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ABSTRACT

Biological systems operate on scales ranging from nanoscale chemical reactions
to the global flow of nutrients and energy. Building knowledge of each level
requires techniques and technologies that can address the biological system at
the chosen level of interest. On the cellular and community levels, microfluidics
are able to replicate the spatial scales of the natural system from the cellular, to
community through the local microenvironment while providing engineering
solutions to control flow through the system and interfaces with the system
through microscopy and chemical sampling. Herein, biological interfaces were
created using microfluidics to control cellular interactions and chemical reactions.
At the subcellular scale, molecular exchange bioreactors enhanced the protein
production of a cell-free protein synthesis system by using a microscale
serpentine channel to reduce lateral diffusion distances. Size dependent
transport of reactants into, and byproducts out of, the reaction channel through
the nanoporous barrier extended the reaction time and enhanced protein yield.
Nanoporous membranes were also developed for studying cellular interactions.
Membranes confined cells within culture chambers while allowing transport of
nutrients and signal molecules between the chambers and support channels.
Quorum sensing within the microfluidic chambers was modeled using a quasi-
steady-state PDE based approach to estimate relative concentrations. The
platform facilitated the use of brightfield imaging and analysis to characterize
morphological changes of a growing biofilm as the oral microbe Streptococcus
gordonii formed aggregates only when co-cultured adjacent to Fusobacterium
nucleatum. The investment of capital and time to start incorporating microfluidic
into research can be prohibitive. To combat this, tools were created to provide
researchers the ability to create microfluidics using 3D printing to simplify the
process and remove the need for cumbersome and expensive cleanroom
facilities. The technique was used in two common microfluidic applications of
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chemical gradient and droplet formation in addition to building 3D fluidics that
cannot be replicated directly with microfabrication techniques. These
microfluidics controlled the spatiotemporal environment on the scales of
biological systems to enhance the effectiveness of protein synthesis, give insight
to morphological effects of cell signaling, and introduced technology to enable
others to do the same.
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Figure 17 — Brightfield analysis of oral co-culture growth. The Streptococcus

gordonii culture chamber was thresholded at pixel intensities 150, 120, and
90 to analyze chamber coverage and culture density (inset). Without
chemical communication (a) the culture is more diffuse and lighter. In
communication with Fusobacterium nucleatum (b) the S. gordonii forms
aggregates. The total growth rate is similar in both cases (c), but the Al-2

causes aggregation of S. gordonii (d). .........ceovvirriiiiiiiiie e 66

Figure 18 —Cell cluster sizes of S. gordonii increase in co-culture with F.

nucleatum relative to mono-culture at a threshold of 150. (a) At five hours,
the cluster sizes of S. gordonii with and without Al-2 present are similar. (b)
After 24hr culture with Al-2 producing F. nucleatum, the average cluster size

increased significantly more in the co-culture case............cccceevvvviviiieeneneenn. 68

Figure 19 - Large pore fluorescent profile. When the diffusion profile experiment

is run with a large pore device, the resulting fluorescent profile has a sharp
change in concentration at the center of the culture chamber. This indicates
that transport is dominated by advection rather than diffusion as seen in the
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Figure 20 - Signal switching the culture chamber with imbalanced support

channel flow rates. (a) The relative flow rate is changed between the
fluorescein and buffer support channels every 30 min. (b) shows a detailed
version of one transition from the buffer support channel to the fluorescein
support channel. (c) epifluorescent micrographs of the culture chamber in

the beginning of a transition period at 0, 1, and 5 min. ...............cceeevvvvvnnnnnn. 72

Figure 21 - Fabrication process. (a) The device was designed by combining

fluidic parts into a custom fluidic network. (b) The design was sent to an
FDM 3D printer. (c) The ABS mold is removed from the PDMS device after
being cast on the heated print bed. The device was cut into individual

devices, and (d) bonded to a substrate for USe...........ccocoevviiiiiiiiiiieceeininnnnn, 81
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Figure 22 - Feature parameters and program GUI. (a) Table of features available
for the design process. The GUI consists of 3 sections (b) the printer and
feature parameters are given, (c) the design is represented graphically, and
(d) the parameter list of all the parts in the current design for editing. ......... 86

Figure 23 - Fabrication process diagram. (a) The device was printed on a heated
print bed. (b) Acetone was applied to the surface of the device to anneal the
ABS surface. (c) PDMS was cast over the mold, (d) a vacuum degassed the
PDMS, and (e) the heated print bed cured the device. (f) The device was
removed from the bed and ABS mold and (g) bound to a glass slide. ......... 88

Figure 24 - Acetone annealing gradient generators. (a) SEM images show the
surface of the ABS mold annealed by applying acetone. (b) A microfluidic
gradient mixer produced using our ABS mold printing process. (c-d) Images
of the device show dilution channels recombining. (c) Annealing smooths the
surface for more even imaging. (d) Non-annealed device shows rough
surfaces from the printing process. (e) The maximum fluorescent intensity
from the individual channels prior to rejoining shows greater variability in
non-annealed devices. (f) The fluorescent intensity profile in the channels
after recombining show the gradient forming. Variation in the chamber height
from 3D printing causes variation across the profile deviating from the
expected linear gradi€nt. ...........cooiiiiiiiiiii e 90

Figure 25 - Droplet generators. (a) The T-junction device was operated with the
fluorescein flow rate at 1uL/min and the oil at (a1) 5uL/min and (a2)
20uL/min. (b) The flow-focusing device operates with the same flow rates.
(b1-2) show the oil channels pinching off a droplet from the fluorescein
channel. (c) Formed droplets are highly replicable and can be controlled by
altering the oil flow rate from 2uL/min to 20uL/min. ........coovvviiiiiiiieeeees 92

Figure 26 - 3D microfluidics. Using 3D capabilities of the feature-based software,
bridges were printed to create an overlapping design with three channels

from an offset (a) and side (b) view. (d)Top view - overlapping channels
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remain separate from one another. (c) Side view - the bridging structure
raises off the plane of the glass slide. The expanded view shows the printing
direction for the bridging structures. (e) The microfabricated structure along
with an inset of the chambers with each channel independent of one
another. (f) Shows 3D printed structures connecting channels and
overlapping to simplify the device control. ...........cccccvvveiiiiiiiiiiiiiiii 93
Figure 27 - 3D bridge printing process. The printer extrudes posts, allows them to
solidify, and suspends a filament from the post to the print bed. The process
is done continuously rather than layer by layer............ccccc, 96
Figure 28 - Feature parameters and part list. Printer parameters for each
parameter are shown in (a). Adding parts to a design populates the graphical
area (b) as well as the Feature list (c). The order of parts in the list indicates
the PrINTING OFAEN . ... e 97
Figure 29 - Device designs used. The completed designs for each device used
are shown in the Matlab design environment. The droplet generator (a) and
gradient generator (b) show replication of common microfluidic designs. The
second droplet generator design is not shown. The coil design (c) and the
network architecture (d) were used to show the 3D capabilities of the printing
0002 98
Figure 30 - Printer characterization from the Solidoodle printer used. The number
of layers do not affect the width of the channel (a), but the number of lines
can affect the height of the channel. The smallest channels were roughly

Tmm wide and 200um in height. ..o 99
Figure 31 - Fluidic connections and flow direction during priming..................... 130
Figure 32 - Fluidic connections and flow direction during experiment............... 133
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CHAPTER 1
INTRODUCTION

The field of biology focuses on understanding the complexity of living
organisms and the systems that they makeup. Delving deeply into microbiology
requires an understanding broader than of the organism itself, but of the
environment and other organisms that influence development and reproduction.
From an engineering perspective, an understanding of biology can inform design
in medicine, agriculture, energy, and beyond. Studying on the cell and
community scales requires high levels of precision, and the technology required
to dive deeper into the driving forces of nature draws on many different fields that
make microbiology highly interdisciplinary. By approaching biology from an
engineering perspective, this dissertation aims to broaden the tools and
technologies available to biologists to interface with biological systems.

Forms of microfluidics and microfabrication are used herein to increase
the range of applications for biological systems by taking advantage of the spatial
resolution afforded by microfabrication. These technologies include new design
and fabrication techniques in 3D printed microfluidics using a filament deposition
modeling (FDM) 3D printer to novel platforms. Microfluidic bioreactor design
enhanced cell free protein synthesis (CFPS) reaction efficiency with long channel
bioreactors. Multi-chamber cell culture microfluidics enabled interactions between
spatially separate bacterial communities. Cell signaling between chambers was
informed by signal modeling in COMSOL. Each advance adds to the set of tools
available to biologists and shows applications in interfacing with biological

systems across scales.

Microfluidics

The concept of microfluidics was first developed in the field of chemical
analysis in the form of capillary tubes for chromatography and electrophoresis
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techniques!. Small volume analysis is still touted as a route to lower cost
reactions, but the advantage goes beyond reducing the number of high-cost
reagents used. With the use of small channels, the analysis techniques could
accurately identify species from smaller and smaller sample sizes or in lower
concentrations. This advantage of small volume analysis has since been a major
driver for the field of chromatography. In cell culture, microfluidics has allowed
analyses to move from bulk reactions to single cell manipulation? and single cell
genomic analysis®. Micro in vivo like environments can be created to enhance in
vitro culture.

Microfluidics have since evolved into its own field by developing the tools
to incorporate concepts such as valving, pumping, microscopy, and on-chip
sensors. Combining many of these capabilities into a single microfluidic device
leads to the nickname of “lab-on-a-chip”, the idea that sample prep, culture, and
analysis can be carried out on a single chip. Pneumatic valves have been
developed to use multiple layers of polydimethylsiloxane (PDMS)*°. Applying a
pressure differential between the channels can actuate an elastomeric
membrane separating the two layers. Pneumatic valves can be used for pumping
by combining multiple valves and controlling the order and frequency of pressure
application®. On-chip valving systems have been used with automation software
to control flow of samples based on analysis of images’. Similar to digital
computers, valves can be arranged to act as gates that allow for logic circuits to
be built into fluidic networks®-19.

The broad range of applications and tools can be attributed to the broad
range of materials available from brittle glass to highly flexible elastomers. A
range of properties and costs have developed from silicon or glass to polymers
including polycarbonate (PC), cycloolefin copolymer (COC), and
polymethylmethacrylate (PMMA)!!, but most popular has been PDMS?213, PDMS
is a heat-curable elastomer that is optically clear and can be irreversibly bound to

itself, glass, or silicon with the use of plasma activation that forms covalent bonds
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rather than adhesives or melting that may deform small features. Many polymers
are biocompatible and can be processed more easily than silicon or glass using
injection molding, hot embossing, casting, or the increasingly popular 3D
printing'4. Developing a range of materials and fabrication processes makes
adapting to new applications less complicated.

Microfluidics are further advantaged because they facilitate real-time
imaging in a fluid environment. Analytical methods have developed with the field
to go beyond fluorescent and bright field images into other sensor applications
developed to be incorporated in microfluidic applications. For example, sensors
have been incorporated into microfluidic platforms in order to measure oxygen
concentration®>17, refractive index!8, and cell properties using microwaves?®,
Microfluidic chemostats have been developed to incorporate various layers of
information using these types of sensors'>2°, With tools available, it is important
to focus on how these technologies can control chemical exchange and how that

influences biological systems.

Cell-Free Protein Synthesis Systems

Cell-free protein synthesis systems use the components of a cell to
produce a desired protein while removing limitations of maintaining engineered
cells in culture. The machinery of a cell can be extracted and combined with
amino acids, energy, and DNA coding for a specific protein to produce the
encoded protein. That protein can be produced at higher concentrations than a
cell can typically maintain and without the reagents being used to support other
basic cellular functions of living cells?!. This technology has been demonstrated
to work at larger scales??, but post translational modification and membrane
proteins require either specialized extracts that have lower yield than E. coli or
extract supplementation?®. Microfluidics used in this field have primarily been
used to promote the yield and functionality of proteins by controlling the physical

environment of the reactions.



Typically, CFPS reactions are done in small tubes. Such systems are
simple and easy to work with, but higher yields have been achieved with
engineered reaction hardware?*. Primarily this has been done using two-chamber
devices incorporating dialysis membranes to extend the duration of a reaction by
replenishing depleted resources through diffusion across the membrane?°2,
Another approach is to use microfluidics to control when reagents are mixed with
one another and fluid stresses during the reaction process?’. We approach the
problem from this end to incorporate microfluidics and nanoscale membranes to
decrease diffusion distances and allow for nutrients and amino acids to be
replenished to keep a reaction going for longer?®2°, This can either be used to
extend the useful life of a CFPS reaction on industrial scales or to make doses of
medicine using fewer reagents in applications where space and weight are a

limiting factor3°.

3D Printed Microfluidics

Microfluidic devices are primarily patterned using photolithography to
replicate architectures in PDMS, silicon, or glass. This process creates designs
with high resolution with features as small as 1um in a range of materials that are
often compatible with biological samples®!; but the cost of the process,
fabrication time, and poor scalability of throughput have been seen as limitations
to distributing and commercializing microfluidic devices®?. The microfluidics field
has begun to look at 3D printing as a route to reduce fabrication costs and
time33-3> while providing a route to commercialize concepts that are developed in
the lab'436. 3D printed microfluidics also opens applications for DIY biology
applications much like 3D printing did for prototyping at home?’. Filament
extrusion, stereolithography, and two-photon lithography have all been used to
create microfluidics38. The popularity of 3D printed microfluidics has grown
recently, but additive manufacturing has been used with microfluidics for some

time.



During the advent of PDMS based microfluidics additive manufacturing
was proposed as a method of mold fabrication'2133°, The growing availability of
3D printers enables this route but requires further refinement to the interface
created between the used and the final microfluidic application. Using 3D printed
molds to create microfluidics out of a castable material has been refined to be
used with a number of polymers*® most commonly in PDMS4'42, Fabricated
molds can have 2D structures like those from photolithography or 3D features
that form channels through the cast material. The introduced software aided in
the design of microfluidic devices for 3D printing similar molds along with an
optimized workflow to fabricate PDMS based devices that incorporate fabrication
of 3D structures*3. The embedded mold can then be removed mechanically*4-46,
or by using sugar or polymers as the mold material and dissolving them
away*’48, Alternatively, 3D structures can be fabricated using multiple layers of
patterned PDMS similar to conventional microfabrication techniques®.
Combinations of fabrication techniques have been used to produce multi-
component devices from materials with different properties®°.

Additive manufacturing has also been used to fabricate microfluidic
devices with internal channels directly without the use of molds®152. This type of
microfluidics has been primarily done with filament deposition modeling (FDM)>3
or with stereolithography®*. Devices that include valves and other control units
have been developed in printable materials®>>=>’. In order to make microfluidics
more modular, Lego type microfluidic pieces allow the user to join together a
fluidic device from components without going through the printing process each
time>85°. Direct writing can be used to take advantage of some thermoplastic
solvent resistances and characteristics for organic chemistry®. Other polymers
such as PEG-DA have been used to improve optical clarity of devices®?.

While many studies up to this point have been expanding the capabilities
and probing the engineering space, 3D printed microfluidics have also been

used in biological and chemical applications3862. An ABS plastic device was used
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to grow and isolate a resistant strain of Streptococcus®3. Printed microfluidics
have been used to identify influenza®. Hydrogels have been used to create 3D
structures for cells to incorporate into®. The field of 3D printed microfluidics is
growing to the point that substantial biological discoveries have been made with
printed devices along with providing a path to commercialization for microfluidics
that is simpler than PDMS based approaches. Most plastics used in 3D printing
can be injection molded, providing a more straightforward road to

commercialization than other techniques.

Microfluidic Cell Culture

Performing cell culture in microfluidics takes advantage of the small length
scales and control of the fluid environment to improve control of nutrient flow and
monitor individual cells during growth. The 3D architecture of microfluidics has
been used to better replicate physiological conditions of natural environments
and reduce the differences between in vitro and in vivo by constructing
experiments to be run in microfabricated, silicon-based modules®®. Designs for
cell culture devices range from simple stamping techniques for patterning
cells®7-¢8 to nanofabricated cages that facilitate 3D culture of cells and can be
manipulated using magnetic fields®®. Flow through the systems can also be
manipulated to provide nutrients to the culture and see cell response to shear®.
Organ-on-a-chip devices have shown that cells can perform their natural function
in vitro by providing the architecture required to form as they would in the
body*3271-74_ Each of these examples utilize the capabilities of microfluidics to
better control the growth conditions for cells.

Many of the devices being developed are focused around mammalian
cells and because of this, the scales required to control cells are on the order of
microns rather than a few hundred nanometers for bacterial cells”. The
fundamentals of these types of culture devices can be used and adapted to

bacterial culture in many cases?°. The resolution in these cell culture devices has
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reached the scale of single cells and has been used for many different
applications’®. Single-cell platforms generally use droplet microfluidics to control
discrete volumes of liquid with the ability to move the droplet through screening
and sorting steps’’. Droplets can be made with different materials including oleic
acid’®, air’’, surfactant stabilized aqueous solutions’®, or various types of
hydrogels®. Using single-cell droplet techniques allows for stochastic
combinations of cells with reactants to monitor how viability changes in a much
higher throughput fashion than traditional microtiter assays®!. Going further with
single cell culture, platforms can be used to screen for phenotypes and study and
evaluate the evolution of a species®?. Multiplexed reactions with small volumes
provide a simple way to create stochastic seeding of bacterial communities and
increase the test cases being sampled®384. In addition to culture, microfluidics
can be used to sample and sequence small samples using droplet
microfluidics®5.

With the use of valves and built in peristaltic pumping, microfluidic
chemostats were developed to grow cells by replenishing nutrients and
continuously mix the reaction. At any point, lysing chemical can be added to lyse
the cells for analysis®. Systems allow for the measure of many environmental
factors and control of nutrient concentrations, but other microfluidics have
applications when control and measurement can be traded for a simpler
fabrication process®’. Many of the 3D printed microfluidic applications are able to
address this problem because adding complexity to a device does not
necessarily increase the fabrication complexity®®. Within microfluidics there are a
plethora of techniques available to scientists and engineers so that the focus can
be returned to biology and answering questions that are out of reach for
traditional techniques.



Cell Signaling

Bacterial monocultures have been used to build an understanding of how
cells grow and the variability of gene expression between cells of the same
species. This field is still being explored and expanded, but the normal gene
expression and behaviors of cells cannot be explained fully without also looking
at how communities communicate. In multicellular organisms, signaling
differentiates cells that have the same genetic makeup into hundreds of unique
cell types®8. Signaling within biofilms regulates gene expression between species
resulting in a more robust community. What roll the environment, other
organisms, and the physical architecture play in gene expression of a single cell
is still widely unknown. In microbiology this concept is being explored to
understand how cellular communities and biofilms assemble and how they
respond to and shape the local environment®°.

Cell signaling describes several cellular interactions dealing with both
inter- and intracellular communication. In quorum sensing, a signal molecule is
released into the environment by a cell, and at a minimum cell density the
concentration of signal molecule builds up to a threshold level where it changes
gene expression within the biofilm®. Interkingdom communication has also been
identified as a method of bacteria-host interaction. Acyl homoserine lactone
(AHL) has been identified as a common signaling pathway among many Gram-
negative bacteria as well as signaling with plants®. Carbon substrates and small
molecules exuded by plants into the soil attract bacteria to the root surface. The
beneficial bacteria are then able to provide growth hormones or provide improved
disease resistance of the plant through their own exudate®®. The complexity of
cell signaling lends itself to study with microfluidics. Microfluidics of this scale
enable studying the conversation between host and community.

Microfluidic devices have aided in studying bacterial communication by
providing a structured environment in which multiple species can be cultured in
communication with one another, with or without physical contact. Separate
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cultures that communicate across a porous barrier or membrane can be
observed with light microscopy, not relying on individual markers. To measure
individual species in a mixed culture, the bacteria need unique fluorescent
markers or with single time point staining. These artificial markers can be
problematic to engineer or affect the growth characteristics of the cells by
consuming cellular resources. The microfluidic design depends on the number of
species being co-cultured, the size of culture required, and types of interactions
expected®. To increase the throughput of a co-culture system the chamber can
be replicated into an array pattern with®3, or without®® communication between
chambers. Higher throughput allows for the observer of stochastic seeding and
understand how that affects the trajectory of the culture.

Rather than increasing the throughput of a system, microfluidic devices
can also be designed to increase the control over the physical and chemical
environment. Hesselman et al. used a micro sieve to hold microbes in place as
media with a chemical signal was perfused over the cells®*. This maintains a
constant concentration of signal molecule in the culture. Flow in co-culture
systems can remove exuded signal molecule so that the threshold level for
guorum sensing is never reached®8. Some groups have tried to overcome this
limitation by applying a directionality to the communication. Lovchik et al.
developed a two-chamber device that perfused media over a culture and
combined the conditioned media with fresh media to perfuse over the second
culture chamber®.

To better replicate the natural environment within a biofilm, groups have
looked at ways to support a culture within a microfluidic device without
continuous flow. Hydrogel barriers between chambers allows nutrients and
signals to diffuse through the device but contains bacteria and other cells.
Hydrogel barriers have been demonstrated with both bacterial'®®, and
mammalian cells’®. In addition, no flow chambers with a membrane separating

the culture chamber from a reservoir has been used. Kim et al. constructed a
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vertical chamber device that had individual culture chambers on one level that
were fluidically connected to allow signaling°. This allows for diffusion of
nutrients, but vertically aligned chambers can interfere with imaging techniques.
Lambert et al. created microhabitat patches (MHPSs) with patterned pores that
contain cultures to a chamber with nutrients diffusion across the barrier from a
reservoirl®?, Herein, aspects of these platforms were utilized to co-culture
bacteria in separate chambers in a no-flow configuration with diffusive nutrient
replenishment. This allows for long-term culture of bacterial species while

allowing quorum sensing molecules to build up within the chamber?8,

Biofilms

The microbial communities and chemical signaling described here are
often found when microbes are growing together in a biofilm. Biofilms are
bacterial communities that have changed in morphology to attach to surfaces and
protect themselves by excreting more extracellular polymeric substance (EPS)
sometimes also referred to as exopolysaccharides or extracellular matrix
(ECM)103.104 The transition from planktonic cell to surface attachment can be
signaled by nutrients, antibiotic concentration, or surface cues. This transition
causes bacteria to lose their motility and produce higher levels of EPS to
promote surface adhesion'%®. Fully developed natural biofilms contain multiple
species that communicate through quorum sensing to maintain population
levels®. Within biofilms the makeup is heterogeneous with fluid channels that run
through the biofilm and stratification of bacterial species based on their
environmental preferences as well as nutrient and oxygen gradients throughout
the biofilm%, The surface of a biofilm is often uneven which increases the
surface area with the bulk fluid surrounding the biofilm to better take up
nutrients%’. The spatial structure makes biofilms inherently difficult to study using

conventional techniques, but microfluidics is showing promise as a method for
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culturing biofilms over extended periods of time to show the full life cycle of a
biofilm-producing community18,

Microfluidic platforms have been developed to study different aspects of
biofilm formation, growth, communication, and dispersion. Drescher et al.
showed that tortuous channels with high shear rates cause biofilm forming
bacteria to buildup streamers until the channel clogs'®®. Others have looked into
different influences that could promote or cause bacteria to form biofilms19.111,
Studies have looked at how channel flow characteristics are influenced by a
growing biofilm!2, Signaling either between species or surface and
environmental cues cause changes in gene expression to moderate the cells
within the biofilm!'3, Many of these experiments do a good job of testing different
criteria in the complex problem space, but microfluidics also offers imaging
techniques and approaches that allow for the imaging of biofilms over extended
periods of time to try to better understand to subtleties of biofilm structure with

simultaneous observations and analysis!*4.

Oral Microbiome

A biofilm producing community of interest is the oral microbiome. The
community has been identified to contain around 700 species!!® with close to two
thirds of those species having been isolated in culture!'®. Cultivation and study of
these communities is complicated by the niches of the oral environment. Mucus
suspended microbes can grow in the fluctuating environment while subgingival
microbes are often anaerobic and rely on intermediate metabolites provided by
the consortia present!!’. Despite the knowledge surrounding this environment,
the exact mechanisms and species involved when a healthy microbiome shifts to
diseased is not clearly known. Genetic sequencing can point towards species
that are identified in infected microbiomes such as the ‘'red complex' pathogens
Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola, but

the total number of species that are found in diseased samples is close to 50012,
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to understand which of these bacteria contribute to disease is determined by the
interactions of the bacterial community and this relies on further cultivation and
screening of bacterial species.

Screening interactions between oral microbes is currently done with both
liquid cultures and plating techniques. The culture of Tannerella sp. HOT-286
was recently done using plating techniques that required sampling from a sample
of subgingival plaque and iterating through sampling from plates after cultivation
until a microbe of interest could be isolated. The isolate was then grown with a
helper strain of bacteria on the same plate or through a nanoporous membrane
to achieve growth'!°. Siderophores have also been shown to promote the growth
of community dependent bacterial strains?°. Quorum sensing molecule
autoinducer-2 (Al-2) has been identified as a growth promoting or inhibiting factor
based on species. Produced by Fusobacterium nucleatum sp. nucleatum, Al-2
was screened with Streptococcus oralis and Streptococcus gordonii and showed
increased biofilm production in S. gordonii and decreased production in S.
oralis'?-123, Microfluidic techniques have been tested as methods to screen oral
microbes while being able to monitor the cells with microscopy and increase the
throughput to improve success rates.

Alternative methods using microfluidics have started to be used to better
replicate the 3D environment of the mouth and study quorum sensing within oral
biofilms®8. The physical aspects of surface adhesion and cell-cell interaction
distance was covered by Kolenbrander et al*?*. The roll and concentration of Al2
in oral biofilms and how it relates to periodontitis shows how the heterogeneity of
a biofilm may lead to accumulation of signal molecules and depletion of oxygen
when heavy EPS producers are present and stimulated. Lam et al. has
incorporated an oxygen regulating microfluidic culture device that allows for
control of the oxygen levels present in the biofilm to monitor the effects on
growth16.125. Commercial applications like the Bioflux™ well-plate microfluidics

platform have been used to screen oral biofilms for antimicrobial resistance'?6,
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Microfluidics used in oral microbiome studies so far do not take advantage of the
advancements seen in microfluidic culture devices. The co-culture platform built
on microfluidic cell culture techniques to grow spatially separate members of the

oral microbiome and study chemical interactions.

Modeling Bacterial Growth and Signaling

The results of interactions between cells can be seen with experimental
techniques, but the nutrient and signal concentrations that drive the reactions can
only be implied based on observable changes in phenotype structure. Accurate
computer modeling of the environment gives a clearer representation of what
drives the system from fluid flow and diffusion to the consumption of substrates
and cell growth. Using modeling in tandem with experimental techniques
provides a more complete understanding. The experimental results act to
validate the model and the validated model allows for rapidly testing a broader
range of parameters. Modeling is used with our microfluidic chambers to
understand the impact of nanoporous membranes on the nutrient and signal
levels within the microfluidic culture chamber. With low porosity and negligible
flow, the microfluidic device is often limited by nutrient availability rather than the
maximal growth rate of the cell. Horn et al. have written a review that covers the
techniques commonly used to model biofilms and the state of the art in this
field*?’.

Biofilm modeling is done with multiple frameworks. Agent-based modeling
looks as cells or groups of cells as the smallest unit. Interactions with the
environment are calculated based on environment at the surface of the cell. with
this approach, the structure of a biofilm can be altered by the environment. High
levels of nutrients resulted in a uniform growth of the biofilm while nutrient-poor
conditions resulted in separation between species within the biofilm and a
structural change to high surface area configuration that promotes nutrient

contact'?8, Agent-based modeling has also been implemented in cancer research
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to study how vascularization in tissue effects growth and radiation response of
both cancer cells and normal cells'?°. Both examples show the ability of the
agent-based method to model the spatial structure of cellular networks.

PDE-based, finite element models have been developed that incorporate
growth and quorum sensing of a bacterial community with advection and
diffusion®®°. Their model describes a fluidic channel with creeping flow so that the
signal being produced by the culture can accumulate rather than being washed
away by media perfusion. Movement of species through the biofilm and media
are modeled with a variable diffusion coefficient. Other groups have gathered
experimental data to verify their model3. Limited diffusion through the biofilm
explains how bacterial communities can achieve quorum sensing even under
flow and how biofilms can be highly resistant to antimicrobial treatments.

Others have used a hybrid type approach modeling cells in a chamber as
individuals, but with this structured approach the growth of the biofilm is not
included in the model, but rather the consumption rates at a few select time
points32, By building a mathematical model of the culture chambers used,
relative concentration of signal molecules can be estimated. The experimental
results are used to build the model while the model will provide information about

the relative concentration of signal molecules throughout the platform.

Research Aims

The goal of this dissertation is to open new paths to interfacing biological
systems through microfluidics. There are three distinct projects that work
together to complete this objective. The first project leverages the scale and
resource efficiency of microfluidics to maximize the yield of CFPS reactions by
introducing a new bioreactor design. In CFPS systems, increasing the yield of a
reaction or decreasing the footprint of a production system can open new
opportunities in point-of-care medicine, personalized medicine, or overcoming

lack of infrastructure in developing areas. A compact serpentine channel device
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was created to increase the aspect ratio and decrease diffusion distances while
maintaining a useful volume for the reactor. This setup can be run continuously
to further increase the potential output. A patterned nanoporous membrane was
added to create a dual channel reactor with molecular transport between the
reaction channel and the support channel and extend the reaction time. The two
devices show how simple microfluidics can be used to increase the productivity
in the single channel design and show how advanced fabrication techniques can
maximize reaction yields.

The second project introduces novel software and a microfluidic
fabrication process to expand the accessibility of microfluidic by eliminating the
need for cleanroom facilities using 3D printing technology. The design software
was built around microfluidics and uses common microfluidic pieces to design
new devices. The program replaces slicer software for the 3D printer and gives
the user direct control over the printing process to correct printing mistakes
without changing the final design. Along with a streamlined workflow for printing
and molding a PDMS device, the process is meant to simplify the process and
increase the exposure of microfluidics for potential applications in education and
prototyping and production of microfluidics for labs with limited access to
cleanroom facilities.

Project three expands cell culture platforms to address engineering
problems studying microbial communities. Cell culture and communication
approaches employed preserve aspects of the heterogeneity of the natural world
while providing control over the environment while allowing for analysis.
Patterned membranes between culture chambers confine microbes while
allowing diffusion of nutrients and signal molecules between the communities.
Characterization with engineered “sender” and “receiver” E. coli showed
signaling across the membrane using AHL signal pathway expressing GFP in the
receiver cells. The production and diffusion of AHL within the platform was

calculated in a model to learn about signal buildup within the chambers.
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Signaling between members of the oral microbiome was studied using the
platform. S. gordonii was cultured with and without F. nucleatum to study the
effects of an Al-2 producing oral microbe on biofilm production in an early

colonizer.
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CHAPTER 2
FABRICATION OF NANOPOROUS MEMBRANES FOR TUNING
MICROBIAL INTERACTIONS AND BIOCHEMICAL REACTIONS
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A version of this chapter was originally published by Peter G. Shankles,
Andrea C. Timm, Mitch J. Doktycz, and Scott T. Retterer:

Peter G. Shankles, Andrea C. Timm, Mitch J. Doktycz, and Scott T.
Retterer. “Fabrication of Nanoporous Membranes for Tuning Microbial
Interactions and Biochemical Reactions.” Journal of Vacuum Science &
Technology B 33(6) (2015): 06FMO03.

Cell-free protein synthesis (CFPS) is an exciting field with the potential to
change how we produce high value, potent, or complicated products. This paper
addresses how the structure and design of the bioreactor plays into the overall
production of product. To control transport of molecules, advanced fabrication
techniques were implemented to address the biology on a molecular level. The
spatial confinement of CFPS components enables extended reactions and
increases the yield without consuming more high cost reagents which plays into
the economics of the field.

This paper deals heavily with the fabrication of the multiscale platform that
facilitates exchange across short length scales and transport of small molecules
across nanofluidic barriers. We published two other papers on the production of
sfGFP in the fabricated reactors and comparing these results to a commercially
available macroscale exchange reactor?®2°, One article characterized continuous
flow production of protein in a serpentine channel, and the other compared a bulk
CFPS reaction, a single channel device, a commercial exchange reactor, and a
dual channel exchange reactor.

Large cultures of genetically engineered bacteria or yeast are typically
used for synthesis of therapeutics such as insulin run in batches perhaps with
feeding steps during the process. This works well for producing large amounts of
pharmaceuticals such as insulin, but small volume applications for personalized
medicine and point-of-care applications are limited in the cost to develop

engineered organisms. CFPS systems are ideal for these small volumes, and the
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reaction hardware can be tuned to the specific application and volume required
with the flexibility of microfluidics. Continuous flow production of sSftGFP was done
in a single channel reactor with three inlets. The components of the CFPS
reaction were split into nonreacting components of small reagents, DNA, and cell
extract. The small channel dimensions lead to efficient mixing of the components
by diffusion within the channel. Effective mixing of the reagents within the device
lead to 1.39 +0.27 higher yield than a bulk reaction?®. This application shows the
effectiveness of microfluidics for CFPS reactions but incorporating nanoscale
exchange has also been used to further improve reaction yields.

Further work incorporated a nanoporous membrane into the serpentine
reactor to create a dual channel design. The aspects of a commercial exchange
reactor were established in a microfluidic form to combine the advantages of
microfluidics shown in the serpentine device and the improved yields shown in
exchange devices. In this setup, the CFPS components were loaded into one
channel of the device and an osmotically balanced reagent mix was loaded into
the other channel. The nanoporous barrier separating the chambers had gap
sizes of 10-20nm to confine DNA and large molecules to the reaction channels of
the platform. With this setup, the exchange media ratio was varied from <1:1 to
10:1 in our device and held constant at the recommended 14:1 in the commercial
reactor. The total protein produced was comparable in our dual channel device
and the commercial exchange reactor at a ratio of 7.5 in our device and 14 in the
other. At a ratio of 10, dual chamber device was able to produce more protein in
8hr than the commercial reactor did in 24hr. The most efficient use of reagents in
general was at the lowest ratio of <1. These results show that depending on the
application and restraints, reactors and reactions can be tuned to maximize yield
or efficiency based on need.

These results show the importance of device design on something
generally seen as independent of geometry like reaction kinetics of a CFPS

reaction. Advances will continue in the biochemical side of CFPS to improve yield
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and expand the types of proteins that can be produced but Improving bioreactors
can lead to more tailored commercial applications. The characterization of the
dual chamber design shows the importance of the biological interface created by

the processes described below.

Abstract

New strategies for combining conventional photo- and soft- lithographic
techniques with high-resolution patterning and etching strategies are needed in
order to produce multi-scale fluidic platforms that address the full range of
functional scales seen in complex biological and chemical systems. The smallest
resolution required for an application often dictates the fabrication method used.
Micromachining and micro-powder blasting yield higher throughput, but lack the
resolution needed to fully address biological and chemical systems at the cellular
and molecular scales. In contrast, technigues such as electron beam lithography
or nanoimprinting allow nanoscale resolution but are traditionally considered
costly and slow. Other techniques such as photolithography or soft lithography
have characteristics between these extremes. Combining these techniques to
fabricate multi-scale or hybrid fluidics allows fundamental biological and chemical
guestions to be answered. In this study, a combination of photolithography and
electron beam lithography are used to produce two multi-scale fluidic devices
that incorporate porous membranes into complex fluidic networks in order to
control the flow of energy, information, and materials in chemical form. In the first
device, materials and energy were used to support chemical reactions. A
nanoporous membrane fabricated with e-beam lithography separates two
parallel, serpentine channels. Photolithography was used to pattern microfluidic
channels around the membrane. The pores were written at 150nm and reduced
in size with silicon dioxide deposition from plasma enhanced chemical vapor
deposition (PECVD) and atomic layer deposition (ALD). Using this method, the

molecular weight cutoff (MWCO) of the membrane can be adapted to the system
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of interest. In the second approach, photolithography was used to fabricate
200nm thin pores. The pores confined microbes and allowed energy
replenishment from a media perfusion channel. The same device can be used for
study of intercellular communication via the secretion and uptake of signal
molecules. Pore size was tested with 750nm fluorescent polystyrene beads and
fluorescein dye. The 200nm PDMS pores were shown to be robust enough to
hold 750nm beads while under pressure but allow fluorescein to diffuse across
the barrier. Further testing showed that extended culture of bacteria within the
chambers was possible. These two examples show how lithographically defined
porous membranes can be adapted to two unique situations and used to tune the

flow of chemical energy, materials, and information within a microfluidic network.

Introduction

Water filtration can be traced back to 12th century Greece when water
would be passed through a cloth sack to purify it. While the efficiency of
commercial filters has improved, the basic concept of using an interwoven sheet
of fibers as a filter membrane is a common method of filtration to this day. The
random alignment of fibers creates tortuous paths through the membrane,
limiting what molecules and particles can pass through. Studying this type of
filter, Holdich et al.*® found that although spaces between some fibers were
greater than 50um, the membrane blocked 99% of particles larger than 3um. The
packing of the fibers as well as fouling of the filter controlled the effective pore
size. Large particulates filled the void spaces of the filter and caused a reduction
in the effective pore size. The effective pore sizes in this case ranged from 2.5um
to 5um, 10% of the actual pore size'33. Beginning with track etching of cellulose
nitrate membranes for filtration studies'34, micro and nanofabrication techniques
have been used to fabricate porous membranes with well controlled

permeability’3®. Microfabrication allows improved control of pore size as well as
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pore density. These techniques can be categorized as “bottom up” approaches
or “top down” approaches.

Bottom up approaches rely upon self-assembling structures to create
pores that restrict transport by creating tortuous paths through the membrane.
Such membranes have been made using self-assembled nanowires!3¢, colloidal
self-assemblies!®’, amorphous silicon (a-Si) to porous nanocrystalline silicon
(pnc_Si) crystallization'38, and vertically aligned carbon nanofibers!3%-142, These
membranes still rely on restricting transport with implementation of tortuous paths
that molecules must take to pass through the membrane. The distribution of
effective pore size depends on the thickness of the membrane. Required
membrane thickness is an important property to take into account when
incorporating these types of membranes into microfluidic devices. Top-down
approaches are able to more tightly control the distribution and size of pores
within a nano- or microporous membrane. This has been accomplished using
lithographic steps to produce a predefined pattern on a membrane using track
etching'34143.144 sacrificial oxide layers!#®, focused ion beam (FIB) milling®4®,
reactive ion etching (RIE)*®, and e-beam lithography!4’. Top down approaches
produce membranes that have a pore size dependent upon the pore design
rather than on fouling of the membrane to create tortuous paths.

Top down fabricated filters have a range of biological applications
centered around systems that are regulated by semi-permeable membranes by
limiting species transport based on size. Accurately replicating these systems
requires the spatial control that is afforded by the use of microfluidics.
Membranes have been incorporated into microfluidics by using slits etched into
silicon membranes!4’-151, These devices have been shown to provide control
over the transport of materials and energy to support cell-free protein synthesis
(CFPS) reactions!#7:151, Other applications addressed with embedded membrane
in microfluidic architectures include dialysis'®?, cell-free exchange reactors!®,

and even for experimental DNA sequencing techniques?®s.
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In addition to molecular transport control, microfluidics have been used in
a number of ways to manipulate, grow, and analyze cells by leveraging their fluid
flow control and microstructure environmental advantages’2. Many microfluidic
cell culture devices contain membranes to provide nutrients to the cells or control
movement of cells through the device*87.154-158 Microhabitat patches developed
by the Austin group were used to limit transport of nutrient in order to study
bacterial competition'>>159-161 However, a majority of current microfluidic cell
culture chambers either deal with larger mammalian cells rather than smaller
bacterial cells®’, or are fabricated in silicon®>157 which are slower to fabricate
and limit the use of transmitted light microscopy compared to PDMS devices.

In the first approach, e-beam lithography was used to define pores that
were etched into a silicon substrate and monolithically integrated into a
microfluidic network using RIE. Oxide deposition in the pores was used to tune
the MWCO, creating a well-defined nanoporous membrane separating
microfluidic channels. These pores were able to tune the exchange of energy
and materials to support biochemical reactions. The second approach consisted
of a square cell culture chamber and two nutrient channels separated by a
microporous membrane. Flat, 200nm deep pores isolated microbial cells in a
culture chamber, but allowed for transport of nutrients and chemical signals.
These larger pores were fabricated in PDMS to facilitate imaging via live-cell
microscopy. GFP expressing Escherichia coli cells were grown in the culture
chambers with nutrient transport to demonstrate operation. These two
applications for incorporation of top down fabricated porous membranes show
how fabrication techniques can be adapted to control the transport of energy,
materials, and information within a microfluidic network in a manner that is

tailored to the scale of the biological system of interest.

23



Experimental

Two multi-scale fluidic devices were fabricated and tested. The first device
incorporated a membrane with nanoscale pores to control transport of chemical
species between microfluidic channels, retaining larger molecular weight (MW)
molecules and allowing exchange of small MW molecules. Top-down fabrication
techniques allowed for tuning of the pore size to control MWCO of the membrane
and pore density to influence total exchange. The MWCO of the membrane was
tuned by controlled coating of pores to adjust pore size. The second multi-scale
device incorporated a microporous membrane designed to confine cell colonies
in individual chambers while allowing communication and nutrient transfer. Both
devices used porous membranes to control the flow of energy, materials, and
information, selectively renewing chemical species critical to the long-term

function of the biochemical and biological systems of interest.

Nanoporous Exchange Device

The nanoporous exchange device consists of two parallel, serpentine
channels separated by nanopores. A microporous device was first fabricated
using photolithography shown in Figure 1 (a).Fluidic devices with nanoporous
membranes, having the same design but narrower pores, were created using a
combination of e-beam lithography and photolithography to define a silicon
dioxide etch mask. Anisotropic silicon etching was used to pattern the
microchannel network, and then both the network and nanopores were etched
with the same process. The pore size was decreased via silicon dioxide
deposition using PECVD and ALD to tune the MWCO. The device was designed
with a 200um wide primary channel and a 75um wide secondary channel
separated by a 25um thick nanoporous membrane. The pores were 8.5um deep

while the channels are 60um deep.
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Figure 1 - Nanoporous exchange device. (a) An early iteration of the
exchange device with microporous membrane with an inset of the
channels. (b) (1) A 500nm thick silicon dioxide layer is patterned onto a
bare silicon substrate. (2) Nanopores are then patterned with e-beam
lithography and etched into the oxide layer with RIE. (3) Microchannels are
patterned onto the wafer using conventional photolithography. (4)
Microchannels are etched through the oxide layer followed by deep RIE
etching into the silicon substrate. (5) Photoresist is removed from the
wafer and (6) the nanopores are subsequently etched into the substrate. (7)

Pore size are reduced with PECVD and ALD oxide deposition.

25



Electron Beam Lithography

Pore features were written directly to each device using e-beam
lithography. 500nm of silicon dioxide was deposited onto a bare 4-inch silicon
wafer with a thermal oxide process (Temperature: 1000°C, O2: 3000sccm, H20:
3ml/min, Pressure: 1atm, Time: 80 min). ZEP520A (ZEON, Tokyo, Japan) e-
beam resist was spin-coated onto the wafer at 1000rpm for 45sec. Pre-exposure
bake was done on a hot plate at 180°C for 45sec. The nano-pore pattern was
written with a JEOL JBX-9300FS Electron Beam Lithography system (Peabody,
MA) (Shot Size: 4nm, Voltage: 100kV, Current: 2nA) and developed with Xylenes
for 30 sec. Samples were rinsed with IPA and dried with nitrogen. The exposed
oxide was etched with an Oxford Instruments Plasmalab System 100 Reactive
lon Etcher (Abington, Oxfordshire, UK) (RF: 200W, ICP: 2000W, CaFs: 45sccm,
Oz2: 2sccm, pressure: 7mTorr, temperature: 15°C) at a rate of approximately

300nm/ min.

Microchannels

A photolithography mask with the fluidic network was written on a
Heidelberg DWL 66 (Heidelberg, Germany) with a 20mm write head. The Si
wafer with etched pores was coated with MicroPrime P20 adhesion promoter
(Shin-Etsu Microsci, Phoenix, AZ) at 3000 rpm for 45 seconds. Rohm and Haas
Electronic Materials Megaposit SPR 220-4.5 Positive Photoresist (Malborough,
MA) was spin-coated onto the wafer at 3000 rpm for 45 seconds. The wafer was
baked on a hot plate at 90°C for 90 sec. After cooling, the wafer and
microchannel mask were aligned with a Neutronix Inc NxQ 7500 mask aligner
(Morgan Hill, CA) with a dose of 165mJ/cm2. The device was held at room
temperature for 30 min to ensure no bubbling of the resist occurred during
subsequent baking. Post exposure bake was done at 115°C for 90 seconds. The
wafer was then developed in Microposit MF CD-26 developer (Malborough, MA)

until clear.
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Reactive lon Etching of Fluidic Network and Membrane

SFe 1sccm, pressure 20mTorr, time 3sec, temperature 15°C. Etching: RF
7W, ICP 1750W, Ca4Fs 2sccm, SFs 120sccm, pressure 20mTorr, time 10sec,
temperature 15°C). The wafer was then sonicated in an acetone bath for 5
minutes to remove the resist. A PVA TePla loNWavel0 oxygen plasma (RF
6000W, O2 250sccm, Ar 25sccm, pressure 200mTorr, time 20 min) was used to
remove any remaining resist. An additional 30 loops of the same Bosch etching
process etched the pores and channel simultaneously to final depth of 13um and
52um respectively. The ratio between these two etch steps determined the ratio
of pore depth to total channel height.

Silicon Dioxide Coating of Nanopores

The etched silicon nanopores were coated with an oxide layer in order to
reduce the gap size in a controllable way. Silicon dioxide was deposited with an
Oxford Instruments Plasmalab System 100 Plasma Enhanced Chemical Vapor
Deposition (PECVD) (Abington, Oxfordshire, UK) tool (RF 20W, 5%SiHa/Ar
85sccm, N20 157sccm, pressure 1000mTorr, time 14 min, temperature 350°C).
The non-conformal deposition decreased the amount of scalloping left by the
Bosch process. Oxford Instruments FlexAL Atomic Layer Deposition (ALD)
System (Plasma: RF 400W, O2 60sccm, pressure 15mTorr, time 2sec,
temperature 150°C Precursor: Bis(diethylamino)silane (BDEAS) time 0.7sec)
with a deposition rate of 3A for 27 cycles was used to further decrease the pore
size by 8nm and tune the molecular weight cut off (MWCO) of the
nanomembrane. After the bioreactor fabrication was complete, the devices were
sealed by air plasma bonding with a Harrick Plasma PDC-001 air plasma cleaner
(Ithaca, NY) a 5mm thick polydimethylsiloxane (PDMS) cover over the device.
Inlets and outlets were punched using a Ted Pella 0.75mm biopsy punch

(Redding, CA) and removed with tweezers.
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Device Testing

Testing of the nanopores was done with fluorescein dye. Quantifying the
MWCO of the membrane was done by loading one channel of the device with a
protein ladder and the other with a buffer solution. Incubation overnight allowed
proteins to diffuse across the membrane. Fluorescein dye (Sigma-Aldrich, St.
Louis, MO) was suspended in phosphate buffered saline (PBS) to promote
dissolution at a concentration of 10uM. The dye was loaded into one channel
while PBS was loaded into the other. The channels were set to flow rates of
15ul/hr and 5.6pul/hr to maintain a constant velocity in the two differently sized
channels. After coming to equilibrium, pictures were taken of the device with an
Olympus I1X51 microscope (Shinjuku, Tokyo) at loops 1, 20, and 150 of the
device, which corresponded to 0, 5, and 66% of the total channel length to show
diffusion across the membrane. Images were taken in epi-fluorescence using a
Chroma 41001FITC (Bellows Falls, VT) filter cube (480nm excitation band pass
filter with a 40nm band width and 535nm emission band pass filter with a 50nm
band width). To determine the molecular weight cutoff of the nanoporous
membrane, an Ultra-low Range Molecular Weight Marker ladder (Sigma-Aldrich,
St. Louis, MO) with molecular weights of 1.060, 6.500, 14.200, 17.000, and
26.600kDa was used. One channel of the device was filled with the protein
ladder, and the other with the accompanying sample buffer. Devices were
covered in water-soaked wipes and placed in 30°C incubator overnight. Flushing
each channel with water, samples were collected from the device. Samples were
run on 16.5% Mini-PROTEAN Tris-Tricine Gel (BioRad, Hercules, CA) using the
BioRad Mini-PROTEAN Tetra Cell (Hercules, CA) electrophoresis system. The
gel was fixed in 4% paraformaldehyde diluted in PBS, rinsed in water, and
stained with SimplyBlue SafeStain (Life Technologies, Carlsbad, CA). Gel image
was analyzed for relative protein content at each molecular weight using gel

analysis tool in Fiji.
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Cell Culture Device

Devices to be used in cell culture studies were replicated from multi-scale
masters. Two photolithography steps were used to assemble masters starting
with a 200nm silicon dioxide layer used to form 1um wide micropores. The fluidic
network was formed over the pores in a second photolithography step. The
device consisted of a 1mm square culture chamber flanked by two 100um wide
nutrient channels to supply nutrients to the cells. Pores 200nm thick were used to
mimic the function of a sterile biological filter. The thickness can be altered based
on the type of cells used by adjusting the thermal oxidation process. SU-8
photoresist was then used to form the culture chamber area over the pores.
These are each separated by a 25um membrane with pores at a pitch of 25um.
Figure 2 shows a micrograph of the culture device along with the steps involved
in the fabrication process.

Photolithography

For PDMS reactor masters, 200nm of oxide were deposited onto a silicon
wafer with a thermal oxide process (Temperature: 1000°C, O2: 3000sccm, H20:
3mL/min, Pressure: latm, Time: 18 min). MicroPrime P20 adhesion promoter
(Shin-Etsu Microsci, Phoenix, AZ) was spin-coated onto a wafer at 3000rpm for
45sec. JSR Micro Microphotoresist (negative) NFR 016D2-55cP (Sunnyvale, CA)
was spin-coated on the P20 at 3000rpm for 45sec. The wafer was baked on a
hot plate at 90°C for 90sec. After cooling, the pores and microchannel mask were
aligned with a Neutronix Inc NxQ 7500 mask aligner (Morgan Hill, CA) with a
dose of 36mJ/cm?, and baked at 115°C for 90sec. The wafer was developed
using Microposit MF CD-26 developer (Malborough, MA). The patterned wafers
were then etched with an Oxford Instruments Plasmalab System 100 Reactive
lon Etcher (Abington, Oxfordshire, UK) with the same oxide etch parameters as
used with the nanoporous device at a rate of 300nm/min through the oxide
leaving 1pm pores. Devices were sonicated in acetone to remove the
photoresist.
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Figure 2 - Microporous cell culture device. (a) The device is made up of a

central cell culture chamber flanked by two nutrient exchange channels. (b)
(1) Lines defining the pore width are patterned into a 200nm oxide using
photolithography and (2) reactive ion etching. (3) Fluidic network are then
aligned and patterned over the pores in SU-8. (5) PDMS casting is then
used to replicate the patterns. (6) The PDMS casting is removed and later

plasma bonded to a glass slide.
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Micro-Chem SU-8 2010 positive photoresist (Newton, MA) was spin-
coated on the wafer at 3000rpm for 45 sec and baked at 90°C for 2.5 min. An
exposure dose of 132mJ/cm? was used on a Neutronix Inc NxQ 7500 mask
aligner (Morgan Hill, CA). Post exposure bake was done at 95°C for 3.5 min. The
wafer was developed with the spray-puddle method with SU-8 developer (Micro
Chem, Newton, MA) until clear. The wafer was then baked at 250°C for 5 min to
promote adhesion. The master wafer was plasma cleaned with a Harrick Plasma
PDC-001 air plasma cleaner (Ithaca, NY) and silanized with
trichloro(1H,1H,2H,2H-perfluorooctyl) silane (Sigma-Aldrich, St. Louis, MO) by
storing in a closed glass container with 20 ul of silane, at 85°C for 2 hr.

PDMS Casting and Device Bonding

Sylgard 184 PDMS from Dow Corning (Midland, MI) prepolymer and
crosslinker components were used in a 5:1 prepolymer to crosslinker ratio to
form devices. Doubling the amount of crosslinker from the base 10:1 ratio stiffens
the resulting PDMS. This increases the yield for the nanopores, which can
otherwise flex and bond to the glass, resulting in reduced or no transport across
the membrane. The PDMS mixture was poured over the silanized master,
degassed, and baked at 75°C for 1 hr. The devices were removed from the
master with a razor blade and placed in a dish with the features facing up. The
molded devices were baked at 75°C for an additional 48 hr to fully cure the
elastomer and evaporate any remaining solvents in the PDMS. This further
stiffens the PDMS, improving the number of open pores in the device.
Replication of the pores was consistent when using these techniques. Inlets and
outlets were punched with a Ted Pella 0.75mm biopsy punch (Redding, CA). The
device and a glass slide were plasma cleaned using a Harrick Plasma PDC-001
air plasma cleaner (Ithaca, NY) for 2 min, and brought into contact to form a
permanent bond. The devices were baked at 75°C for 15 min to anneal the
polymer and improve bonding. Devices were used the same day; otherwise

pores were liable to collapse after a couple of days.
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Device Testing and Cell Culture

Fluorescent species that were larger (fluorescent microspheres) and
smaller (fluorescein dye) than the pore size were loaded into the culture chamber
and monitored over a 30 min period. 750nm Fluoresbrite yellow green
carboxylate microspheres (PolyScience, Niles, IL) in DI water, and fluorescein
dye (Sigma-Aldrich, St. Louis, MO) in PBS were loaded into separate devices
with their respective solvents loaded into the support channels using a New Era
NE-1800 syringe pump (Farmingdale, NY) Fluorescence images of each device
were taken on an Olympus IX70 (Shinjuku, Tokyo) inverted epi-fluorescence
microscope. Image overlay was performed in Image J.

One Shot TOP10 chemically competent E. coli cells (Invitrogen, Waltham,
MA) were transformed with a pUC19 vector containing eGFP and ampicillin
resistance. The constitutively expressed eGFP was used to quantify cell growth
under continuous perfusion of media. LB broth made with 10g/L tryptone, 5g/L
yeast extract, and 10g/L sodium chloride (Sigma-Aldrich, St. Louis, MO) with
100ug/mL ampicillin (Sigma-Aldrich, St. Louis, MO) was inoculated with cell
culture from an LB agar plate (LB broth with 15¢g/L agar (Fisher, Pittsburgh, PA))
with a similar concentration of ampicillin. The liquid culture was incubated at
37°C in a shaker incubator for 2 hr. The culture was then spun down in a
centrifuge at 2500rpm for 5 min. The media was poured off and replaced with M9
minimal media broth (Amresco, Solon, OH) in order to minimize autofluorescence
when imaging. Cells were then loaded into the culture chamber and blank M9
media was loaded into the nutrient channels via syringes. Media was perfused
through the nutrient channels with a Harvard Apparatus Pump Il Elite (Holliston,
MA) at a rate of 5uL/hr over 72 hr. Fluorescent images were taken every hour
with a Nikon Eclipse Ti-U inverted epifluorescent microscope (Tokyo, Japan).

Image analysis was done with Image J.
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Results and Discussion

Nanoporous Exchange Device

Verification of the fabrication process described in the experimental
section began with SEM images of the device. The tested device had two
channels each 52um deep and 1.8m long, the channels were 75um or 200pum
wide. The pore design, patterned by e-beam lithography, was 150nm wide. Pore
width, measured by SEM, was 180nm at the oxide mask and decreased to a
point. The depth of the pores was between 12.9 and 14.2nm. Figure 3 shows
SEM micrographs of the completed device prior to closing the pores with silicon
dioxide and after PECVD treatment.

Transport of fluorescein dye across the membrane was measured to verify
the operation of the membrane. Fluorescent images were taken after the device
had reached a steady state. Images were taken at the inlet of the device, after 10
loops, and after 150 loops or 5% and 66% of the serpentine channel. Figure 4
shows a diagram of the device with flow direction through the device and where
on the device images were taken. At the inlet, fluorescein is in the large channel
only. Fluorescein begins to diffuse across the membrane within 5% of the
channel and the two channels are at a similar concentration at 66% of the
channel.

Diffusion of the components of a small molecular weight protein ladder
through the membrane was measured to allow estimation of the MWCO of the
nanoporous membrane. Samples collected from each channel were run on a
protein gel, which showed that the ratios of feeder to reactor concentrations for
the 1.06 kDa and 6.5 kDa ladder components were higher in the feeder channel
than with the larger 14.2 kDa, 17 kDa, and 26.6 kDa proteins. The slope of the
graph is steepest, indicating a rapid change in permeability, between 6.5kDa and
17kDa. This range is the transition between restricted and unrestricted proteins

due to size. The graph in Figure 5 shows the fraction of each of the proteins
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Microchannel

Nanoporous
Membrane

Microchannel

Figure 3 - Nanoporous membrane images. (a) Two microfluidic channels,
200 and 75um wide, separated by a 25um wide nanoporous membrane with
an inset of the nanoporous membrane. (b) Nanopores prior to silicon
dioxide deposition. (c) Nanopores coated with silicon dioxide to reduce

pore size.
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Figure 4 - Diffusion of fluorescein dye under constant flow. Top image

shows the flow direction through the serpentine channel and the dots
represent sampling points. (a) At the inlet fluorescein is in one channel
only. (b) Diffusion begins within 92um of the inlet, 5% of the total length. (c)

After 1.2m, 66% of the channel, signals from each channel are similar.
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Figure 5 - Protein diffusion across the membrane of the nanoporous
exchange device. (a) A protein gel run with effluent from the reaction and
feeder channels of the device after a 24hr incubation. (b) Analysis of the gel
shows that the steepest slope of the graph and the transition between
restricted proteins and non-restricted proteins based on molecular weight

happens occurs between 6.5kDa and 17kDa.
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found in the feeder channel. This transition indicates that below the threshold
MW of the membrane, diffusion of proteins is hindered by the pore size. Higher
molecular weight proteins found in the feeder channel can result from defects in
the membrane. Rather than diffusing through the pores of the membrane, it is
possible that the proteins were moving through larger gaps between the PDMS
lid and membrane.

The MWCO can be tuned further depending on the application by altering
the number of ALD cycles performed. For biological applications, chemical
energy and material transport across the membrane can be controlled based on
MW. Multi-scale fluidic networks allow the channels to be controlled individually.
The large MW components of a CFPS reaction can be contained on one side of
the membrane while ATP and amino acids can be replenished from a support
channel. The resulting protein can be contained in the reaction channel or
allowed to diffuse into the support channel for purification while the reaction

continues.

Cell Culture Device

The second fluidic device is designed to control transport of information
and energy between nutrient channels and a cell culture chamber. The
microporous membrane limits the movement of cells within the fluidic network.
Operation of the microporous membrane was evaluated with fluorescent species.
Figure 6 shows SEM images of the device and micropores on the silicon and SU-
8 master. The pores were measured to be 27um long, 240nm tall, and 1.38um
wide.

Transferring these small features to PDMS with conventional soft
lithography procedures resulted in a large portion of the pores being sealed to
the glass slide. Higher fidelity replication required stiffer PDMS to improve pore
yield. Twice as much crosslinker was used in the PDMS formulation and
extending baking times to a minimum of 48hr resulted in a stiff PDMS.
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Figure 6 - Culture Device (a) SEM image of the entire device with two
culture chambers and two nutrient exchange channels. (b) Expanded view
of the membrane separating the nutrient channel and the culture chamber.

(c) The pores are 200nm deep by 1um wide and 25um long.

Using these techniques, the 200nm features of the pores could be consistently
reproduced. To verify operation of the pores, 750nm beads approximating the
size of bacterial cells were flowed through the device. Aggregation of beads at
the pores as shown in Figure 7 indicated that there was flow through the pores,
but the beads were unable to pass through. Small molecules such as signaling
molecules and nutrients were represented with fluorescein dye. Over a period of
30 min, the dye was able to diffuse across the membrane as shown in Figure 7.
Top10 E. coli cells expressing GFP were cultured in the device over a 48
hr period. Media was supplied to the culture chamber by the nutrient channel.
Figure 8 shows fluorescence images of the device after loading, after 24, and
after 48 hr. The cells grew rapidly within the first 24 hr and slowed as they
reached a high density. Growth was not uniform across the device, showing
higher concentrations of cells at the microporous membrane interface where
nutrients were being replenished. This device makes long-term studies possible

by providing nutrients to the microbial cultures.
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(b) Fluorescent Beads

Membrane

Support
channel

50 ym

(c) 0 min

Figure 7 - (a) Overview of the culture chamber device with a dotted outline
of the expanded section in b-d. (b) 750um beads are isolated in the culture
chamber and aggregate at the pores under positive pressure. (c)
Fluorescein dye loaded into the culture chamber. (d) Fluorescent signal
within the support channel increases over 30min due to transport of

fluorescent dye.
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500 pm

Figure 8 - E. coli growth in the culture chamber. (a) bright field image of the
culture chamber. Fluorescent images show the chamber after (b) loading,
(c) 24hr of incubation, and (d) 48hr of incubation.

The membrane within the device allows cultures to be addressed
dynamically through the fluidic network. Cell culture within microfluidic devices
can be used to address a number of biological questions pertaining to nutrient
replenishment, chemical dosing, stress responses, or cell signaling. Spatial and
temporal control over these problems requires the control afforded by multi-scale
fluidic networks and specifically, microporous membranes.

Summary and Conclusions

Presently, we have shown that by combining fabrication technigues into
multi-scale architectures, complex biological questions can be addressed. The
two devices presented represent unique applications of microfluidic membranes,
but have common elements in that they address the transport of energy,
materials, or information within a fluidic network. The nanoporous membrane
device is able to control transport of chemical species with a tunable MWCO.
This device has applications in CFPS systems to prolong reactions with ATP and

amino acid replenishment. The second device provides a method for interfacing
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and culturing cells. Larger microporous membranes confine bacterial cells to
culture chambers where they can be addressed via a nutrient channel or other
culture chambers. Replenishment of nutrients for long term studies and chemical
species can be dosed without perturbing the culture. Each device has unique

applications, but the fundamentals of controlling transport are similar.
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CHAPTER 3
A NANOSTRUCTURED CO-CULTURE ENVIRONMENT ENABLED
STUDY OF CHEMICAL SIGNALING BETWEEN BACTERIA
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Abstract

The architecture of multi-species bacterial communities emerges from the
dynamic exchange of chemical and physical signals across the community and
between community members and their host(s). Ultimately, this leads to
enhanced function and fitness of the system as a whole. The collective response
of multiple species across space and time works in concert, allowing the system
to react to changes in nutrient availability, confinement, and transport limitations.
Conventional culture techniques fail to enable studies of these complex
interactions. Developing next-generation co-culture platforms enhances
understanding of processes that link different bacterial species via chemical
signaling, metabolic exchange, and competition for nutrients. Combining
microfluidic approaches and finite element analysis, next generation culture
platforms can control key features of chemical communication inherent in the
natural environment while providing a more tractable platform to more fully
characterize biochemical interactions. The platform consists of two culture
chambers and two nutrient channels each separated by nanoporous barriers that
support growth through diffusion and allow transport of signaling molecules
between cell cultures. The spatial separation of cultures provides the ability to
track the growth of each species individually and reduces the impact of crowding,
providing room for slower growing bacteria to reproduce. Visualizing the
movement of fluorescein dye through the systems and analyzing the growth and
response of an engineered sender and receiver system of E. coli provided an
understanding of transport through the system mediated by diffusion. This
understanding was applied to culturing members of the oral microbiome and
observing phenotypic changes associated with cross-species chemical signaling.
This platform introduces new possibilities for quantifying subtle phenotypic
changes within a biofilm subjected to spatial and temporal chemical gradients

through analysis of bright field imaging and provides a tractable experimental
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platform for building deeper understanding of the role of chemical signaling in
shaping microbial interactions.

Introduction

Bacteria living in multispecies communities rely on physical and chemical
cues to adapt to changes in their local environment and regulate community
dynamics. The rich interplay between physical structure, chemical gradients, and
inter and intra-kingdom communication shapes the physical architecture and
composition of bacterial communities we observe in nature'®?. Traditional culture
techniques reduce these complex system to a homogeneous platform that is
effective for studying parts of the natural system in a controlled and measurable
way, but eliminate the complex trophic interactions from interdependent
metabolisms?®® and competition for resources®® and signal exchange that impact
co-evolution and spatial organization!!’. Studying these systems in their natural
state also has its own drawbacks such as lacking access to information about
spatial organization and limited control over the changing environment at a
comparable scale. Microfluidics provide an intermediate for these two
approaches combining key spatial and temporal properties of a natural system
with the control and imaging capabilities of lab experiments. Figure 9
demonstrates this adaptation from the natural environment (a) to microfluidic
platform (b).

Understanding which aspects of nature to replicate is critical to developing
an effective microfluidic platform. Chemical communication among bacteria can
be mediated through multiple quorum sensing (QS) molecules as a community
density dependent signal®®164, QS molecules are able to illicit changes in
morphology by changing gene expression in the cells,% whether it is motile
bacteria transitioning from planktonic to sessile states, or increasing extra-cellular
matrix (ECM) production?®®. These changes regulate both colony growth and

competition as well as provide resistance to antibiotics'%®. Signaling events
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Figure 9 - Microfluidic design overview. (a) Natural environments are
heterogeneous and vary in confinement and inversely, how they facilitate
communication. Confinement varies across environments. (b) Confinement
levels across natural environments mediate nutrient availability, spatial
confinement, and chemical signaling. To incorporate these aspects into
our platform (b) nanoporous barriers enable communication between

spatially separated cultures and are maintained by support channels.
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between species and across kingdoms impact the recruitment of microbes that
become part of the host microbiome and the immediately surrounding
environment!%8162 Current assays often aim to quantify these types of
interactions by using a single measurement of culture density or specific
fluorescently labeled biochemical activity rather than observing morphological
and temporal changes in a community development.

While concepts discussed above are generally applicable to the study of
microbial community development and signaling, this study focuses on the
culture and interactions of members of the oral microbiome. The oral cavity is a
highly variable environment with severe spatial and temporal fluctuation in
hydrodynamics, nutrient availability, and oxygenation. Biofilm forming attributes
of the oral microbiome are essential to community survival in this rapidly
changing host environment. If this community makeup shifts, the state of the
microbiome can shift from healthy to diseased, but what causes this shift is not
well understood. One quorum sensing mechanism that has been studied in the
oral microbiome is mediated by the auto-inducer two (Al-2) molecule involved in
regulation of biofilm formation among oral bacterial?1163.167 Al-2 produced by
Fusobacterium nucleatum increased biofilm formation in Streptococcus
gordonii*?3, The EPS production has been measured by labeling the EPS with
crystal violet and short term co-culture aggregation was shown to increase in co-
culture with F. nucleatum under flow*??. Using microfluidics, these interactions
can be observed over longer periods of time to allow the study of morphological
changes in biofilms in co-culture06.168,169

The heterogeneity of biofilms results from variation in oxygen content,
nutrients, shear rate, and signal molecule concentrations throughout the
environment. Microfluidics have been used to reconstruct aspects of the natural
environment for cell culture with refined control over such parameters. Platforms
that describe control over confinement and connectivity8384170 temperature!®®,

chemical gradients?9.80.102.155171 " gxygen content!®172, and shear’®173 have been
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demonstrated. Combined with the ability to image and measure the community
over time these tools can offer insights into the mechanisms that shape biofilm
development®*101, Co-culture configurations apply this control to interaction
assays between bacteria or bacteria and a host organism. The introduced
platform implements spatially separate culture chambers to isolate the chemical
signaling and allow for imaging of individual species without fluorescent markers.
Working with bacterial cells, the barrier must be on the order of hundreds of
nanometers to confine cells, 100nm deep exchange channels in silicon have
been used to provide nutrients to a culture!>>160.174 and we previously
demonstrated 200nm pores in PDMS?8, With spatial separation of the culture
chambers, flow can quickly remove any signal molecule being produced before it
can reach concentrations needed to alter the system®-%, By moving nutrient
supply to separate support channels, nutrients in the culture chambers were
provided by diffusion across high resistance nanoporous barriers while
maintaining a no-flow condition within the culture chambers to enable signal
accumulation.

Imaging captures the impact of the chemical signaling by documenting
changes in community morphology. Computer modeling is able interpret these
observations by providing an understanding of the chemical gradients that form
within the chambers as a result of the growing microbial communities. PDE
based models of signaling and growth have provided a clear picture of chemical
gradients and how they buildup within a growing biofilm within larger scale
reactors!30, These types of models have also shown the effect of flow in
microfluidic channels on quorum sensing in a biofilm*3%. The model implemented
with our co-culture platform was a quasi-steady-state PDE based diffusion-
reaction model to incorporate signal molecule production, diffusive transport, and
abiotic degradation through the platform. Culture chamber coverage
measurements from experiments were used to define the culture size at steady

state time points. The results of the model show how signal molecules, produced
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by one species, build in concentration within the culture chambers and diffuse
across the nanoporous barriers. This brings an understanding of the signal
gradients that are contributing to the response seen in the receiver chambers.
The co-culture platform was designed around facilitating analysis of biofilm
growth using fluorescent markers and bright field imaging and allowed for the
coupling of experiments and computational models to better understand the
communication between species and morphological changes that they create.
The device was made up of two culture chambers with two support channels on
either side separated by nanoporous membranes. Diffusion and stability of the
fluidics were tested with fluorescein dye within the chambers. Communication
between chambers was validated using sender and receiver strains of E. coli‘t*
and computer simulations of signal diffusion across the nanoporous barriers.
Interactions between oral microbes showed changes in morphology of the S.
gordonii culture when grown in co-culture with F. nucleatum. Cluster analysis of
the cultures showed that while the overall growth rates were similar between co-
culture and mono-culture configurations, the co-culture configuration resulted in

significant changes in the aggregation of the S. gordonii cells.
Materials and Methods

Cell Culture

Sender and receiver E. coli strains were used to visualize chemical
signaling between chambers of the device. The PFNK502 plasmid in the sender
strain produces a Cs-AHL signal molecule that is exported to the liquid culture
media. After uptake by the receiver strain the PFNK503 plasmid is activated
when the AHL molecule binds to the rhl repressor and induces expression of
GFP in the cell. The production of these two E. coli strains was covered
previously'’>176, Both plasmids contain kanamycin resistance as well. Sender
and receiver strains were grown in Luria-Bertani (LB) broth and on LB agar

plates with 50mg/ml kanamycin. For receiver-only experiments, the supernatant
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of an overnight culture of sender cells was filtered through a .22mm syringe filter
and diluted into fresh LB broth to create a crude extract of the signal molecule.
Signal stocks were kept at -20° C. Receiver cultures were incubated for at least
three hours and washed prior to loading. For sender and receiver experiments,
both strains were grown up from a plate for at least three hours and washed prior
to loading. Oral microbes consisted of Fusobacterium nucleatum and
Streptococcus gordonii. The strains were grown in brain heart infusion (BHI)
media with 0.2% dextrose under a nitrogen environment. Prior to experiments,

the microbes were reinoculated and grown overnight.

Microfluidic Device Fabrication

The techniques for fabricating a PDMS culture chamber with sub-micron
pores to contain bacterial cells was demonstrated previously?®. The device
design has been optimized as shown in Figure 9B to better control the
environment and provides more nutrients to the culture. The microfluidic design
consists of two 200 um wide support channels flanking two larger 500 um wide
culture chambers. Both are 1 mm long with a channel height of 10 um. Between
each of the channels are 10 um thick nanoporous barriers that have 400 nm tall
and 1 um wide pores at a pitch of 10 um that allow nutrients and other small
molecules to pass through while confining bacteria to the chamber they were
loaded into. Fabrication is done with three layers of photolithography. The first
layer is a 400 nm thick silicon dioxide layer for the pores patterned with
Microposit-NFR resist and dry etched to the silicon substrate surface. SiO2 was
used to provide a more even layer thickness to reduce the chances of membrane
failure. The final two layers were created by patterning SU-8. The first layer was
a 10 pum thick SU-8 2010 layer spun at 3k rpm. This layer was exposed with the
pattern the culture chambers and support channels. The second layer was SU-8
2050 spun at 2,500 rpm and patterned to form the larger channels to a thickness

of 40 um. Both SU-8 layers were developed in a single step using the puddle
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method and developed devices were annealed on a hot plate at 250°C for 10
min. Devices were silanized with trichloro(1H,1H,2H,2H-perfluorooctyl) silane
(Sigma-Aldrich) by storing in a closed glass container with 20 ul of silane, at 85
°C for 2h.

PDMS (Dow Corning), at a 10:1 polymer to crosslinker ratio, was cast over
the SU-8 mold, degassed in a vacuum chamber, and cured at 75°C for 1.5 hours.
The PDMS devices were removed from the mold and cured at 75° C for at least
two days to fully cure the PDMS and remove any residual solvents. For
fluorescein dye and sender/receiver experiments, inlets and outlets were
punched with a dermal punch and the devices were plasma bonded to a 1x3
glass slide (VWR). For anaerobic bacteria experiments, three devices were
molded together and attached to the bottom of a 48-well plate (Corning) using a
previously demonstrated method (manuscript in process). The well-plate was
then used to interface with a Bioflux™ pressure controller (Fluxion) under an

anaerobic environment.

Well-Plate Microfluidics Fabrication

Even simple microfluidic devices often require complex and expensive
pumping and valving systems for accurately metering and controlling fluid flow.
This often necessitates substantial and time-consuming set-up, and sometimes
make these chips unwieldly and difficult to image. It can also represent a
significant departure from the rather straight forward process of pipetting fluids
from one small volume to another, making adoption by non-microfluidic experts
unlikely. However, the recent development of well-plate microfluidics provides a
high throughput, simplified method for studying fluid exchange and shear flow,
while minimizing the set-up and need for multiple fluid connections. Here,
individual wells can be interconnected via custom microchannels in a
polydimethylsiloxane (PDMS) device attached to the bottom of the well-plate.
The desired reagent is then added to an inlet well and, driven through the
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underlying channel network into an outlet well via hydrostatic pressure or a
pressure control system77:178,

With the use of this platform, flow can be introduced into traditional well-
plate studies allowing various physiological conditions to be more closely
mimicked. Further, the compatibility of these custom devices with well-plate
microfluidic control systems provides the opportunity to precisely and dynamically
control experimental conditions including temperature, pressure, and gas
environment!’7.178 The use of multi-well plates also allows for multiple devices to
be bonded in parallel to the same plate, increasing throughput without increasing
the complexity of the control system?7°. Additionally, the familiarity and ubiquity of
the well-plate platform provides a familiar platform for technical professionals
within the lab and is automatically compatible with the host of microscope stage
attachments already available for use with conventional well-plates.

While successful bonding of PDMS to polystyrene(PS) has been
demonstrated* ®, the process of bonding customized PDMS devices to well-
plates for well-plate microfluidics has only been vaguely described by the
commercial vendors that provide compatible pressure controllers 17218 Herein,
two approaches are presented that utilize either (3-Aminopropyl)triethoxysilane
(ATPES) to modify the surface of the PS well-plate to bond with plasma treated
PDMS, or uncured PDMS to act as a glue between the PS and PDMS
surfaces!®!. While the APTES modification provides a stronger bond without
adding additional material, the uncured PDMS bonding procedure requires less
pressure, avoiding any distortion of nanoscale features. An overview of the
process is shown in Figure 10.

Well-Plate Preparation

Prepare the well-plate by drilling a hole in the center of each well

corresponding to an inlet or outlet on the PDMS replica (Figure 11).Using an X-

Acto knife, clean the edges of the drilled holes such that the bottom surface of
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Figure 10 - Diagram of the fabrication process with the APTES process

above and PDMS glue below.

the well-plate is smooth and any lips that may have formed from drilling have

been removed.

APTES Bonding Procedure

The bottom surface of the well-plate was cleaned with IPA and exposed to
oxygen plasma on high setting for 2 minutes, with the bottom surface of the plate
facing up (Figure 12a). In a fume hood, a 100 mL aqueous solution of 1% v/v
APTES was prepared and poured into a shallow, resealable container. The
plasma treated well-plate was placed in the APTES container so that the bottom
surface of the plate is completely submerged. The container was sealed and the
plate soaked for 30 minutes (Figure 12b) The plate was removed from the
APTES bath and rinsed with water. The well-plate was dried using compressed

air and heated on a 50°C hot plate to ensure thorough drying.

Assembly
The top of the PDMS replica (opposite to the channels) was cleaned using
clear adhesive tape and plasma cleaned on high for 1 minute. With the
channeled side of the PDMS replica facing up, the inlets/outlets of the replica
were aligned with the holes of the APTES-modified well-plate and joined
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Figure 11 - The prepared PDMS device is shown in a. and the prepared well-

plate is shown in b.

together. A brayer was rolled over the surfaces to remove any bubbles and
ensure an even, uniform bond. The device was baked at 75°C for 20 minutes
(Figure 12c). The well-plate with bonded device was removed from the oven and
scotch tape removed debris from the channel-exposed PDMS. A glass coverslip
was cleaned with IPA and an plasma cleaned with the well-plate on high for 1
minute. The coverslip was bonded to the PDMS replica, thus enclosing the
channels and the device was baked at 75°C for 20 minutes.

Uncured PDMS Procedure

Dust was removed from the bottom (channel-exposed) side of the PDMS
replica using clear adhesive tape and a glass coverslip was cleaned with IPA.
Both were exposed to oxygen plasma for 1 minute on high setting and bonded
together, enclosing the channels. The device was baked at 75°C for 1 hour
(Figure 13a). The bottom surface of the prepared well-plate was cleaned with
IPA. Using the tapered tip syringe, small droplets of uncured PDMS were placed
onto the bottom surface of the well-plate (Figure 13b). Using clear adhesive tape,
dust was removed from the top (opposite to the channels) of the coverslip-
bonded PDMS replica. The inlets/outlets of the device were aligned with the
holes of the well-plate and pressed onto the well-plate and baked at 75°C for 1
hour (Figure 13c).
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Figure 12 - The well-plate was exposed to air plasma and submerged in a
water/APTES solution to modify the surface chemistry and enable bonding
between PS and PDMS. A coverslip was then plasma bonded to the PDMS

surface.
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Figure 13 - The PDMS device was first bonded to a coverslip (a) and then

bonded to a well-plate using uncured PDMS (b). ¢ shows the completed

device from the top and side view.

55



Two methods for attaching PDMS microfluidic devices to polystyrene well-
plates were presented to provide the opportunity to utilize customized channels
for well-plate microfluidics. Assays using these devices can be run in conjunction
with well-plate microfluidic controllers or using simple pipetting methods by
adding the desired reagent or media to the inlet wells (Figure 14). While the
fabrication process is more involved than typical PDMS processing, well-plate
microfluidics removes the need for complicated tubing connections by working
with a single manifold controller, or hydrostatic flow using the well height to

produce pressure.

Imaging

Characterization of the microfluidic devices was done with fluorescein dye
in phosphate buffered solution (PBS) on an Olympus I1X51 inverted
epifluorescent microscope. Live imaging of the sender and receiver E. coli was
done on a Nikon Ti-U microscope with a stage top incubator to maintain
temperature and humidity in the cultures over extended periods. Flow control on
both the Olympus and Nikon microscopes was accomplished using Harvard
Apparatus syringe pumps. Oral microbe experiments were imaged on a Zeiss
AXIO Observer Z1 with a Fluxion Bioflux™ incubator and pressure controller. All
the images taken were background corrected and analyzed using imageJ
software'®?, Biovoxxel plugin to imageJ, and Python. Background correction
decreased variation caused by variations in illumination and facilitated image
analysis. Biovoxxel was used to analyze cluster formation in oral microbe

cultures, and the results were visualized in Python and MatPlotLib.

Modeling

A model of the microfluidic platform was developed to determine the
relative concentrations of acyl-homoserine lactone (AHL) that were being

produced by the community and how they accumulate within the platform.
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Figure 14 - Operation of the well-plate microfluidics can be done with either
a pipet as shown (a) or a well-plate manifold pressure controller. The
hydrostatic pressure within the wells is enough the cause flow through the

fluidic channels (c) and fill the outlet well (b).
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This system was developed in COMSOL Multiphysics® on a Dell workstation
computer (Intel Xeon CPU, 64Gb RAM, Nividia GeForce GTX 750Ti graphics
card) using a time dependent solver to study transient development of the
chemical gradient across the chamber. The model was a 3D quasi-steady-state
finite element analysis of the microfluidic chambers, support channels, and
nanofluidic membranes separating them.

During experimental characterization, there was no appreciable flow
through the culture chambers during operation. Consequently, transport in the
model was diffusion mediated only. The chemical signal was produced within the
“sender” cells at a constant rate a and went through abiotic degradation at a
constant rate o[AHL]. The signal was not affected by the presence of receiver
cells. The size of the cell cultures was taken from experimental values at 0, 8, 16,
and 24 hours and estimated as a circular colony within the chamber. The
chamber coverage at the given times was 0.0205, 0.2042, 0.3533, and 0.3779
respectively. A parameter sweep of the chamber coverage levels was completed
with independent time dependent solvers. At each time point, the chemical
gradient reached steady state after approximately two hours and the steady state
values were used as the concentration profiles within the chambers at the
different time points.

A PDE based approach adapted from Frederick et al. allowed the
geometry to dictate the model characteristics!*°. Fick’s second law of diffusion,
shown in Equation 1, governs the diffusion reaction model of AHL within the
microfluidic chambers. Canc is the concentration of AHL, DanL is the spatially
dependent diffusivity constant, and RanL is the production rate of AHL. The
diffusion rate of AHL through the cell cultures was half the diffusion rate through
media from previous studies*183, The values used in the equation are shown in
Table 1.
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Equation 1
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Table 1- Parameters and their values that are incorporated into the model

Parameter Value

CaHL Dependent variable

DaHL culture,2.6 - e — 10
media,5.2-e— 10

a 9200uM/day

o 0.1109

RAHL sender,a — 0 - ¢y /day

other,—o * cay./day

DeaHL Dependent variable
€p 0.1
TF 1

The nanoporous membrane dividing the chambers was modeled as a
solid membrane with a porosity of 0.1 and tortuosity of 1 to represent the
patterned, straight pores. Modeling the individual pores became computationally
intensive due to the large variation in sizes between milliscale chambers and
nanoscale pores. The continuous membrane at 400nm was a balance between
the two systems. The effective diffusivity of the signal molecule through the
membrane was throttled using Equation 2 to represent the low porosity of the
membrane. DeanL is the effective diffusivity of AHL through the membrane, ¢p is
the membrane porosity, and Tr is the tortuosity of the pores. These values are

also shown above in Table 1.
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Equation 2

_%p
Deant, = — Dani
TF

The microfluidic model utilized Dirichlet boundary conditions for the
support channels and a Neumann condition elsewhere. The boundary conditions
representing the support channels held a constant concentration of zero. This
represented the flowing support channels as a sink for the signal. There was a

no-flux condition across the rest of the boundaries.

Experimental Procedure

Characterization of Chemical Gradients

The characterization of the device was done with fluorescein to visualize
the movement of molecules within the microfluidic devices. The operation of the
devices was done by filling all the chambers with PBS and flowing fluorescein
dye in one support channel while flowing buffer solution in the other support
channel at the same flow rate, 30 pL/hr. The resulting gradient forms as
fluorescein diffuses from one side to the other. Images of the chambers were
captured over time and analyzed. Images and quantified data illustrate the
transient and steady state behavior. When the support channels flow rates were
changed to be different (1 and 200 pL/hr) the net pressure difference between

the channels caused flow to change the concentration within the chamber.

Microbial Signaling Experiments

The sender and receiver strains of E. coli were loaded into the culture
chambers of the device. The flow to the chambers was then stopped, and flow of
media through the outer support channels was started. Images were collected at
specified intervals using fluorescence and brightfield channels. Work with oral
microbes was done in a similar manner. The oral microbes being tested were

loaded into the two center culture chambers and flow was then shutoff to the
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chambers. BHI media was then pumped through the support channels to replace
consumed media within the chambers. While culture was done in an anaerobic
environment, the experiments were carried out under semi-anaerobic conditions
of the Bioflux™ controller. Backing air in the system is anaerobic, but the system
was not contained in an anaerobic chamber. Experiments were run with a

pressure of 0.1psi in the nutrient channels.

Results and Conclusions

Signal Gradient Across Chambers

Chemical transport through the microfluidic platform was examined prior to
introduction of cells. Fluorescein dye and PBS buffer were perfused through
opposite support channels to determine the diffusion characteristics of small
molecules through the system. The fluorescent signal within the no-flow culture
chambers was monitored as a steady gradient formed. Figure 15a shows the
fully developed steady-state gradient with the line profile shown in b. With the
sender/receiver system, a similar gradient was established with AHL signal in
Figure 15c. Both chambers were filled with receiver cells and the left support
channel was perfused with supernatant from an overnight culture of sender cells.
In the composite image the chamber adjacent to the signal channel shows
higher. GFP expression than the culture chamber farther from the signal. From
the model and fluorescein experiments the exact concentration in each channel
can be tuned by altering each of the support channel concentrations.

The high hydrodynamic resistance of the nanoporous barriers caused the
fluorescent profile to assume a step-function type profile. Advection dominates
transport when high porosity barriers are used as shown in Figure 19. While the
high resistance of a patterned barrier slowed down the transport of nutrients into
the culture chambers, they have two distinct advantages. Lowering the diffusion
rate allowed the signal molecules produced by bacteria to build up within both

culture chambers, and the high resistance maintains a no-flow condition within
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Figure 15 -Chemical gradient profiles measured using model dye and
bioreporter. (a) Fluorescein dye and buffer solution flowing through the left
and right support channels respectively create a signal profile in the
culture chambers through diffusive transport. The fluorescent profile
across support channels and culture chambers along with a diffusion-only
model is shown (b). (c) Composite image of receiver cells, E. coli
bioreporter, seeded into each culture chamber. The signal is provided from
the support channel on the left. The relative fluorescence of each of the

chambers in (d).
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the culture chambers without the use of valving elsewhere on the platform. The
high resistance was leveraged to virtually eliminate flow through the main culture
chamber when flows were minimized in the adjacent support channels. Creating
an imbalance between the flow rates of the support channels created a net flow
across the culture chambers. Repeated transient switching was also possible
using this technique (see supplementary Figure 20).

Cellular Signaling

Signaling between chambers in a co-culture configuration allows the users
to observe the growth and development of a ‘sender’ or ‘support’ species that is
producing a signal molecule and the corresponding development of a ‘receiver’
or ‘dependent’ strain as they react to a specific signal that diffuses across the
membrane. The engineered sender and receiver E. coli strains were used to
visualize signaling and compare growth and response to an idealized PDE based
model. Visualizing the response of the receiver strain allows inference of the
concentrations of signal molecule that are present in the receiver culture
chamber. Figure 16a shows the ‘heatmap’ for the predicted AHL concentration
throughout the device along with the relative concentration between the sender
and receiver biofilms.

While the numerical solution of the model is dependent on the exact AHL
production rate of the cells, the model was used to build an understanding of the
relative concentrations of the AHL signal molecule. The AHL concentration ratio
between the two culture chambers was relatively constant at later time points at
around 0.4-0.5 receiver/sender average chamber concentration. The overall
concentrations within the culture chambers increased dramatically with an
increase in the number of sender cells. Figure 16 shows the increase in
concentration between the earliest sample and the final communities. These

results together are good evidence that the delay in response of the “receiver”
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Figure 16 - Engineered sender and receiver signaling and AHL
concentration model. (a) A quasi-steady state model built in COMSOL
shows AHL concentrations in the culture chambers between 0 and 24 hrs.
The relative AHL concentration between the chambers at each of the time
points is shown below. (b) Receiver cells produce GFP in response to
being grown in co-culture with sender cells. The graph below shows the
fluorescence signal increase between mono-culture and co-culture

experiments of the receiver cells.
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bacteria can be attributed to a lower concentration in spatially separate cultures
as compared to a mixed culture experiment.

The experimental results showed that the receiver cells produced GFP
when cultured adjacent to sender culture. Even at less than half the
concentration of the sender chambers, signal molecules built up within the
receiver chamber and induced GFP production (co-culture) as shown in Figure
16b. The same device without pores in the center barrier shows that there was
no GFP production under the same conditions (mono-culture). This model and
engineered system of E. coli verify that the nutrient supply from the support
channels and AHL signal concentration increases within adjacent chambers are

ample enough to illicit a QS response from the receiver culture.

Oral Biofilm Signaling

Microfluidic platforms create idealized physical models of natural
environments, like the oral microbiome, where nutrient, signal, and hydrodynamic
gradients can vary significantly over space and time. As stated previously, F.
nucleatum has been shown to influence the biofilm production of S. gordonii
through Al-2 quorum sensing system, and biofilm production within S. gordonii
causes aggregation of cells'?2. The signaling interactions between the members
of the oral microbiome have been studied using fluorescent markers'?1.163.167 pyt
the approach outlined here allows for monitoring the growth of wild-type bacteria
using bright field imaging to measure changes in the same culture over time.
Beyond simple cell counts, image analysis was used to extract additional
measures of community morphology, namely cluster analysis of stationary
cultures over the extent of an experiment. Separated growth chambers make it
possible to measure growth rates of individual strains, but additional
morphological changes can also be used to assess response. Figure 17 shows
the fluidic platform loaded with F. nucleatum in the left channel and S. gordonii in
the right chamber. Figure 17a shows the mono-culture arrangement with a
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Figure 17 — Brightfield analysis of oral co-culture growth. The
Streptococcus gordonii culture chamber was thresholded at pixel
intensities 150, 120, and 90 to analyze chamber coverage and culture
density (inset). Without chemical communication (a) the culture is more
diffuse and lighter. In communication with Fusobacterium nucleatum (b) the
S. gordonii forms aggregates. The total growth rate is similar in both cases

(c), but the Al-2 causes aggregation of S. gordonii (d).
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non-porous middle barrier between the chambers, and Figure 17b shows the
cultures with a nanoporous barrier, freely communicating. The expanded views
show psudocoloring at pixel intensity thresholds of 150, 120, and 90 to show the
variation in culture density as well as the overall chamber coverage of the S.
gordonii bacteria. From the brightfield histograms of the culture chambers, the
peak intensities of the culture area for the co-culture and mono-culture setups
were 63 and 139 respectively. The chosen threshold levels covered all cells at
150 and gave levels of contrast between the peaks at 120 and 90 levels. The
darker average peak intensity of the co-culture indicate that the cell areas are
more dense. The coverage difference at each threshold is shown in Figure 17c.
The co-culture case has a variety of different coverages, but the mono-culture is
primarily in the 150-threshold level. The overall coverage is similar in both cases,
but the coverage at a threshold level of 90 is significantly larger in the co-culture
case. Using a two-sample p-test assuming equal variance with one tail analysis
between the setups at thresholds of 150 and 90 showed the critical p value at the
higher value at 0.249 and a critical p value of 0.028 at the lower threshold. These
findings support our hypothesis that growth levels are similar with and without Al-
2, but QS results in more dense cultures of S. gordonii cells.

Cultures of S gordonii from co-culture (n=3) and mono-culture (n=3) were
further analyzed using Biovoxxel to gather information on over 20,000
aggregates. The MatPlotLib plugin to python was used to bin the clusters into
sizes and plot the resulting histogram. Figure 18 shows the resulting histogram at
five hours and 24 hours from the same experiments. Bright field imaging allowed
data to be gathered throughout the experiment and does not rely on end-point
fluorescent staining that can disrupt the structure of the biofilm during staining
and washing steps. At five hours the mono and co-culture setups are very similar
in cluster size, but the co-culture setup created aggregates cover over half of the
chamber area (>0.25mm?) after growing with Al-2 available while mono-culture

created a range of cluster sizes.
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Figure 18 —Cell cluster sizes of S. gordonii increase in co-culture with F.
nucleatum relative to mono-culture at a threshold of 150. (a) At five hours,
the cluster sizes of S. gordonii with and without Al-2 present are similar. (b)
After 24hr culture with Al-2 producing F. nucleatum, the average cluster

size increased significantly more in the co-culture case.
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Conclusion

The microfluidic environment provided a platform to observe and measure
chemical interactions between spatially separate, co-cultured microbial isolates
and engineered strains under variable chemical gradients. Microfluidics provided
nutrients and allowed communication between culture chambers to facilitate
long-term growth, no-flow culture conditions, and allowed tuning of confinement
and connectivity to enable the observation of quorum sensing between spatially
separate cultures. Fluorescein dye showed that a diffusion-only model could be
used to predict species transport through the chambers. Engineered receiver E.
coli responded to varying the concentrations of AHL between chambers to
regulate signal response. Culturing the sender and receiver cells in adjacent
chambers showed adequate accumulation of AHL signals in the receiver
chamber to induce GFP production in the receiver culture.

The platform is tractable for both experiments and modeling where the no
flow condition provides a route to modeling 3D diffusion without requiring
substantial computational resources. With a quasi-steady state model, the
relative levels of AHL for sender and receiver experiments revealed that the AHL
concentration within the receiver chamber varied between 33% and 42% of the
sender chamber concentration. Models and engineered bacteria provide an
understanding of the device operation so that the platform can be applied to
targeted biological questions. To measure the effect of QS in the oral microbiome
on community morphology, F. nucleatum and S. gordonii were co-cultured in the
platform. The chamber coverage was similar between the cultures matching
previous findings, but co-culture experiments showed darker areas indicating a
denser culture. Cell aggregation was measured from bright field imaging and
showed that S. gordonii grown in co-culture formed large aggregates while
mono-culture resulted in a diffuse culture. The platform introduced here provides
a route to expanding co-culture studies and building upon genomic studies to
verify proposed interactions in a tractable way that preserves quorum sensing
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behaviors while providing resources to more deeply understand the effects of

chemical communication between species and communities.
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Appendix
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Figure 19 - Large pore fluorescent profile. When the diffusion profile
experiment is run with a large pore device, the resulting fluorescent profile
has a sharp change in concentration at the center of the culture chamber.
This indicates that transport is dominated by advection rather than

diffusion as seen in the nanoporous device.
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version of one transition from the buffer support channel to the fluorescein
support channel. (c) epifluorescent micrographs of the culture chamber in

the beginning of a transition period at 0, 1, and 5 min.
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CHAPTER 4
ACCESSING MICROFLUIDICS THROUGH FEATURE-BASED
DESIGN SOFTWARE FOR 3D PRINTING
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A version of this chapter was originally published by Peter G.
Shankles, Larry J. Millet, Jayde A. Aufrecht, and Scott T. Retterer:

Peter G. Shankles, Larry J. Millet, Jayde A. Aufrecht, and Scott T.
Retterer. “Accessing microfluidics through feature-based design software for 3D
printing.” Plos One 13 (2018): e0192752.

The work presented in this paper demonstrates a new piece of software
and a workflow to mold and fabricate microfluidic designs using a desktop 3D
printer. This process removes the need for cleanroom facilities to create
microfluidics and take advantage of laminar flow regimes resulting in predictable
flow patterns. This lends itself to prototyping designs and academic applications
where a larger number of designs can be printed for a classroom type setting
without taking up time on expensive equipment. This paper also demonstrates its
usefulness in simplifying the fluidic architecture of microfabricated designs by
creating 3D structures to incorporate with micro and nanoscale features. The
process was demonstrated with common biological applications of droplet
formation and gradient generation to show the applicability in interfacing biology
with the 3D printed microfluidics.

Abstract

Additive manufacturing has been a cornerstone of the product
development pipeline for decades, playing an essential role in the creation of
both functional and cosmetic prototypes. In recent years, the prospects for
distributed and open source manufacturing have grown tremendously. An
expanding library of printable materials, low-cost printers, and communities
dedicated to platform development has enabled this growth. The microfluidics
community has embraced this opportunity to integrate 3D printing into the suite of

manufacturing strategies used to create novel fluidic architectures. The rapid
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turnaround time and low cost to implement these strategies in the lab makes 3D
printing an attractive alternative to conventional micro- and nanofabrication
techniques. In this work, the production of multiple microfluidic architectures
using a hybrid 3D printing-soft lithography approach is demonstrated and shown
to enable rapid device fabrication with channel dimensions that take advantage
of laminar flow characteristics. The fabrication process outlined here is
underpinned by the implementation of custom design software with an integrated
slicer program that replaces less intuitive computer aided design and slicer
software tools. Devices are designed in the program by assembling
parameterized microfluidic building blocks. The fabrication process and flow
control within 3D printed devices were demonstrated with a gradient generator
and two droplet generator designs. Precise control over the printing process
allowed 3D microfluidics to be printed in a single step by extruding bridge
structures to ‘jump-over’ channels in the same plane. This strategy was shown to
integrate with conventional nanofabrication strategies to simplify the operation of
a platform that incorporates both nanoscale features and 3D printed

microfluidics.

Introduction

Additive manufacturing is poised to change how we design, manufacture,
and receive goods 8, Traditionally, it has allowed engineers and product
designers to rapidly produce physical 3D objects in an iterative process to refine
ergonomics, identify manufacturing challenges, and communicate marketing
concepts rapidly and with minimal cost. The recent availability of a broader
range of printable materials coupled with the increased accessibility of lower
cost, higher quality printers, and the growth of online innovation and design
communities are reshaping how we think about manufacturing and product
distribution. Complex, low quantity production parts fabricated by 3D printing

have been demonstrated in the aerospace industry 185, Open source designs for
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products like prosthetic limbs are being modified and used across the globe 18,
Retailers are even exploring the use of 3D printers for on-demand product
customization 187188,

In the same manner that it has impacted other industries, 3D printing has
begun to capture the attention and imagination of the microfluidics community.
Additive manufacturing provides an alternative to conventional microfabrication
techniques and allows designers to think about fluidic systems in three-
dimensions, (e.g. printing unique modular components that can be pieced
together to achieve new functions) 58189, |ssues that had previously slowed the
utilization of 3D printing in fluidics such as poor resolution and printer availability
are diminishing as printing platforms improve. A recent STL technology has
shown internal fluidic channels with dimension as small as 20um x 18um 1%, This
IS minimizing the barriers-to-entry and reducing maintenance costs, thus making
3D printing an attractive alternative to maintaining a conventional cleanroom
facility 37.

Direct writing of microfluidic systems with additive manufacturing involves
printing the fluidic networks in a resin or thermoplastic so that the channels are
fully or mostly enclosed 50192, Inlet and outlet ports can be designed so that
fluidic connections can be made easily with commercially available parts such as
Luer locks or compression fittings 3451, Direct-print polypropylene (PP) devices
have been successfully used to create custom multi-chamber platforms for
organic chemistry experimentation %192, Bhargava et al. demonstrated a parts
based system where fluidic components could be printed and assembled much
like Lego® bricks to create a fluid network 8. Further work has been done to
develop whole printed devices that integrate off-the-shelf control features such as
valves and pumps °6. However, a major disadvantage of the direct-write method
is the surface roughness of the final product. While surface roughness may not
significantly impact the flow profile of the microfluidics, it can turn transparent

materials translucent, preventing high-resolution imaging 1°. Dolomite
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Microfluidics has developed a direct write microfluidics platform that is able to
create internal channels, but the exterior surface of the device is still cloudy
without substantial post processing or the use of embedded glass windows 52194,
Additionally, many of the resins used are proprietary and biocompatibility and
solvent compatibility need to be established for each material L.

3D printers have also been used to fabricate molds for soft lithography in
lieu of SU-8 patterning or silicon deep reactive-ion etching (DRIE) 46. Masters are
created with a 3D printer and the final device material is cast over the design,
cured, and removed from the master mold. These molds are primarily used with
Poly-dimethylsiloxane (PDMS) 3240 but have been used with other cast materials
such as epoxy “8 or Norland Optical Adhesive (NOA)(Norland Products) 1%, We
have previously shown that crude acrylonitrile butadiene styrene (ABS) filaments
can be hand-shaped and incorporated into a microfabricated silicon mold to
connect individual modules and change the fluidic network for a given application
to create fluidic bridges 1°6, however there is a need for an automated fabrication
process for incorporating fluidic bridges into microfluidic systems. Currently, 3D
printed microfluidics take less time and require less infrastructure than those
created using conventional photolithography, but further advancements are
required to make 3D printing a more accessible alternative. Simplifying the
design process with more intuitive, application-specific software and
implementing a more robust workflow can accomplish this. Groups that want low
cost fabrication techniques for quicker turnaround time and teaching purposes
can use these techniques to replicate larger microfluidic designs. The FDM
process is limited in resolution to a few hundred microns. The highest resolution
STL processes can be on the order of 20pum. This remains orders of magnitude
larger than photolithography or electron beam lithography techniques. As 3D
printing technologies increase in resolution, precision, and extrusion uniformity,

the principles in this work will improve on-the-fly microfluidics prototyping and
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expand the possibilities for creating and using 3D fluidic systems across a
broader community.

This work aims to improve the throughput, design process, and optical
transparency of 3D printing techniques and strategies for microfluidics. Our
feature-based software simplifies the design process by providing a graphical
user interface (GUI) for piecing together common microfluidic features into a
single custom device. The software’s direct control of the printing order allows for
quick iteration of small microfluidic features during the print process and control
over the conversion of channels into printer operations in a specific order. This
ordering allows optimization of both the resolution and stability of the printed
master. A filament deposition modeling (FDM) 3D printer was used to print
master molds. After printing, a solvent annealing process was used to smooth
the channels. Subsequently, PDMS was deposited and cured directly on the
print bed. The devices utilized the same bonding techniques and connections as
conventional soft lithography. A linear gradient generator and two types of droplet
generators were fabricated to demonstrate flow stability and the impact of
process optimization on the function of these highly utilized designs. Beyond
replicating traditional commonly used 2D fluidic designs, 3D printing and layered
microfluidics have been used to create bridging structures, but they require either
multiple layers of PDMS bonded together 2 or 3D printed support material that
has to be removed prior to molding PDMS “8. Our current process prints three-
dimensional bridge structures in a single step that can be used to simplify fluidic
networks or reconfigure existing microfabricated designs. This workflow provides
a method for rapidly prototyping and replicating microfluidics through a
streamlined 3D writing and encapsulation process that is beyond current manual
placement techniques.
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Materials and Methods

Feature-Based Design Software

The software GUI and code were developed in Matlab R2015a for Mac
(MathWorks) on a MacBook Air computer (Apple, 13-inch, mid 2012, 2 GHz Intel
i7, 8 GB 1600 MHz DDR3). The Graphical User Interface Design Environment
(GUIDE) plugin was used to layout the GUI of the program. The GUIDE
generated a code structure for each button and menu within the GUI. Utility was
added to each of the defined functions with Matlab code. The Application
Compiler tool was used to package the GUI for distribution so that it could be run
on Windows and Mac systems without a full Matlab license. The CAD software
has been made available on Github for both Mac and Windows systems
(https://github.com/shankles/FIuiCAD). The Supplementary folder contains gcode

and fig design files for each of the designs used in this manuscript.

Printer Setup

A consumer grade FDM 3D printer (Solidoodle 3, $799 as of 2013) was
used to demonstrate the functionality of the Designer software and the fabrication
process. Black ABS plastic in a 1.75mm filament (Solidoodle) was used as the
mold material with a 0.35mm diameter nozzle at 200°C. The 200mm x 200mm
aluminum print bed covered with polyamide tape (Tapes Master) provided an
even surface to cast PDMS (Sylgard 184, Dow Corning) molds. ABS mold
material and polyamide covering allowed the PDMS to be cast and cured without
adhering to the printer or mold. The Solidoodle system heated print bed was set
to 85°C to promote mold adhesion during printing and to cure the cast elastomer.

Printing was performed with the extruder at 200°C.

Fabrication Process

Our feature-based design software was used to layout the microfluidic
devices. Common parameterized microfluidic features were pieced together to
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form the final device layout in Figure 21(a). Features were organized into a list
showing the print order. The viewing area was used to visualize the layout of the
device as it was being assembled. The design was then converted to a g-code
file and sent to the 3D printer host software, Repetier Host (Hot-World GmbH &
Co.). Repetier can send commands in the g-code to the printer for manually
moving the extruder or stage, extruding or retracting the filament, and heating the
print bed and hot end. With modest adjustments to the printer parameters in the
design software, the host software and g-code are compatible with any 3D printer
running Marlin firmware. The host software allowed for final visualization of the g-
code prior to printing.

The design was transferred to the printer from the host software over a
USB cord and printed in ABS in Figure 21(b). The heated extruder was turned off
and the print bed was set to 50°C. At just under the boiling point, acetone was
applied to the device molds using a fine-point paintbrush and allowed to
evaporate to solvent anneal the surface of the printed channels. The print bed
was then turned off and allowed to cool. A PDMS retaining barrier was placed on
the print bed around the ABS mold and liquid PDMS resin (10:1 polymer to cross
linker ratio) was cast over the mold. A desiccator lid hooked to a vacuum pump
(Gast) was placed on the print bed and used to degas the PDMS. After removing
all air bubbles from the elastomer, the PDMS was cured directly on the print bed
at 85°C for a minimum of 1.5 hrs.

The cured PDMS was removed from the print bed, the devices were cut
out with an X-acto knife (Elmer’s), and the ABS mold was removed with forceps
in Figure 21(c). At this point the process can be repeated to print additional
devices, or an array of devices can be printed simultaneously for higher
throughput applications. The remainder of the process follows the workflow of a
conventional soft lithography device assembly'?. Inlets and outlets were punched

with dermal biopsy punches (Miltex). The resulting PDMS devices were
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Parts mmmmp Device <4mmmm Parts

Figure 21 - Fabrication process. (a) The device was designed by combining
fluidic parts into a custom fluidic network. (b) The design was sent to an
FDM 3D printer. (c) The ABS mold is removed from the PDMS device after
being cast on the heated print bed. The device was cut into individual

devices, and (d) bonded to a substrate for use.
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plasma treated, and can be bonded to glass, PDMS, or silicon substrates. Figure
21(d) shows the device bound to a glass slide and filled with food coloring to

show the channels.

Droplet Generator

Two types of droplet generators were constructed as a proof-of-concept
for the printing method. A T-junction device and a flow focusing design were
chosen based on previous micro-scale work’’-8%, Fluorescein dye (10mM in PBS,
Life Technologies) was the aqueous phase and mineral oil was the oil phase.
The fluorescein dye was injected at a constant rate (1uL/min), while the mineral
oil was modulated (2uL/min to 20uL/min) to control droplet size. Epifluorescent
images were taken using a Nikon Ti-U inverted microscope with a FITC filter. The

images were analyzed in ImageJ to quantify droplet length within the channel€2,

Gradient Generator

A three-step linear gradient generator was fabricated to test control of
fluidic connections. From two inlets, microchannels divide three times to produce
five channels that recombine and diffuse in a single channel to form a gradient of
the two inlet solutions!®”:1%8, The concentrations recombine in a main channel
and diffusion evens out the concentrations, forming a continuous gradient*®°,
Fluorescein dye (10mM in PBS) and PBS were used to characterize the
operation of the device. The inlets had a balanced flow rate of 0.5uL/min in each.
After equilibrium was reached, epifluorescent images were taken on a Nikon Ti-U
inverted microscope with a FITC filter cube at each of the channels prior to
mixing within the large channel. Epifluorescence images were analyzed in
ImageJ to measure the maximum intensity of the fluorescent dye within each

channel.
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3D Microfluidics

By controlling the extrusion paths of the 3D print head, 3D microfluidics
can be fabricated using a bridge structure in a continuous, vertical extrusion
process rather than conventional layer-by-layer deposition. The initial portion of
the 3mm long bridge feature (600um diameter) is an extruded filament created in
the vertical direction away from the print bed, this is allowed to solidify for 3sec
prior to completing the bridge by drawing the filament from the top of the vertical
post to a user-specified final position on the print bed. The resulting bridging
structure is a right triangle with filament spanning the points specified. A “braid”
of three channels was fabricated with overlapping channels to demonstrate
functionality. The braid printing is demonstrated in Figure 27. The bridge
structure is limited to a single filament width (400pum diameter). After casting and
curing PDMS over the device, the bridge structures can be removed by pulling on
the exposed filament. The weakest point at the top of the bridge separates and
the ABS mold can be removed in two pieces from either opening leaving open
channels through the PDMS.

The bridge structure was combined with microfabricated masters to create
multiscale devices. The silicon master contained nanoscale features similar to
ones demonstrated previously?8. A thin layer of PDMS was spin-coated onto the
master (500rpm for 45sec), vacuum degassed, and cured at 75°C for 30min. A
fluidic architecture was created in the design software to simplify the network of
the silicon master, bridging together inlets and outlets. 3D printed channels were
fabricated and cast to form a PDMS replica. The 3D printed PDMS layer was
then bonded to the coated wafer to form a multilayer device. The PDMS-to-
PDMS plasma-bonded device was baked at 75°C for 10min then removed from
the wafer. The inlets and outlets connected by 3D structures were opened with
an X-acto knife and the other inlets and outlets were punched with a dermal
punch. The PDMS was plasma-bonded to a glass slide to complete the
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assembly. With this method, the fluid network of the device can be altered
without additional nanofabrication steps.

Results and Discussion

We created an integrated workflow built on a feature driven design
platform to produce functional fluidic platforms for common microfluidic
applications including gradient generation for chemotaxis and other cellular
studies, droplet generation for single cell analysis and small volume reactions, as
well as 3D microfluidics that can be used to form complex fluidic architectures
and simplify fluidic networks for microfabricated designs by allowing for
overlapping channels in a single step. To overcome limitations (lower resolution,
surface roughness, and low transparency):62 of FDM-produced microfluidics, we
employ 3D printing with an acetone finishing step to create a smooth microfluidic
master for fabricating transparent, 3D microfluidics. By solubilizing the surface of
the ABS print with acetone, the surface is chemically polished without greatly
altering the channel geometry. The smooth ABS prints were used as molds to
cast PDMS devices. Using the heated print bed on the printer, the casting
process was done directly where the device was printed, reducing the likelihood
of deformation and breakage.

Design Software

The feature-based design software was developed in the Matlab
GUIDE environment, and the final program packaging was achieved with the
Application Compiler, allowing it to be run on other computers without a full
Matlab license. Common 3D printed microfluidic techniques often use CAD
software to design fluidic networks. CAD programs provide powerful tools for
design, but training and maintenance costs for professional packages are limiting
factors. Completed CAD design files are imported to a slicer program that
processes the geometry into g-code to be used with the 3D printer. With our

feature based design the process is simplified by giving the user a list of
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parameterized microfluidic features to choose from in order to build a custom
fluidic system. The program writes the g-code to print the device directly. This
allows the user to correct any writing problems quickly by changing the printing
order, unlike typical slicer software.

The GUI of the program is organized into several operational blocks. The
printer parameters are set based on the printer selected for use and the print
resolution. The required feature is selected from a dropdown window and the
user defines the associated parameters Figure 22(b). The feature is added to the
visual area Figure 22(c). The visual area is a graphical representation of the
entire print bed. The inserted feature is also added to the feature list at the right
side of the GUI Figure 22(d). Features making up the current device can be
reordered or replaced with different parameters to improve the printing process.
From the feature list, the print order can be changed to quickly correct printing
problems. Individual features can be deleted, and the entire feature list can be
cleared.

The list of features includes an inlet for tubing connections, a straight
channel, an elbow for sweeping corners, a y-intersection to join and separate
channels, a ring feature that can be used for radial patterns, and a bridge
structure to overlap channels. The parameters to construct each of these parts
are based on the coordinate system of the 3D printer bed. Parameters such as
starting position and channel dimensions are used to construct each part. Figure
28 shows the list of features available and all the parameters required for each.

With the designs completed, the “write” button creates g-code for each
part in the feature list to replicate the device on a 3D printer. The printer
parameters and a barrier around the device are written first. The barrier acts to
prime the extruder and reveals errors in the print bed calibration (poor adhesion
from the print head being too far away or flat or split channels from being too
close to the print bed). The features are then written to the file. The Matlab code

works through the feature list, writing g-code based on the type of channel being
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printed and the parameters of the printer and the individual devices. This g-code
can be visualized and sent to the printer using a 3D printer host program. The
designs of each of the devices featured in this work are provided in the

Supplementary Figure 29.

Printing Process

The 3D printing process focuses on efficient use of the printer's
capabilities to print a mold to form channels in PDMS elastomer. The resulting
device is a PDMS device that functions in the same manner as those made in
traditional soft lithography using silicon masters. The 3D printer used dictates the
feature resolution. The Solidoodle printer was able to fabricate channels with
consistent results between prints. The characterization results for the Solidoodle
printer used are shown in Supplementary Figure 30. By directly writing the
microfluidic channel master, designs can be replicated in PDMS, and bonded to
glass within 3hr. Figure 23 summarizes the fabrication process. By comparison,
the conventional process of fabricating a mold with photolithography using SU-8
or DRIE dry plasma etching of silicon wafers can take several days or weeks if
new photomasks have to be ordered rather than fabricated on site.

The resulting printed designs were tested for accuracy by printing a series
of straight channels with increasing numbers of filaments in width and height. For
a single filament extrusion, the channels were on average 180um deep and
940um wide with a standard deviation of 2um and 14um respectively. As the
number of filaments increase in the width of a channel the width increased by
470um (n=3, SD * 240um). Stacking layers to increase the channel height adds
an average of 270um (n=3, SD £ 46um) in channel height. Using a smaller
diameter extruder tip can potentially reduce these incremental dimensions. From
the user defined channel height and width, the feature-based design software
divides the channel into the correct number of filaments to have a channel width
and height as close to the designed value as possible.
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Figure 23 - Fabrication process diagram. (a) The device was printed on a
heated print bed. (b) Acetone was applied to the surface of the device to
anneal the ABS surface. (c) PDMS was cast over the mold, (d) a vacuum
degassed the PDMS, and (e) the heated print bed cured the device. (f) The
device was removed from the bed and ABS mold and (g) bound to a glass

slide.
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Layers of filament that make up the channels were clearly visible and had
a rough surface after printing. Surface roughness of the channels was minimized
through an acetone solvent annealing treatment. The annealing process was
adapted from common 3D printing techniques that use solvents to solubilize the
surface of a printed model to smooth out the layering effect of FDM 3D printing.
Printed models are exposed to an acetone vapor, within a closed container, to
dissolve and smooth the surface. For our process, a small amount of acetone
was applied to the surface of the printed channels using a fine-tip paint brush and
allowed to evaporate with the print bed set to 50°C to accelerate the process.
Temperatures > 50°C caused bubbles in the ABS as the acetone evaporates.
Ultimately, this process removes roughness in the surface and smooths
individual layers from the printing process Figure 24(a) this improves the optical

properties and makes the flow resistance of the channels more uniform.

Applications

To demonstrate the utility of direct write microfluidic designs and 3D
microfluidics using our feature-based design utility, common fluidic architectures
were designed, printed, assembled, and tested. A gradient generator was
fabricated to test the replication of the printing process. Uneven resistance within
the bifurcating channels of a gradient generator will cause variations in the
concentration gradient, indicating variations between the identically designed
channels. The device worked by splitting and recombining channels to form
combinations of the two inlet solutions. The five channels recombine in a larger
channel where diffusive mixing makes a continuous gradient. Solvent annealing
the channels removed microscale irregularities that interfere with laminar flow
and uniform gradient formation (Figure 24a). Fluorescence intensity profiles
(Figure 24e) show a linear decrease in intensity across the combined flow as a
result of combinatorial mixing. Line profiles of the fluorescence in each channel

were taken where the numbers indicate in Figure 24b prior to recombination in
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Figure 24 - Acetone annealing gradient generators. (a) SEM images show
the surface of the ABS mold annealed by applying acetone. (b) A
microfluidic gradient mixer produced using our ABS mold printing process.
(c-d) Images of the device show dilution channels recombining. (c)
Annealing smooths the surface for more even imaging. (d) Non-annealed
device shows rough surfaces from the printing process. () The maximum
fluorescent intensity from the individual channels prior to rejoining shows
greater variability in non-annealed devices. (f) The fluorescent intensity
profile in the channels after recombining show the gradient forming.
Variation in the chamber height from 3D printing causes variation across
the profile deviating from the expected linear gradient.
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the final channel. The concentrations of fluorescein in the annealed device show
lower variability between devices demonstrated by the standard deviation. The
annealed channels had a maximum standard deviation of 0.032, N=3, and the
non-annealed channels had a maximum standard device of 0.16, N=3. The
fluorescence gradient after recombination in the large channel is shown in Figure
24f. The device that was acetone annealed is a better fit to a linear gradient, but
the varying thickness of the chamber complicates the optical measurement unlike
single filament channels prior to joining together.

Two designs for a droplet generator using both a flow focusing design and
a T-junction device were fabricated. Even with larger channel sizes than typical
microfluidic droplet generators, the 3D printed designs were able to form droplets
consistently. Figure 25a-b shows the completed chips bonded to glass and filled
with food coloring as well as the flow-focusing device forming droplets as the oil
phase shears off droplets of fluorescein dye. The droplets formed in both devices
where shown to vary in size as the flow rate of the oil phase was modulated from
2uL/min to 20uL/min with a constant flow rate of the aqueous phase at 1uL/min.
Droplets formed at 20pm/min had a volume of 0.14uL. These are similar to other
droplets formed using 3D printing techniques®8.

3D Microfluidics

The power of using 3D printers is the ability to create microfluidics that are
free to move in all spatial dimensions rather than the planer construction of
conventional techniques. Design aspects of 3D printing allow for the fabrication
of common designs as well as designs that have unique architectures, however,
traditional slicer programs limit the design capabilities by building a device out of
multiple layers of material. The feature-based design software writes paths in the
z-direction continuously to form structures. This ability was used to create

bridges that effectively suspend channels over the printing surface. Figure 26

91



(c

~
(O8]

\ ‘Flow Focussing
*T-junction

—_ &)
h— o bhhwin s
-

Drplet length (mm)

o

(=

0 5 10 15 20 25
QOil flow rate (ul/min)

Figure 25 - Droplet generators. (a) The T-junction device was operated with
the fluorescein flow rate at 1uL/min and the oil at (a1) SuL/min and (a2)
20pL/min. (b) The flow-focusing device operates with the same flow rates.
(b1-2) show the oil channels pinching off a droplet from the fluorescein
channel. (c) Formed droplets are highly replicable and can be controlled by

altering the oil flow rate from 2uL/min to 20uL/min.
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Figure 26 - 3D microfluidics. Using 3D capabilities of the feature-based
software, bridges were printed to create an overlapping design with three
channels from an offset (a) and side (b) view. (d)Top view - overlapping
channels remain separate from one another. (c) Side view - the bridging
structure raises off the plane of the glass slide. The expanded view shows
the printing direction for the bridging structures. (e) The microfabricated
structure along with an inset of the chambers with each channel
independent of one another. (f) Shows 3D printed structures connecting

channels and overlapping to simplify the device control.
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shows bridges created in a braid pattern so that channels can pass across one
another without being connected. Extruding a pillar to a height of 3mm, allowing
the ABS to solidify for a short time, and extending a filament diagonally down to
the final position forms 3D bridge structure. The ABS printed mold is shown in
Figure 26(a) with a side view (b). After casting PDMS over the structures, the
ABS molds were removed with tweezers leaving internal channels without
multiple layers of PDMS. The resulting device was bound to a glass slide to
complete the fabrication Figure 26(c-d).

In order to take advantage of the 3D printing without the drawback of
lower resolution, 3D printed fluidic networks were combined with microfabricated
architectures. These multiscale devices have micro and nanoscale chambers
that are routed to one another with 3D printed channels. By 3D printing new
networks, the microfabricated devices can be repurposed for multiple
experiments without further cleanroom fabrication. Bridges can be incorporated
into the design to overlap network channels and simplify fluidic control of the
device. Figure 26(e) shows a microfabricated device with eight inlets and eight
outlets to individually control each of the four channels of the two devices. Figure
26(f) shows the completed bridged device with the blue and red channels being
controlled through a single inlet and outlet. The two green channels remain
independent and can be changed between the devices, holding the other
chambers constant. This structure can be adjusted to allow for changes in the
operation of the device without further cleanroom fabrication.

Conclusions

The feature-based design software and associated method for direct
molding PDMS microfluidic devices using an FDM 3D printer was shown to be
able to fabricate frequently used microfluidic devices, as well as complex 3D
designs that photolithography or micromachining are not capable of. By

increasing the accessibility of 3D printed microfluidics, the number of applications
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and user base of microfluidics can be broadened. This technology could be
adapted to academia for teaching the basics of microfluidics by taking advantage
of the ease of use and low cost of the approach. Additional work to develop
teaching modules that adjust to the time required to iterate through multiple
designs. Our feature-based design utility allows researchers to fabricate
microfluidics quickly without the need for cleanroom facilities.

The software interface described here was developed to simplify the
design process by giving the user a list of common microfluidic building blocks
that can be combined into novel fluidic architectures. The software controls the
conversion of the design to g-code to improve control of the printing process.
Printing was done using a Solidoodle 4 3D printer, but the Matlab code can be
used with any FDM 3D printer running the Marlin firmware. This technique
fabricates devices in less time, with lower costs, and with similar results to
conventional soft lithographic techniques. The process was shown to be a good
alternative to soft lithography and can be integrated with micro and

nanofabricated devices to reconfigure systems through 3D fluid networks.
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Appendix

Supporting Information

Figure 27 - 3D bridge printing process. The printer extrudes posts, allows
them to solidify, and suspends a filament from the post to the print bed.

The process is done continuously rather than layer by layer.
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capabilities of the printing process.
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CHAPTER 5
CONCLUSION

Biological systems are wonderfully complex and fascinating. Developing
an understanding of this complexity is what gives humans the ability to develop
new medicines, provide food to sustain a growing population, and hopefully
maintain the world we live in. The goal of this thesis was to create microfluidic
technologies that allow for more in-depth studies of the natural world. The scale
and efficiency of microfluidics provide avenues to enhance the experimental
reproduction of the natural world in a way that can be studied. The efficiency of
microfluidics was used to enhance the yields in CFPS reactions geared towards
point-of-use therapeutic protein production. The scale of microfluidics enhanced
culture technigues to study signaling in biofilm formation with nanofluidic barriers.
The final target was to provide new technology in design and fabrication to
broaden the audience of microfluidics using 3D printing. Separately these
concepts touch on different aspects of microfluidics, but together they act to
enhance the interface between researchers and natural systems.

The goal of the first project was to optimize the yield of a CFPS system for
military applications when the cost of transportation is the limiting factor. Many
groups have prioritized a biochemical approach to optimize the utilization of
reactants, but we took a reactor-focused approach by concentrating on how the
scale of the reactor and chemical exchange can increase the yield of the
reaction. The CFPS reaction took place on one side of the reactor while nutrients
and energy would be constantly supplied by the adjacent channel. The
nanofabricated membrane separating the two channels limited transport between
the channels by size exclusion size exclusion. The yield of the system was
increased by using microfluidic channels and decreasing diffusion distances, and

the yield of the exchange reactor after 8 hours was higher than a commercial
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macro scale exchange reactor after 24 hours. The scale of microfluidics alone
increased the efficiency of a CFPS reaction in two different reaction setups.

The field of microfluidics is growing and expanding to incorporate new
technologies to expand the functionality and scale of fluidics. 3D printing is
becoming a prevalent technology used in the fabrication and implementation of
microfluidics. 3D printing technology complements microfabrication, excelling in
larger scales that microfabrication struggles to obtain. While the concept has
been shown, technology specific to 3D printed microfluidics has not been fully
developed outside of a few proprietary applications. The proposed workflow and
design software provide microfluidic specific design tools and a simple and
efficient fabrication process. The purpose of the process is to show what is
possible with 3D printers and encourage people to think beyond the layering
techniques that are ever present in 3D printing. The bridging structures rely on
printing vertically to build 3D structure in a single step rather than layering. The
future for 3D printing in microfluidics is not yet defined, but the opportunities are
rich.

Biofilms composed of synergistic bacteria rely on each other for survival.
The chemical fluxes and gradients that form within a bacterial biofilm change
based on the species present as well as the environment. Developing multi scale
microfluidics allows for manipulation of the physical environment on multiple
levels. Nanoscale pores provide confinement of bacterial cells while providing
chemical communication and nutrient transport between cultures. The
interactions between spatially separate bacterial species were studied using
these microfluidics and were shown to exhibit morphological changes based on
the co-cultured species. Characterization of the transport properties of the
microfluidic device was done using fluorescent dyes and GFP producing
bacteria. Further characterization was done using COMSOL Multiphysics
modeling of the production and diffusion of the signal molecule throughout the

system. The morphology of the S. gordonii cells changed over time when
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cultured with autoinducer two producing F. nucleatum. Developing a better
understanding of the complex interactions within biofilms could influence how we
deal with bacterial cultures.

Individually, these chapters act to provide new insights and technology to
advance the fields of microfluidics, synthetic biology, microbiology. Together they
demonstrate a step forward in interfacing to the natural world. When the spatial
structure of the environment is manipulated on the scale of cells or molecules,
the synthetic environment can be tuned to replicate aspects of the natural
environment or provide access to information not obtainable from nature.
Transparent materials allow for high resolution microscopy. The spatial structure
replicates natural heterogeneity. Or, interactions between bacteria are controlled,
measured, and modeled to build deeper meaning. The multiscale nature of the
applications applies to a broad range of biology and broaden the potential
applications of microfluidics.
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Plasma Bonding Protocol

May 2015

General use protocol for plasma bonding PDMS to glass and silicon.

PDMS to Glass

Process for bonding a PDMS device to a flat glass slide or coverslip

Materials

Fabricated PDMS device
Glass slide or coverslip
Kimwipes

IPA

Scotch tape

Bonding Protocol

Apply a small amount of IPA to the glass slide or coverslip

Wipe the glass clean with a Kimwipe

Cut pieces of tape and use them to cover the side of the glass that will be
bound to the device (This may not be possible with thin coverslips)

Apply tape in the same way to the side of the PDMS device with channels
Remove the tape from both the glass and the PDMS and place them
immediately into the plasma cleaner, supporting them on junk glass slides
Seal the door and turn on the pump

~5 sec. after starting the vacuum, start the plasma generator

When the vacuum reaches an appropriate pressure, the plasma will ignite
Adjust the valve to maintain the plasma

Maintain the plasma for 90 sec.

Turn off the plasma
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Gently vent the chamber (venting too fast may cause things fly around the

chamber)

Remove the glass slide and place it flat on the counter

Remove the PDMS device and immediately apply it to the glass

Use your finger or a pair of tweezers to bond the device completely
Bake at 75°C for 15min.

Plasma Bonding Silicon to PDMS

Process for binding a silicon device to a flat layer of PDMS

Materials

Fabricated silicon device
Flat PDMS slab
Scotch tape

Note: IPA and acetone may be necessary to clean silicon device

Bonding Protocol

1)

2)

3)

4)

5)

6)
7)

Blow off the silicon device with N2 to remove and particles
If pieces of debris remain, rinse with IPA or soak in acetone and rinse with
IPA

a. Dry with nitrogen
Cut pieces of tape and use them to cover the side of the PDMS slab that
will contact the silicon
Remove the tape from the PDMS and place the silicon device and PDMS
immediately into the plasma cleaner, supporting them on junk glass slides
(full wafers can be placed directly in the vacuum chamber)
Seal the door and turn on the pump
~5 sec. after starting the vacuum, start the plasma generator

When the vacuum reaches an appropriate pressure, the plasma will ignite
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8) Adjust the valve to maintain the plasma

9) Maintain the plasma for 90 sec.

10)Turn off the plasma and vacuum pump

11)Gently vent the chamber (venting too fast may cause things fly around the
chamber)

12)Remove the silicon device and place it flat on the counter

13)Remove the PDMS slab and immediately apply it to the glass

14)Use your finger or a pair of tweezers to bond the device completely

15)Bake at 75°C for 15min.
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Form 2 3D Printer Operation:

June 2018

Protocol for operating the Form 2 3D printer and post processing the finished

prints

Materials

IPA

Wipes for cleaning resin

Operation

1)
2)
3)
4)
5)
6)

(Note) Contact Peter Shankles if the resin tray needs to be changed
Design 3D part and export as an STL file

Load STL file into Preform software and layout print

Connect computer to the printer and upload the print files

Follow instructions on the Form 2 touchscreen to start print

Allow print to finish

Post Processing

1)

2)
3)
4)
5)
6)
7
8)
9)

(Note) Clean up drips and spills with IPA and a wipe immediately before
the resin cures

Remove print platform from the printer

Use tools to pry printed part off of the platform

Put the print into the IPA bath and wait 10 min, shaking occasionally
Remove print from the bath and dry with compressed air

Allow the print to dry completely

Bake the print in a 60° oven for 1 hr (Room 105)

Allow the print to cool

Cure in the UV oven for 1hour (rotating as needed to fully expose the

print)
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10)Remove supports and smooth any rough areas with an Exacto knife
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PDMS Casting in 3D Printed Molds

August 2018
Protocol for printing molds using the Form 2 3D printer and preparing them for

casting PDMS over the channels

Materials

IPA
Wipes for cleaning resin
PDMS

Mold Design Considerations

e Design the fluidic channels in a CAD program with a flat base ~2mm thick
to have good rigidity but not use too much resin

e The platform should be large enough to contain the fluidics and have
space to seal to a glass slide ~5mm

e Walls to contain the PDMS during curing should be included around the
base of the mold ~2mm thick and ~5-10 mm high depending on the
desired thickness of the final PDMS device.

e Walls higher than the final PDMS thickness will cause a meniscus to form
around the edges of the device and could interfere with optics at the
perimeter of the final device.

e When designing a device, keep in mind the final application of the device
and plan the size accordingly. Will it fit on a 1x3 slide for microscopy or a
coverslip for confocal experiments?

e The design constraints for molded channel dimensions have not been
completely explored. Channels below 0.5mm have been achieved, but the
roughness of the mold itself may start to interfere with molding below this

point.
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Mold Preparation

Follow 3D printing protocol to print and process the mold

When laying out the mold for printing the supports can usually be
arranged only on the back of the mold to reduce the amount and precision
required in the postprocessing steps.

The mold must be fully rinsed, dried, and cured during the postprocessing
or residual solvents or polymer will result in sticky PDMS after curing.

PDMS Molding and Bonding

1.

9.

© N o g > w D

Cast mixed PDMS into the mold filling to level with the top of the walls of
the mold

Degas in a vacuum chamber

Cure at 75° C for 1.5 hours

Let the mold cool

Remove the molded PDMS with a spatula. The mold can then be reused
Punch inlets and outlets

Plasma bond the PDMS to a glass slide or coverslip

If the roughness of the surface is interfering with bonding the surface can
be smoothed with additional PDMS following steps 9-

Spin uncured PDMS on a 2x3 glass slide

10.Place the channel-side of the molded PDMS down on the PDMS

11.Remove the coated PDMS and place it on a slide or coverslip of desired

size and cure

12.1f a stronger bond is required, the PDMS can be peeled of and plasma

bonded to the glass to form a tight seal
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Fluxion Device Fabrication

June 2016

Process for fabrication of well-plate microfluidics and use on the Fluxion
Bioflux™.

PDMS Device Fabrication and Bonding to the Bottom of a 48-Well Plate

This is the process for bonding a PDMS nanoporous culture chamber
device to the bottom of a 48-well plate and bonding a coverslip to the bottom of
the device. Special care must be taken to ensure the proper replication of

nanoscale features.

Materials

5:1 PDMS

Silicon mold

Polystyrene 48-well plate
3-APTES

Device Fabrication

7) Mix together PDMS and cross linker in a 5:1 ratio

8) Cast PDMS over the silicon mold (15 g)

9) Degas until bubbles are removed

10)Set in a level position and allow to cure at room temperature for 24hr

11)Bake at 75°C for 1 hr.

12)Cut directly around the device and cut around the device again ~5mm
beyond the first cut so that there is no lip when casting the device next
time

13)Remove the outer ring and carefully remove the PDMS device

14)Punch inlets with a 3mm dermal punch
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15)Place on in a 150mm petri dish with the channels facing up (mark the date

on the dish)

16)Bake at 75°C for a minimum of 48 hrs.

Well Plate Preparation

1)
2)
3)
4)

Drill through the bottom of each of the 48 wells with a 3mm drill bit
Drill out every other space between the wells (12 total for the well plate)
Use the side of the drill bit to widen the holes between wells

Use an X-acto knife to remove burrs around each opening

Bonding PDMS to Well Plate

1)
2)
3)

4)
5)
6)

7

8)
9)

Plasma clean the prepared well-plate for ~2min

Mix 100ml of water with 1ml of 3-APTES in a 100ml autoclave bottle.
Pour 3-APTES mixture into shallow dish and submerge plasma treated
well plate

Allow to sit for at least 40 min

Remove the well plate and pour off as much water as possible

Blow off the bottom of the dish with N2 and set aside to dry the rest of the
way

Remove the PDMS device from the oven and place the channels down
onto a 2x3in glass slide and clean the flat surface with tape

Plasma clean the PDMS device for ~1min

Remove the device from the glass slide and bond it to the well plate by

bringing them into contact

10)Remove any bubbles and adhere the device with a pair of tweezers or a

roller

11)Bake the well plate for 15 min

Bonding Glass Coverslip to Well Plate Device

1)

Clean enough 25x50mm coverslips to bond each device using IPA
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2)
3)
4)
5)
6)

7)

Place coverslips onto 2x3 glass slides and plasma clean for 2min
Remove and set aside

Plasma treat the well-plate device for 1:30

Remove the device and place on a flat surface

Quickly and gently bond the coverslips to the device (press the coverslips
onto the PMDS device with a pair of tweezers taking care not to press
directly onto the culture chambers

Place the completed well plate device into the oven for 15min or until it is

ready to be used
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E. coli 502/503 Signaling in Microfluidic Culture Chambers

Protocol

June 2015
Protocol for running cell interaction experiments in the dual chamber microfluidic
culture platform. This protocol work with engineered sender and receiver strains

of E. coli to determine the interactions across a nanofluidic barrier.

Microbe Culture

Process for culturing microbes for use in culture devices

Materials

Fabricated PDMS device (see microbe culture chamber fab protocol)
LB media

M9 media

Kanamycin (50mg/ml stock)
IPTG (1M stock)

15ml. centrifuge tubes

1ml. BD syringes

30G blunt tip needles

Small diameter Tygon tubing
Syringe pump

502/503 plates

Inoculation loops

Kimwipes
Day 1: Media and Device Prep

Media

e Aliquot 10ml of LB and M9 into two 15ml centrifuge tubes
129



e Add 10pul of Kanamycin and IPTG stocks to each of the tubes
a. Final concentrations
I. 50 pg/ml Kanamycin
i. 1mMIPTG

Device Prep

1) Attach a needle tip to 2 syringes and fit a length of Tygon tubing over each
needle

2) Fill the syringe with 0.5ml of prepared M9 media

3) Connect the outlet of each nutrient channel with one of the culture
chambers as shown in the figure below using a short length of Tygon
tubing.

4) Load the syringes into the syringe pump and prime the system by
pumping at 30pl/min until a droplet forms at the end of each tube.

5) Stop the syringe pump and connect the tubes to nutrient channels

Flushing Device with Media

Media\

Media,

Figure 31 - Fluidic connections and flow direction during priming.
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6) Start the pump with a rate of 10pul/hr. and allow to run overnight.
7) Store remaining media at 4°C.

Day 2: Experiment

Culture

1) Remove media from the fridge and add 2ml of prepared LB media to two
15ml centrifuge tubes.

2) Inoculate the tubes with E. coli 502/503 strains using inoculation loop.

3) Place the tubes in a shaker incubator at 37°C for 1hr.

4) After one hour, remove the tubes from the incubator. Centrifuge at
2500rpm for 5 min.

5) Pour off supernatant and replace with 2ml of prepared M9 media.

Plate Reader

1) Load 100ul samples into a 384 well plate with the layout shown below.
a. Co-Culture samples are 50pul of 502 and 50ul of 503 culture.
b. All wells are with M9 media, not LB
c. Position within the plate not important. Leave one blank space to

reduce possible signal bleeding
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Table 2 - Microwell plate layout for baseline 502 and 503 growth and

fluorescence.

Blank Air 503 Air 502 Air Co-
Culture

Blank Air 503 Air 502 Air Co-
Culture

Blank Air 503 Air 502 Air Co-
Culture

2) Plate reader protocol: Fluorescence_absorbance_timeseries

3) Change protocol to include the correct wells

4) Change plate layout to match

5) Run experiment (log the time in the google calendar so that others know)

Device

1)
2)
3)

4)

5)

Remove the short lengths of tubing that redirected flow from the nutrient

channel outlets to the chamber outlets.

Attach a blunt needle tip and Tygon tubing to two syringes.

Draw 200-300ul of 502 and 503 culture into the prepared syringes.

Prime the syringes by pressing the plunger until a droplet formed at the

tip.

Insert the tubing into the culture chamber inlets. The figure below shows

the flow.
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Loading E. coli strains

Media \ ’

Sender M) S w—

Receiver- -

woda \

Figure 32 - Fluidic connections and flow direction during experiment.

6) Monitor loading with a microscope.

7) Adjust the syringes to achieve a slow flow of cells through the device.

8) To start the experiment, cut both culture tubes just above the inlet. This
stops flow without causing negative pressure associated with pulling out
the tubes.

9) At this point, the media channels should be the only part with flow.

10)Take a phase contrast image and a FITC image every 15min.

11)Continue to take images over a 6 hour period.
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Protocol for Analyzing Cell Chamber Pictures

May 2015
This protocol covers early analysis that was done on cell culture images of

culture chambers. Current protocols were covered in chapter 4.

Required Software

ImageJ (FIJI)
StackReg (http://bigwww.epfl.ch/thevenaz/stackreg/)
TurboReg (http://bigwww.epfl.ch/thevenaz/turboreg/)

Bright Field Images for OD Measurements

1) Stack pictures
a. Highlight in folder and drag and drop them into Image J
b. Image -> Stack -> Images to stack
I. If the last picture is put on the front of the stack
ii. Image -> Stack -> Delete Slice
iii. Drag and drop the last picture into imagej
iv. Image -> Stack -> Tools -> Concatenate...
v. Hit enter
vi. Save the stack
2) Align Images
a. Plugins -> StackReg
b. Hit enter
3) Set Threshold
a. Image -> Adjust -> Threshold...
b. Adjust limits until the background is removed
c. Apply black and white filtering
4) Remove any features that bled through the threshold with the paintbrush
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5) Select each chamber taking care to not include white space and the edge
of the image
6) Measure Areas
a. Analyze -> Measure
b. Do this for each slice (press m)
c. Copy into Excel
7) Get percent area covered
a. area = l-(average intensity)/255
i. For 8-bit images
8) Graph

FITC Images for Signal Response

1) Stack pictures as before
2) Align images
a. Plugins -> StackReg
b. Hit enter
3) Select each chamber taking care to not include the edge of the image
4) Measure the intensity of the chamber
a. Analyze -> Measure
b. Do this for each slice (press m)
c. Copy into Excel
5) Remove background
a. Average intensity of 503 chamber — average intensity of 502
chamber
b. Do this for each time point
6) Normalize the intensity for cell density
a. Removed background intensity / %area for 503 BF images
7) Graph
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