.0019

Table S1. Measurement of Outer Diameter of Beckton-Dickinson Test Tubes. A set of ten
Beckton-Dickinson test tubes were analyzed with a Mitutoyo Model #CD-6’’ASX Caliper. Ten
test tubes were measured to ensure that the device design was accurate and would fit onto a test
tube. The average of the outer diameter of the test tube was 0.648 inches. The same test tubes were
measured to ensure that once pressure is applied to the device lid the bacterial well would be able
to freely fall into the sample below without the tube inner diameter obstructing the well. The
average of the inner diameter of the test tube was 0.603 inches.
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Appendix F: List of Plasmids, Strains, Relevant Characteristics and Origins

Name
NEB Turbo®
MG1655 WT
pKDT17
pDW065a
pDW065

Mutations
E. coli K12 wild type
E. coli K12 wild type
lasR, lasB-lacZ
PL,tetO-1-lasR, PL,tetO-1-mCherry
PL,tetO-1-lasR, PLas -mCherry

Origin
New England Biolabs® , Inc.
E. Coli Genetic Stock Center
Pearson et al.34
this study
this study

Table S2. List of Plasmids, Strains, Relevant Characteristics and Origins. Two strains were
used in this study. Escherichia Coli NEB Turbo was used for all cloning purposes. Escherichia
Coli MG1655 WT was used to determine the dose-response curve behavior of the 3O-C12
biosensor.
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Appendix G: Primers used for Construction of the 3O-C12 Biosensor

Name
fpDW000
rpDW000
fpDW001
rpDW001

rpDW002

Restriction
Site

Seq (5' --> 3')
TTA AAT TCC TCT GCA GAG TCC GAA CGT CGA
ATT CTT ACG ACT CAA CTA G
AGT GGT ACC TTG CGG AAG C
TTC CCC GAA AAG TGC CAC CTG ACG TCT GAC
TAC TGC TTG GAT TCT C
AGA AAC GTC TGC AGC CGG TAT ATA AAA AAG
AGT AGT AGG AGG AAC CAT ATG GTG AGC
AAG GGC GAG
GAG TCG TAA GAA TTC GAT AAC TAG CAA ATG
AGA TAG ATT TCG GTG AAC CCG GAC CCT TGC
TAG GC

PstI

Source

Plasmid

pKDT17

pDW065a

HindIII
AatII
-

pWR011 pDW065

EcorI

Table S3. Primers used for Constructing the 3O-C12 Biosensor. Two sets of primers were used
in this study, the DW000 and the DW001/DW002 set. fpDW000 and rpDW000 were used to
amplify the lasR gene from the pKDT17 plasmid bought from Addgene. fpDW001 and rpDW001
were used to amplify half of the Plas promoter onto an mCherry gene. Then, PCR was performed
again with fpDW001 and rpDW002 to add the second half of the P las promoter.
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Appendix H: Gene Regulatory Network Modeling
We engineered an E.coli biosensor capable of expressing mCherry when exposed to 3-oxododecanoyl-HSL (3O-C12). The activator, LasR, was constitutively produced in an inactive state.
When 3O-C12 is introduced to the cell, it binds to LasR. This complex activates a gene regulatory
network. As we did not engineering any post-transcriptional regulation, the general behavior of
the regulatory gene networks can be modeled by the dynamics of the transcriptional response site.
To capture the underlying dynamics of our system, we decided to employ a MichaelisMenten formalism for modeling transcription. As we are using a high copy count plasmid, we can
assume that stochastic effects are negligible for specific genetic components. This allows us to
simplify our simulation with a set of ordinary differential equations.
By assuming that the inducer 3O-C12 is well mixed within our reaction chamber and that
transport of 3O-C12 into the cytosol is consistent amongst individual cells, we can model
transcriptional response to 3O-C12 by equation S1. Note that this equation assumes that the
majority of post-transcriptional events (translation and protein maturation) occur consistently and
linearly in response to mRNA production. This is a fair assumption assuming the ribosome binding
site strengths are constant and there is an abundance of resources and ribosomes within the cell.
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(S1)

Equation S1 relates the time rate of change of mCherry with a number of inputs and
parameters driving transcriptional events.
Inherent in this model is the assumption that LasR concentrations within the cells remain
relatively constant. The first term on the right hand side of equation S1 is a hill function relating
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the intracellular concentration of 3O-C12 to the rate of mCherry production35. This term is a
function of [arabinose], but includes parameters for the maximum transcription rate, V1max, and
the kinetic coefficient, K1. Additionally, the hill coefficient, n, relates the degree of
cooperativeness of the RNA polymerase binding to the promoter site.
The second term on the right hand side of equation 1, V1leak, describes the “leak” of the
promoter site. Physically, this is the rate of mCherry produced in the absence of 3O-C12. The final
term on the right hand side describes the rate of degradation of mCherry within the cell. This term
relates a decay constant, d1, with the concentration of mCherry. This equation may be fit to
experimental data to better predict and model underlying dynamics.
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Appendix I: Modeling of Biosensor Function and 3D-Print Finite Element Analysis
Module 1. Dose-Response Curve Fitting, Simulation, and Plotting
Experimental data was analyzed and fit according to equation S1 using the MATLAB®
optimization toolbox. Once parameter values were identified, fits were confirmed with the
MATLAB curve fitting toolbox. Goodness of fits for the simulated equations were evaluated using
the R2 value. Simulations were coded in Python and numerically integrated using LSODE 36 in the
FORTRAN library. Simulations, with experimental data, were plotted in Python using the
matplotlib library.

Module 2. Finite Element Analysis of Biosensor
Finite element analysis was performed using COMSOL® Multiphysics v5.2. All simulation
results represent a stationary study performed using the Solid Mechanics module. Autodesk
Inventor solid model files were imported into COMSOL to define the geometry for these
simulations. Material properties were then entered into COMSOL to define the properties of our
ABS material for analysis. Boundary constraints and applied loads were then defined. All
simulation plots shown here were generated using COMSOL's integrated graphics.
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