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ABSTRACT 

 Bacteria are ubiquitous organisms that play a role in nearly every facet of life 
from health to the environment.  A majority of bacteria live in synergistic communities 
but many of these bacteria have yet to be cultured and studied in the laboratory.  The key 
to producing new drugs and treating incurable polymicrobial diseases may lie in these 
uncultured organisms. The objective of this dissertation is to develop a microdroplet 
platform for co-cultivation and characterization of mixed populations that will enable 
study of novel bacteria and interactions in microbial community.   
 Previously, our lab successfully developed a proof of concept droplet generation 
device for co-culturing E. coli.  In this dissertation, we continue this work by developing 
microfluidic technologies to analyze droplets after cultivation.  We first developed a 
device that can separate droplet content.  Using streptavidin-functionalized beads, we 
bound targeted biotinylated microparticles in droplets.  Then, using a pneumatically 
operated separation device, the series of posts in the device trap the beads while the 
remaining droplet content is removed.  The bound targets can be re-encapsulated in a new 
droplet generated on-chip.  We were able to achieve up to 98% purity and 100% yield 
using this device.  
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Next, we developed a device for separation and dispensing of single droplets.  
This device is a pneumatically operated two-layer device with a partially closed valve.  
We tested this device using E. coli cultures in droplets and subsequently amplified the 
DNA in each isolated droplet.  We verified the fidelity of amplification by RT-PCR and 
whole genome sequencing and showed that the whole genome from each droplet 
dispensed was successfully amplified.  Finally, we demonstrated multi-species 
amplification in droplets using E. coli and P. putida and verified with RT-PCR both 
genomes could be amplified regardless of composition.   

Using this technology, we developed a platform for co-cultivation of human gut 
bacteria in droplets and used sequencing to elucidate interactions between cultured 
species.  Droplets containing different initial cell numbers and media were incubated 
under anaerobic conditions. The droplets were then isolated individually for DNA 
amplification.  After amplification, we sequenced the DNA and analyzed one meta-
genome to determine functional relationships between two species in a droplet.  We 
found complementary amino acid metabolism pathways for valine, leucine, isoleucine 
and lysine between the two species as well as differing glycan metabolic pathways in the 
two species.   

This platform was re-adapted for cultivation of endosymbiotic bacteria in 
tunicate.  We developed a methodology for extracting endosymbionts from tunicate cells 
and verified by T-RFLP analysis.  Subsequently, the extracted bacteria were cultured in 
droplets using media from the host extract.   

This dissertation demonstrates a microfluidic platform for stochastically 
decomposing complex microbial communities into manageable subsets for studying 
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bacterial interactions using co-cultivation and DNA sequence analysis.  This is a 
powerful tool for high-throughput cultivation and analysis with small sample sizes.  
Using this platform, we can isolate, culture, and characterize specific interactions 
between bacteria within a microbial community providing insight that culture-
independent metagenomic analysis cannot.   

 



 1

 

Chapter 1  
Research Objective and Background 

1.1 Microbial Communities 
 Bacteria are the most prevalent organisms on Earth.  Some species have been well 
characterized and engineered for various applications such as production of biofuels and 
value commodities. A majority of these bacteria exist in microbial communities, defined 
as a multi-species assemblage where bacteria as well as fungi and archaea live in a 
contiguous environment and interact with one another [10].  In the human body, 
microbial communities exist in various body sites including the mouth, gut, skin, and 
urogenital regions [11].  In each of these various sites, species can vary greatly with each 
site having it’s own unique community as seen in Figure 1.1 and collectively, these 
communities define the human microbiome through their complex interactions with the 
human body.  In fact, the bacteria from the human microbiome outnumber human cells 1-
to-1 [12] demonstrating just how prevalent bacteria are within the human body and how 
important they are to its function.  Microbiomes are also unique to each person with a 
number of factors affecting the composition including lifestyle (e.g. diet and exercise), 
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environmental exposures (e.g. place of residence or work), genetic factors, immune 
system, and disease (Figure 1.2). However, it has been estimated up to 99% of all the 

Figure 1.1: The locations of microbial communities typically found on the human body
and the s compositions within each community.  The microbial communities vary in 
function and diversity depending on the various body sites.  Adapted from [3]. 
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bacteria in the world have yet to be studied, let alone cultured in the laboratory [13-15].  
These uncultured bacteria could be used to treat diseases, produce highly desirable 
chemicals, and clean up contamination in the environment.  This is because these 
microbial communities are complex and not well understood due to the innumerable 
interspecies interactions [16].  These interactions can range from mutualistic to parasitic 
and everything in between [17].  Very few of bacteria that exist have been isolated and 
characterized and even fewer interactions between bacteria have been analyzed.  

Studying and understanding these bacteria is paramount for future advancements in 
human health.  As the number of antibiotic resistant bacteria continues to rise [18], new 
strategies must be developed to prevent this increasingly alarming phenomenon.  
Microbial community interactions in humans could be utilized to naturally fight these 
infections rather than using antibiotics that select for and proliferate these resistant 

Figure 1.2:  Examples of the various factors that affect a 
microbiome’s composition. In some cases, the microbiome can 
affect these factors such as immunity and environment.  Figure 
adapted from [4] 
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bacteria.  Beyond this issue, microbial communities that are part of the human 
microbiome can potentially treat other diseases such as obesity and diabetes as previous 
studies have indicated a link between microbiome composition and these diseases.  
Understanding these microbial communities will allow us to understand the microbiome 
better, but we must be able culture and analyze the bacteria within the community.  To do 
this, co-cultivation methods must be used to study these bacterial interactions within a 
community.  

The barriers to culturing many unculturable bacteria include unknown nutrient 
requirements, culture bias [19], oxygen concentrations, and bacterial interactions.  
Obtaining site-specific media and controlling oxygen exposure to the bacteria can address 
the first few challenges.  However, bacterial interactions pose a bigger challenge 
especially when dealing with more complex communities.  Bacterial interactions are 
extremely important in understanding microbial communities, as these interactions are 
the basis for why these communities thrive where single species of bacteria might fail.  
As previous studies have indicated [20], biotic and abiotic stresses on bacteria such as 
invaders and lack of resources are better handled with more diversity within a 
community.  Many species in the community might create niche roles for themselves, 
thus relying on other species for other vital functions.  While these properties enable 
species to thrive in nature, isolation of individual species for further study in the 
laboratory is difficult as many species are unable to be cultured without it’s necessary 
partners.   

There is a need for laboratory techniques focused on co-cultivation but performed 
in a high-throughput manner.  Challenges include the need to select specific species to 
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pair and the sheer number of possible pairings. Conventional laboratory culturing 
equipment such as flasks and 96-well plates are not sufficient when working with 
communities of hundreds of different species.  Instead, modern microbiological 
techniques to study microbial communities focus primarily on DNA analysis detailed in 
the next section.   
1.2 Microbial Community Analysis Techniques 
 Microbial community analysis has made significant progress over the last few 
decades with the advent of next generation sequencing technology [21,22].  Many 
traditional techniques are still useful for partial community analysis such as Polymerase 
Chain Reaction (PCR) (conventional or quantitative), Terminal Restriction Fragment 
Length Polymorphism (T-RFLP), and Fluorescence in-situ Hybridization (FISH).  Whole 
community analysis methods such as whole genome sequencing, metagenomics [23], and 
metaproteomics [24] are more useful for whole community analysis and in-depth studies.  
See Figure 1.3 for a full list of analysis techniques.   

PCR is a popular technique for partial community analysis because it is easy to 
use and results can be achieved quickly.  Many techniques in PCR of microbial 
communities use the 16S rRNA gene, the workhorse of microbial community analysis 
[25], as it is a gene found in all bacteria consisting of many regions.  Each region is either 
a conserved region (universal across all bacteria) or a variable region (different for each 
species) and these regions alternate to make up the 16S gene.  In bacteria, there are 9 
variable regions separated by conserved regions.  Using this knowledge, microbiologists 
have devised various methods to identify community composition and individual species.  
One technique is identifying unique species by using the known variable region 
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sequences of the target. [26,27]  During PCR, only the target’s 16S sequence will be 
amplified. Sanger sequencing of the amplified DNA allows for target verification by 
comparing the amplified sequence to the target’s sequence.  Target specific PCR is only 
useful for partial analysis of specific species and only applicable for known 16S rDNA 
sequences.  It cannot be used on a community to identify all species in the community.  
To characterize the number of species and abundance in a community, T-RFLP [28] is 
often used.  In T-RFLP, the 16S rDNA of all species in a community is PCR amplified 
and fragmented by enzyme digestion.  The fragment located at the beginning of the 16S 
is fluorescently tagged during amplification.  Gel electrophoresis separates the fragments 

Figure 1.3:  Chart demonstrating the two types of molecular analysis methods for microbial 
communities.  Partial community methods are typically cheaper and faster to perform, but provide 
limited information about the community.  Used for fingerprinting the community.  Whole 
community methods take longer and cost more to perform, but provide more in-depth information. 
Adapted from[5] 
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and as each species will have a different length fragment, each fragment length represents 
a species in the sample.  In addition, fluorescence intensity also quantifies abundance of 
each species.  See Figure 1.4.  T-RFLP does not identify species unless fragment length 

for each species is known.   
It is possible to study some communities when the number of species is low using 

PCR or T-RFLP, but many communities found in the human gut or mouth can contain up 
to a thousand species [29]. Whole genome sequencing allows for a better understanding 
of the functionality of the species within their genetic make-up.  It will reveal 
relationships between different species in a community and allow us to understand what 
role each species plays.  Sequencing technology from Roche©, Ion Torrent©, Pacific 
Biosciences©, and Illumina© have drastically altered the way microbial communities can 

Figure 1.4: Flow diagram of the process of T-RFLP.  The DNA is extracted from the all bacteria 
and PCR is performed to amplify the 16S gene.  Primers targeting the conserved regions amplify 
the 16S of all bacteria and a fluorophore is attached to the forward primer.  Enzyme digestion 
breaks down the 16S in pieces where each resulting fragment containing the adapter is detected 
after an electrophoresis separation.  The resulting fragment length and fluorescent intensity 
approximates number of species and relative quantity.  Adapted from [2] 
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be analyzed.  Sequencing can provide species number, abundance, and whole genomes.  
And as sequencing technology improves, it has become possible to study more diverse 
communities more accurately.  A comparison of the current sequencing technologies is 
show in Figure 1.5. Sequencing technology still has many challenges such as incorrect 
reads, gaps, and sufficient read lengths [30] that can hinder accuracy of genome 
construction at low coverage. Cost and time are other barriers, as larger read numbers 
requires thousands of dollars and can require weeks to months including library 
preparation and data analysis.  Finally, sequencing still fails to address features of the 
community such as cell morphology, spatial and temporal data, and interactions within a 
community. When looking at complex communities, it is difficult to identify interactions 
when looking at the enormous data sets generated through sequencing.  One opportunity 
that addresses this issue is microfluidic technology, which can aid in isolating 
interactions within the community.  

Figure 1.5: Comparison of different sequencing technologies 
currently on the market.  Adapted from [6] 
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1.3 Droplet Microfluidics 
Droplet microfluidics is the manipulation of discrete volumes of fluids in 

immiscible phases under laminar flow regimes. [31] Recently, droplet microfluidics has 
become powerful tool for studying biological systems because it provides two important 
functionalities: stochastic confinement and high-throughput analysis.  Droplets in this 
dissertation are defined as discrete volumes generated by two immiscible phases.  The 
continuous (outer) phase is oil and the discontinuous (inner) phase is aqueous. The 
mechanism by which these droplets form is the competing stresses created by the 
interfacial tension and viscosity difference. [32] The interfacial tension reduces the 
interfacial area while the viscous stress drags this interface downstream.  The Capillary 
number, a dimensionless parameter, defines these two properties (interfacial and viscous 
stress) as show here: 

=   (1) 

where Ca is the capillary number, η is the dynamic viscosity, U0 is the characteristic 
velocity, and γ is the interfacial tension.  The Capillary number is the governing force on 
how droplets are generated.  At low Capillary number (Ca < 10-2), the interfacial forces 
are dominant and ratio of flowrates between the two phases governs the droplet 
formation.  At high Capillary numbers (Ca > 10-2), the viscous forces are dominant and 
the channel dimensions, channel geometries, and fluid flow properties control droplet 
formation. [33] There are three primary channel designs for droplet generation: co-flow, 
T-junction, and cross-flow.  
 When usedd in microfluidics, droplets are generated in a high-throughput manner 
to produce large quantities in short time frames (up to 1000 droplets/second).  The ability 
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to generate large numbers of samples makes this a powerful tool for many biological 
applications such as PCR and cell cultures [34].  Current technology for PCR and 
culturing are limited by the equipment capacity (up to a few hundred simultaneous 
operations) and cannot achieve the throughput droplet microfluidics can.  Furthermore, 
surfactant additions allow for multiple droplets to remain in contact with one another for 
extended periods of time allowing for bulk droplet storage for cell culturing [35,36].  
Manipulation to perform analysis in droplets such as merging/reagent addition [37,38], 
splitting [39], and sorting [40] have been developed (Figure 1.6), collectively providing a 
powerful asset in studying systems like microbial communities.   
1.4 Droplet Microfluidics for Microbiological Applications 
 Droplet microfluidics solves two of the biggest challenges facing microbiological 
studies: the ability to isolate single cells from a bulk sample into individual compartments 
and high-throughput culturing and analysis.  This enables us to study bacterial 
interactions by partitioning complex communities into smaller subsets, addressing the 
challenge meta-genomic approaches faces with respect to communities being too 
complex to decipher interactions. Technologies beyond generation of these droplets allow 
for rapid downstream analysis.  A comparison of some different approaches for culturing 
bacteria including droplet microfluidics is show in Figure 1.7.  

The usage of droplet as micro-reactors for microbiology began in 1954 when 
Joshua Lederberg used mineral oil on glass slides to separate and compartmentalize 
bacteria in a sample. [41] Since then, droplet microfluidic applications for microbiology 
has rapidly expanded into applications for screening enzymatic activity [42,43], anti-
bacterial susceptibility [44,45], and directed evolution [46,47].   
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Additionally, droplet microfluidics for studying bacterial physiology and 
interactions has been demonstrated.  Gordrian et al. were the first to demonstrate this 
technique using droplet plugs to isolate and culture single cells from an environmental 
soil sample. [48]  Work by Park et al. used symbiotic E. coli strains to show bacterial 
interactions are observable in droplets (Figure 1.8a). [49] Additionally, Weitz et al. 
demonstrated the use of droplets for bacterial communication by diffusing signaling 
molecules from one droplet to another (Figure 1.8b).  [50] Finally, Ma et al. utilize 

Figure 1.6: (a) Droplet generation on a flow focusing device (b) Bulk volume of droplets in a PCR 
tube (c) Device for reinjecting formed droplets into another microfluidic device (d) Reagent injection 
device for droplets (e) Droplet splitting device (f) Droplet sorting device based on fluorescence signal.  
Adapted from [4] 
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droplets to perform single cell culturing from the human gut and successfully isolated a 
previously unculturable bacterial species. [51] Droplet microfluidics offers an innovative 
way to approach studying microbial community.  However, microfluidic technologies 
that allow us to manipulate these droplets after cultivation for analysis such as dispensing 
and content separation need to be developed.  In this dissertation, we seek to address 
some of these needs.   

Figure 1.7: Different techniques for culturing bacteria.  Droplet microfluidics offers both finee-
tuned control and rapid parallelization.  Future techniques could expand further with the 
addition of media exchange and higher throughput.  Adapted from [6] 
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1.5 Dissertation Overview 
 To advance the field of droplet microfluidics for cultivation and analysis of 
natural microbial communities, we first designed a microfluidic device for separation of 
droplet content by using surface functionalized beads in chapter 2.  The device is 
pneumatically operated and has a series of posts capable of trapping beads of a desired 
size.  These beads can capture a target by the streptavidin-biotin bond within a droplet.  
During device operation, the bead(s) bound to the target are trapped at the posts while the 
remaining droplet content is removed.  Then, a new droplet can be generated in the 
device to recapture the bead(s) containing the target to complete the separation process.  
We demonstrated the efficacy of this device by separating biotinylated microparticles 
from non-biotinylated microparticles.  Potential applications for this device include 
separation of desired targets within a droplet and removal of undesirable content.   

Figure 1.8: (a) Figure adapted from Park et al. demonstrating co-cultivation of symbiotic E. coli
strains. [5]  The two E. coli strains are auxotrophic with knockouts for Tryptophan (red 
fluorescence) and Tyrosine (green fluorescence) capable of cross-feeding the component the other is 
lacking.  Droplets containing both species grew after incubation but droplets containing only one 
species do not grow.  (b) Demonstration of bacterial communication using droplets (Weitz et al.).  
[13] Bacteria only fluoresce when AHL diffuses from a sender droplet to the recipient droplet 
containing the bacteria.  Bacteria closer to the vicinity of the sender droplet receive higher 
concentrations, thus fluoresce more intensely than droplets further away. 
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In chapter 3, we continued device development by designing and fabricating a 
pneumatically operated droplet spacing device.  The device is two layers with a partially 
closed valve that spaces and dispenses a bulk volume of droplets.  We combined the 
device with Multiple Displacement Amplification (MDA) on E. coli bacteria after 
cultivation and dispensing to demonstrate whole genome amplification of low cell 
material from droplets.  We further analyzed the resulting amplicon to determine fidelity 
and bias of amplification.  This process was reapplied to multiple bacterial species for 
feasibility on microbial communities.  This device was combined with co-cultivation and 
sequencing to develop a platform for studying microbial communities. 

 To demonstrate the droplet cultivation and analysis platform we have developed, 
we co-cultured bacteria from the gut obtained from human fecal samples in droplets in 
chapter 4.   Using different media and cell concentration conditions, we successfully 
cultivated various species within each droplet.  We isolated several droplets via spacing 
and dispensing and amplified the DNA via MDA.  After some preliminary DNA analysis 
using T-RFLP and cluster analysis to screen for ideal samples, we performed whole 
genome sequencing.  After sequencing analysis, we found some gene complementarity in 
amino acid metabolic pathways between two potential species in a droplet. 
 Finally, in chapter 5 we worked with the droplet microfluidic system to attempt 
culturing endosymbiotic bacteria found in tunicate, a marine animal in the Caribbean.  
First, techniques for extracting the bacteria from within the eukaryotic cells were 
developed. Using PCR and T-RFLP, we successfully identified the presence of the target 
within our extracted samples.  We cultured the extracted bacteria in droplets and were 
able to culture a bacterial species.  However, upon further analysis, we found the species 
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cultured was not the target.   Ultimately, we developed a method for extracting and 
culturing endosymbiotic bacteria in droplets. 
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Chapter 2  
Bead Mediated Separation of Droplet Content 

2.1 Summary 
Separation of components such as particles and cells in droplets is important and 

highly desired in droplet microfluidic assays.  Bead-based microfluidic techniques offer 
an approach that uses the bead’s solid surface to immobilize targets like particles or 
biological material.  We demonstrate a bead-based technique for exchanging droplet 
content by separating fluorescent micro-particles in a microfluidic device.  The device 
uses posts to filter surface-functionalized beads from a droplet and re-capture the filtered 
beads in a new droplet.  With post spacing of 7 µm, beads above 10 µm had 100% 
capture efficiency.  The efficiency of this system was determined using targeted particles 
that bind onto the functionalized beads and are, therefore, transferred from one solution 
to another in the device.  The microfluidic device successfully separated the targeted 
particles from the non-targeted particles with up to 98% purity and 100% yield.  
2.2 Introduction  

Bead-based microfluidic technology has been used extensively in research in 
recent years for applications such as protein analysis [52,53], bacterial detection systems 

This chapter was partially modified from a previously published work by Wang et al. [1] 
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[54,55], and other biological applications [56,57].  Bead-based microfluidic systems hold 
many advantages over conventional techniques including low reagent consumption, faster 
reaction times and high sensitivity [58]. These systems pair well with droplet 
microfluidics as droplet-based devices offer the same advantages and can be used for the 
same types of applications [34]. Previous papers have demonstrated the use of droplet 
microfluidics for PCR [59,60], cell growth, and cell sorting [40,49,61]. In these 
applications, droplets must remain intact and distinct from one another for long periods of 
time.  To keep droplets separated requires the use of surfactants to decrease surface 
energy and prevent droplet merging [35].  However, difficulties arise when droplets need 
to be manipulated for further downstream analysis.  In particular, techniques such as 
merging [37,38] and separation of droplet content become challenging since these actions 
require the manipulation of the droplet interface.  Additional challenges to designing a 
viable method for these techniques include the need to maintain separate and distinct 
droplets after performing the manipulation.   

Separating components in a droplet or moving a component from one droplet to 
another is a complex technique that is important in assays.  The goal of the technique is to 
maintain a component or target in the droplet while removing the rest of the unwanted 
solute and solution, and the technique should ultimately be achieved in a high-throughput 
manner.  State-of-the-art work in the segregation of droplet content focuses primarily on 
two areas: electrowetting on diodes (EWOD) and magnetic particles to separate droplet 
content.  EWOD manipulates the effective droplet surface tension and wetting properties 
by an electric field [62,63].  Various techniques such as merging, splitting and separation 
have been demonstrated in previous works using this concept [64-66].  Techniques using 
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magnetic beads bind the target and separate them from the rest of droplet by a magnetic 
field generated on-chip. Works by Brouzes et al. and others focus on separating content 
by pulling magnetic beads in one direction while the rest of the droplet is split [67-70].  
Another paper by Kim et al. demonstrates the separation by pulling the magnetic beads 
through a series of aqueous and oil phases separated by posts [71]. All of the above-
described systems require fabrication or use of an electric or magnetic system on-chip.  
Some other works have demonstrated separation or enrichment using acoustic waves 
[72,73] or flow fields [74,75]. 

We fabricated a PDMS particle separation device that uses surface functionalized 
polystyrene beads to capture target particles capable of separating surfactant-stabilized 
droplets.  Beads are trapped in a row of posts, and a new droplet is generated on-chip to 
re-encapsulate the trapped beads thus retaining the target particles. We determined 
optimal operating parameters and demonstrated successful capturing of the particles.  
Then we tested the capability of the bead’s binding to the target particles.  Finally, using 
our device and surface functionalized polystyrene beads, we demonstrated the exchange 
of droplet content during which targeted particles were retained whereas non-targeted 
particles were removed. 

2.3 Materials and Methods 
2.3.1 Materials 
 Beads for testing capture efficiency at the posts were 1.99 µm (Spherotech), 4.16 
µm (Spherotech), 6 µm (Interfacial Dynamics Corporation), 7.32 µm (Bang Laboratories, 
Inc), 8.62 µm (Polysciences, Inc), 10.2 µm (Spherotech), 11.3 µm (Spherotech), and 16.2 
µm (Spherotech) in average diameter.   
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In droplets experiments, the continuous oil phase was fluorocarbon oil (HFE-
7500, 3M) containing 2% perfluoropolyether-polyethyleneglycol surfactant (RAN 
Biotechnologies).  It was made with 10% stock solution through sonication and dilution 
into a 2% solution.   The dispersed aqueous phase consists of 1X PBS (Fisher Scientific) 
with 0.05% Tween-20 (Sigma Aldrich) in the original and recaptured droplets.  14-17.9 
µm diameter polystyrene beads functionalized with streptavidin (Spherotech) were used 
as the capturing beads. Pink fluorescent polystyrene particles with diameter range of 1.7-
2.2 µm (Spherotech) were used as the target particle.  Green fluorescent latex beads 
(Polysciences, Inc.) with diameter range of 1.7-2.2 µm were used as the non-target 
particle.   Polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer, Dow 
Corning), silicon wafers (Silicon Valley Microelectronics), and SU-8 (Microchem) were 
used for device fabrication.    
2.3.2 Fabrication of PDMS Device 

Photomasks were designed on L-Edit and made in the Lurie NanoFabrication 
Center at the University of Michigan. The SU-8 mold was made by negative etching on a 
silicon wafer.  The silicon wafer was spin coated with SU-8 2035 at a thickness of 50 µm.   
The wafer was pre-baked at 65°C and then at 95°C.  The wafer was then exposed and a 
post-exposure bake was performed at 95°C.  After baking, the wafer was silanized with 
(tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane using a desiccator.  PDMS was 
poured on top of the SU-8 mold, vacuumed to remove air bubbles and heated to solidify 
the polymer.  The devices were cut, punched with holes to create openings for the 
channels, and bonded on glass slides using plasma-activated bonding using a corona 
discharge wand.    
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2.3.3 Particle Binding to Beads 
Streptavidin beads were mixed with pink fluorescent biotinylated particles, green 

fluorescent non-biotinylated particles, and a combination of both at various ratios in 100 
µL of 1X PBS with 0.05% Tween-20.  Beads and particles were incubated overnight in 
room temperature or on a Fisher Scientific vortexer mixer set to shake at a setting of 1 
(300 rpm) in a micro-centrifuge tube. Beads and particles were centrifuged at 5,000 rpm 
on a centrifuge for one minute. Resuspension was performed using a vortexer set at max 
rotational speed (3200 rpm).  Beads were separated from non-bound particles by a 5 µm 
filter.  The beads were washed off the filter and resuspended in PBS. All counting of 
particles bound was done via microscopy by fluorescence to identify targeted and non-
targeted particles.    

Beads and particles were counted using a hemocytometer to determine their 
concentrations.  They were then diluted to generate one streptavidin-functionalized bead 
and 25 mixed targeted and non-targeted particles per droplet.  Droplets were generated on 
a flow-focusing PDMS droplet generation device. Droplets were collected using an 
Eppendorf tube that has tubing and a syringe connected to it.  Droplets were incubated 
overnight at room temperature.   
2.3.4 Droplet generation and device operation 

The device was operated using pressurized air to flow the droplets and solutions 
in the channels. Droplets were introduced in the droplet inlet/collection channel by 
applying pressure to the syringe connection.  There were three inlets connected to the 
pressure source by a syringe tip, tubing and syringe.  The pressure was controlled by a 
voltage box, which regulates the pressure range between 0-5 psig.  The voltage was 
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regulated using a LabVIEW program.  Droplets previously generated were introduced by 
applying a pressure of 0.028 to the droplet inlet channel. A pressure of 0.016 psig was 
applied to the spacing oil channel and aqueous channel while flowing the droplet toward 
the post region.  Once the bead has been captured, the pressure in the aqueous phase was 
increased to 0.020 psig to generate a plug.  The pressure was decreased to 0.016 psig 
once the plug has been generated.  The pressure was turned off once the plug has re-
encapsulated the bead and the plug becomes the desired droplet size.  Droplets that 
contain the retained beads and particles were taken out of the device through the droplet 
inlet.  All counting of particles bound was done via microscopy by fluorescence to 
identify targeted and non-targeted particles.  
2.4 Results and Discussion 
2.4.1 Device Operation and Characterization   

To perform the complete process of droplet separation, two steps are needed: 
separation of the target from the droplet and re-encapsulation of the target in a new 
droplet (Figure 2.1a).  For the purposes of this chapter, droplets were generated on a 
separate device.  The generated droplets contained beads and target micro-particles, 
which bind to the surface of the bead via streptavidin-biotin.  Non-targeted micro-
particles with no surface functionalization were used for the negative control.  The 
microfluidic device has several features that were used to capture the beads, generate new 
droplets and recapture the beads.  Droplets can be introduced from the inlet channel and 
become trapped at the posts located downstream of the main channel (Figure 2.1b).  New 
droplets were generated in the channel labeled aqueous phase at the T-junction with the 
main channel. The beads that were trapped can be recaptured with the newly generated 
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droplets and removed from the device through the droplet inlet channel.  The device 
operation process is summarized in Figure 2.2a-d.  The images demonstrate the ability to 
transport and store an intact droplet out of the device for downstream analysis.  

 Initially, the capture region of the device was designed with 6 µm gaps to 
maintain feasibility of fabrication while remaining viable for usage of different sized 
beads. However, the actual post spacing was measured to be between 7-8 µm due to 

Figure 2.1: (a) Overall operation of separating a target in a droplet and recapturing 
the target in a new droplet. (b) Schematic of the device used for the droplet 
separation device.  Zoomed in image A shows the dimensions of the main and side 
channels.  Zoomed in image B shows dimensions of the posts for bead capturing. 



23 
 

deformation of the device during fabrication.  The device is designed so that only a single 
droplet is moved to the posts, preventing multiple droplets from entering this region 
and/or merging into larger droplets.  When a droplet reaches the posts, the resistance in 
the channel increases due to the surface tension of the droplet and the resulting resistance 
applied the post.  The increase in resistance prevents subsequent droplets in the inlet 
reservoir from entering the channel.  This phenomenon ensures that only a single droplet 
can be separated at any one time.  To ensure that subsequent droplets do not enter the 
channel once a droplet has completely passed the posts, the pressure applied to the inlet is 

Old Droplet New Droplet  Bead Targeted 
Particle

 Non-Targeted 
Particle

Flow

Flow

Flow

Flow

"

#

$

%

b

c

d

e

f

a 

b 

c 

d 

Figure 2.2: (a-b) Schematic and images shows process during bead capture and 
target separation.  (c-d) Schematic and images shows process of bead re-
encapsulation.  Note for image that shows two beads that the beads were overlapped 
in the previous image.  
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adjusted.  Note that, because the presence of the posts increases the fluidic resistance, 
pressure at the aqueous and spacing oil reservoirs also had to be increased slightly.  In 
addition, 90-degree bends in the oil and aqueous channels increased resistance in those 
channels.   
 Accurate pressure settings are crucial for successful device operation. Laplace 
pressure required to push the droplet through the inlet was determined by the Young-
Laplace equation: 

where ΔP is the Laplace pressure, γ is the surface tension of the oil with surfactant, R1 
and R2 are the principle radii of curvature and θ is the contact angle.  The droplet was 
assumed to have a spherical shape for the radii of curvature.  The surface tension (~5 
mN/m) of the oil with surfactant was determined from a paper by Brousseau et al. [76] 
that studies the effects of the surfactant FC-40’s (similar perfluorinated surfactant) with 
HFE-7500 (same oil).  Experimentally, the contact angle was observed to be 
approximately 60-70° before the droplet enters the post region.  The Laplace pressure 
was calculated at least 0.210 psig.  The experimental Laplace pressure needed to push the 
droplet through the post was 0.044 psig indicating a higher contact angle (approximately 
86° in the post region). This difference could be a result of many factors including 
differences in shape at the post edges and dimensions of the post channels.  New droplets 
were generated by calibration of pressures in the channels to ensure that the bead remains 
trapped on the posts while a new droplet is being generated.  When the plug is being 
pushed through the posts, the final size can be manipulated by stopping the flow when the 
plug becomes the droplet of desired size. The total time of operation for the device is 3-4 

 = 1 + 1 cos  (2) 
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minutes per droplet. To test the optimal bead range for capturing at the posts, beads 
ranging from 2 µm to 16 µm were introduced into the device’s filtering region and the 
number of beads captured was counted manually via microscopy.  The different sized 
particles will determine the minimum size at which all beads will be captured to ensure 
no beads are lost during the capture process. For device post spacing of 6 µm, beads of 6 
and 7 µm diameters were captured at 10-20% efficiency (Figure 2.3).  During the 
fabrication process, the posts were distorted due to the elastic nature of PDMS, which can 
deform the post spacing width that results in gap sizes greater than the designed size. 
Measurement of gap size by image analysis shows the constriction size can increase up to 
8 µm.     For bead with diameters greater than 10 microns, 100% of the beads were 
captured at the posts.  For maximum capturing efficiency, beads to be captured should be 

Figure 3: Percentage of beads captured between the post spacing with varying bead size.  100% 
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Figure 2.3: Percentage of beads captured between the post spacing with varying bead size.  100% 
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50% greater than the designed gap size.  
2.4.2 Targeted Particle Binding to Functionalized Beads 

To ensure efficient separation of targets from non-targets in droplets, optimal 
conditions for binding biotinylated particles to streptavidin-functionalized beads were 
determined. Polystyrene beads with streptavidin-functionalized surface were mixed with 
polystyrene particles with biotin-functionalized surface in the aqueous phase to determine 
the maximum extent to which they bind.  For quantification, pink fluorescent biotinylated 
particles were the target and green fluorescent non-biotinylated particles were the non-
target (Figure 2.4a-b).   
 There were several factors that influenced the binding of the target and non-target 
particles to the beads (Figure 2.4c).  For particles successfully bound, increasing the ratio 
of biotinylated particles to streptavidin beads proportionally increased the number of 
particles bound.  On average, no shaking during binding improves the number of particles 
bound most likely due to decreased shear between the particles. In addition, the absence 
of shaking causes the beads and particles to precipitate to the bottom of the tube and 
allows for extended contact between them.  The low number of particles bound is likely 
due to the short lengths of the streptavidin and biotin molecules [32,33] and steric 
hindrance from the size of the particles [34,35]. Since the beads settle in layers, there is 
uneven exposure of the biotinylated particles to the streptavidin beads.  This phenomenon 
accounts for the high variance of the number of particles bound to individual streptavidin 
beads.  
 Optimization of binding by changing incubation parameters led to increased 
binding capacity and high specific binding (>90%). A series of experiments revealed 



27 
 

conditions that would result in more particles bound while decreasing the variance 
(Figure 2.4d). In these experiments, both biotinylated and non-biotinylated fluorescent 
particles were used to determine the specificity. Using a rotator set at 60 rpm to increase 
contact time of particles to beads while still mixing the beads, the number of biotinylated 
particles bound increased by 33%, but the variance across beads remained high.  
Therefore, to increase contact between biotinylated particles and streptavidin beads while 
still maintaining uniform surface contact, beads were repeatedly centrifuged down into a 
pellet and re-suspended, binding increased fivefold using this technique and variance 
halved. The four and eight centrifugation/re-suspension techniques offered higher 
specificity (95-96%) than rotating at 60 rpm (86%).  
2.4.3 Targeted Particle Separation 

The distribution of targeted and non-targeted particles in each droplet is shown in 
Figure 2.5 for four conditions with a constant total number of beads and particles.  Beads 
and particles encapsulated in surfactant-stabilized droplets follow the Poisson 
distribution. Under each condition, varying ratios of targeted vs. non-targeted particles 
were observed across different droplets.  The average value was close to the expected 
ratio, indicating that the average number and ratio of particles and beads in each droplet 
can be manipulated effectively. The device described in Figure 2.2a was tested with 
targeted and non-targeted particles to determine the separation efficiency.  The 
streptavidin beads could bind most targeted particles, as shown in Figure 2.6a. 
Experiments conducted to optimize particle-to-bead binding described in Figure 2.4b 
demonstrated that optimally, an average of 5-targeted particles could be bound onto a 
single streptavidin bead.  This result was consistent with what was observed in droplets  
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Figure 2.4: (a-b) Images of the targeted and non-targeted particles bound onto 
beads after filtration.  Targeted particles fluoresce red and non-targeted particles 
fluoresce green.  Scale bar is 8 µm.  (c) Binding of particles to beads using 
streptavidin-biotin bond with shaking and no shaking conditions with varying ratios 
of particles to beads.  Compared to a control with non-biotinylated particles.  (d) 
Binding of particles to beads using different techniques to optimize binding.  Trials 
included adding targeted and non-targeted particles together with beads to look at 
specificity.  Trials performed at 100 particles per bead.  All error bars denote 
standard error. 
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as increasing the number of initial targeted particles resulted in a rough maximum 
equivalent to the 5-particle limit.  To increase the number of target particles captured, the 
number of beads per droplet can be increased.  We have successfully used up to 10 beads 
per droplet to capture particles, and have re-encapsulated all the beads.  Overall, the 
system can specifically recover up to 98% of the targeted particles in droplets.  Note that, 
for non-targeted particles, less than 10% of the particles bound to streptavidin beads 
(Figure 2.6b). Even with non-specific binding, it was shown that the re-encapsulation 
process could remove many of the non-specifically bound non-targeted particles. In 
principle, it is possible to remove essentially all the non-specifically bound non-targets by 
applying the washing procedure multiple times to a droplet.   
 To define the efficiency of the system, two metrics were used: specific recovery 
and specific yield.   
 

Figure 2.5: Distribution of targeted to non-targeted particles in droplets once 
generated.  Dotted line indicates the calculated average ratio expected.  Total number 
of beads in each droplet was set to 25.  22 droplets were used for each data point.  All 
error bars are standard error. 
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As shown in Figure 6c, the specific recovery of targeted particles approached 100% for 
higher ratios of targeted to non-targeted particles.  However, the yield decreased at these 
higher ratios (Figure 6d).  This is an expected trend, as higher number targeted particles 
will result in saturation of the binding sites on the beads, and the total number of beads 
per particle can be adjusted depending on the application.  Also, the lower specificity at 
lower target to non-target ratios can be improved using multiple separation and recovery 
steps. 
2.5 Conclusion 

We have demonstrated a pneumatically operated device capable of separating 
targets from non-targets in a droplet.  We determined optimum parameters for the device 
and beads and demonstrated successful binding of the target both on-and off-chip.  We 
demonstrated successful operation of the device and characterized the separation 
efficiency.  Using streptavidin surface-functionalized particles, we could capture up to 
100% of the biotinylated particles under certain conditions.  The operation requires no 
external magnetic or electrical fields for performing the washing process.  This reduces 
the cost of fabrication and operation of the device by only requiring pneumatic lines.   
Without the need for magnetic particles, a wide variety of bead materials and surface-
chemistry can be used increasing the versatility.   
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Chapter 3  
Droplet Microbial Cultivation and Multiple Displacement 

Amplification 

3.1 Summary 
Droplet microfluidics is a powerful tool owing to its ability to create many 

discrete samples while consuming very little material.  Once generated, droplets are 
pooled but due to each droplet’s volume, isolating single droplets becomes a challenging 
task.  Even after isolation, the amount of material, such as DNA, that can be extracted 
from the droplets is often not sufficient for analytical techniques such as sequencing.  We 
demonstrate a pneumatic, partially closed valve device capable of spacing and dispensing 
single droplets from a large pool.  We could achieve up to 83% accuracy in dispensing a 
single droplet.  Once dispensed, we successfully amplified the genomic DNA from E. 
coli cells cultured in a single droplet via Multiple Displacement Amplification (MDA).  
We verified the fidelity of the amplified genome by RT-PCR and whole genome 
sequencing.  We also amplified DNA from droplets containing two species of bacteria 
and used RT-PCR to confirm that both genomes were amplified by MDA.  Our platform 
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is a simple microfluidic device capable of isolating single droplets for downstream DNA 
amplification and analysis.   

 
3.2 Introduction 

Droplet microfluidic technology has become a powerful tool for many 
biotechnology applications. The inherent small volumes (femto – picoliter) for each 
droplet-contained reaction as well as the ability to keep samples intact and distinct make 
this technology highly desirable for many applications that require small sample volumes 
and high-throughput operation. [34] However, the small volumes associated with droplet 
microfluidics can hinder downstream analysis and handling in approaches that require 
larger volumes (micro – milliliters), such as next generation sequencing and scale-up of 
cell cultures.  In addition, droplet generation results in large pools of droplets that make 
isolating single droplets extremely difficult to accomplish.  

Technologies in droplets microfluidics have been developed to accomplish 
generation [77], merging [37,38], and sorting [78,79].  In operations like merging and 
sorting, magnetic fields or piezoelectric systems are used.  These techniques have been 
used for high-throughput operations but they can be challenging to fabricate as well as 
operate. Alternatively, pneumatic systems are easier to fabricate and operate for single 
droplet isolation systems requiring less than 1000 operations per minute. 

Dispensing of single droplets from a single solution has been well studied, and 
publications have primarily focused on using electrowetting-on-dielectrics (EWOD) to 
manipulate the droplet. [80-83]  While variations and new technologies on EWOD have 
allowed droplet dispensing to become more high-throughput, [84,85] taking a pool of 
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already generated droplets and dispensing single droplets has not been well developed.  
The majority of research in droplet spacing and dispensing is primarily focused on 
devices for droplet sorting with spacing and dispensing incorporated to achieve the 
sorting technology. [78,86,87] Brouzes et al. did demonstrate this spacing process using a 
multi-valve design with normally closed valves that allows for multiple droplets to be 
dispensed simultaneously. [88]  However, few works have explored spacing devices 
purely for dispensing single droplets for downstream applications. 

Many applications in droplet microfluidics utilize cell culturing [49,61,89] and 
DNA analysis [59,90].  However, downstream applications involving analyzing cell 
cultures by DNA often require nanograms to micrograms of DNA.  One E. coli cell 
provides 6.9 femtograms of DNA [91], which makes cells from a single droplet very 
difficult to analyze as most droplets contain at maximum a few thousand cells.  Thus, 
techniques to amplify the DNA from a single droplet are highly desirable.  Many DNA 
amplification techniques exist such as Multiple Displacement Amplification (MDA) [92], 
Multiple Annealing and Looping Base Amplification Cycles (MALBAC) [93], and 
Picoplex© single cell Whole Genome Amplification (WGA) [94].  These methods have 
been previously compared [95] and we chose to use MDA for our system because it is 
user-friendly and provides a large quantity of DNA [96].   

MDA utilizes a unique polymerase called Φ29, which easily and rapidly amplifies 
an entire genome by using random hexamers to initiate the amplification (Figure 3.1).  
MDA is able to generate 1-2 µg of DNA from a single cell with genome coverage up to 
99% [97].  The ability to generate a large quantity of DNA is useful in many applications 
where limited DNA quantity restricts analysis that can be conducted.  MDA has been 
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used to amplify the human genome [98], a single bacterium [99], and microbial 
communities [100,101].  A major drawback to using MDA is amplification bias 
whereupon certain regions of the genome are over- and under-amplified caused by 
preferential priming of specific sequences [102] potentially compromising quantitative 
analysis [103].  Previous work to reduce this bias have used digital droplet MDA 
(ddMDA). [102,104,105]  In ddMDA, fragments of the genome are separated and 
encapsulated in droplets to create isolated MDA reactions.  The droplets can then be re-
pooled and analyzed by sequencing.  Other works in microfluidic MDA have used 
microarrays [106], liquid dispensing [107] or chambers [108] to achieve MDA on small 

Figure 3.1: Illustration of MDA for DNA amplification.  The blue dot (Phi29 polymerase) with a 
random hexamers (blue line) is bound to the DNA (green line).  The polymerase replicates the DNA 
(orange line) until it reaches the next replicating strand.  Another polymerase with hexamers
attaches to the extending strand and replicates that strand.  This creates a hyper branched structure 
and results a large amount of DNA amplified from a small initial template.   
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volumes.  Our platform differs by using the droplets for cultivation such that MDA is 
performed downstream on a single droplet containing the cells.   

In this chapter, we demonstrate a simple pneumatically operated droplet spacing 
and dispensing device that separates single droplets from a pool. Our device is capable of 
spacing droplets at an intermediate throughput.  We use this technology to amplify the 
genome of E. coli and verify fidelity of the amplified genome by RT-PCR and whole 
genome sequencing.  In addition, we show successful MDA amplification of genomes 
from different species in a single droplet.   
3.3 Materials and Methods 
3.3.1 Droplet Spacing Device Fabrication and Preparation 

The photo-mask was designed on L-Edit software and made on a soda-lime glass 
mask with chrome.  SU-8 was spun on a silicon wafer at a height of 50 µm, pre-baked 
and exposed on the photo-mask.  A post-exposure bake was performed, and the SU-8 was 
then etched to produce the mold for the device.  The main device was comprised of 
poly(dimethylsiloxane) (PDMS) (Sylgard 184).  The valve (top) and channel (bottom) 
layers of the PDMS device were made with a mixture of 10:1 monomer to curing agent.  
The PDMS was poured on top of the mold and degassed under vacuum to remove air 
bubbles. The PDMS was solidified by heating at 85 °C.  The devices were cut out and 
holes are punched on the channel layer to make the outlet of the device.  The membrane 
between the valve and channel layer was comprised of PDMS at a ratio of 15:1. The 
PDMS was degassed, poured on a glass wafer, and spun at 1000 RPM until the thickness 
of the membrane is 50 µm.[109]  The membrane was then heated to 85 °C for 15 minutes 
to set.  The valve layer was bonded to the membrane by oxygen plasma.  The outlets for 
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the channel layer were punched out of the bonded device and the two layers were aligned 
by microscopy.  The channel layer was bonded to the other side of the membrane by 
oxygen plasma.   

The Teflon tubing (Cole-Parmer) used to transfer the spaced droplets was treated 
with Rain-X© by flushing the tubing with Rain-X© solution followed by HFE-7500 (3M) 
oil.  The tube was dried by pushing air through the tubing and allowing it to air-dry 
overnight.   
3.3.2 Microbial Culture 

Escherichia coli cells were cultured overnight in LB media at 37 °C for the initial 
inoculation in droplets.  The cells were counted on a hemocytometer and diluted with LB 
media to an average of 5 cells per droplet (λ=5).  Droplets were generated on a PDMS 
device using HFE-7500 oil with 2% perfluoro-surfactant (RAN Biotechnology) and 
stored in a micro-centrifuge tube.  The droplets containing E. coli cells were then cultured 
overnight at 37 °C.   

For the co-culture samples, Escherichia coli and Pseudomonas putida cells were 
cultured overnight in LB media at 37 °C for the initial inoculation in droplets.  The cells 
were counted on a hemocytometer and diluted with M9 minimal media to an average of 2 
cells per droplet (λ=5).  The two diluted cell cultures were then mixed together and 
droplets were generated in a separate PDMS device.  The droplets were stored in both 
micro-centrifuge tubes and INCYTO C-Chip disposable hemocytometer cultured at 30 
°C.  Growth was monitored periodically in the C-Chips and the droplets used for the 
MDA experiments were taken out of the droplets cultured in the micro-centrifuge tubes.   
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3.3.3 Droplet Spacing Operation 
Droplets were stored in specially designed 1.5 mL micro-centrifuge tube 

containing two ports housing Teflon tubing and a syringe tip.  The droplets were 
transferred from the micro-centrifuge tube to the device via Teflon tubing by applying 
pressure with a syringe tip connected to the micro-centrifuge tube.  Droplets were 
introduced into the device and held at the junction by flowing spacing oil while the valve 
was closed.  Initial operation required trial and error testing to determine optimum 
pressure settings in the droplet and spacing oil channels.  After the device reached steady 
state, 300-µm diameter Teflon tubing was inserted into the outlet channel.  Opening the 
valve and subsequently closing once a single droplet has been released.  The device was 
operated at this state for 1 minute to ensure the droplet had traveled through the entirety 
of the tubing. The Teflon tubing was then attached to a micro-centrifuge tube and the 
droplet was collected.  Total operating time for dispensing a single droplet was 90 
seconds.   
3.3.4 Multiple Displacement Amplification 

Surfactant destabilizer (3 µl) was added to each droplet in each tube.  Phosphate 
buffered saline (PBS) (4 µl) was added to each tube allowing the aqueous phase 
containing the bacteria to merge with the solution.  Subsequently, the cell lysis solution 
(4 µl) was added.  After a 15-minute incubation period at 65 °C and the addition of a 
stopping solution (3 µl), the MDA reaction mixture was added to the aqueous phase and 
the reaction was allowed to proceed for 8 hours at 30 °C.  The polymerase was 
deactivated by heating the solution to 65 °C.  The amplified DNA was collected from the 
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mixture by pipetting out the aqueous phase.  Refer to the Qiagen Single Cell Repli-G kit 
for the complete protocol. 
3.3.5 RT-PCR Analysis 

RT-PCR was performed on seven sites targeting various genes on the E. coli 
genome.  These genes are gadA, rfaJ, fimI, fabA, rpoD, hrpA, and yfgO.  Primer 
sequences are listed in Table 3.1.  Relative concentration was determined by using 
extracted E. coli DNA for developing the standard curve.  The extracted genomic DNA 
was measured via Nanodrop and diluted 10-fold five times sequentially.  5 µL of the 
DNA from each dilution was added to the RT-PCR tube along with a mixture of 1 µL 
each of the forward and reverse primers, 4 µL of DNAse/RNAse free water, and 10 µL of 
SYBR Green RT-PCR solution.  The thermocycler was set for a denaturing step at 95°C, 
annealing at 55°C, and extension at 72°C.  

The Ct value was calculated by the RT-PCR program and plotted on a semi-
logarithmic scale against the concentration obtained from the Nanodrop.  Ct values from 
the MDA reactions were then interpolated by using the standard curve plot to determine 
the relative DNA amount.  For two species RT-PCR, gadA and rfaJ gene primers were 
used to identify E. coli and benA and benR gene primers are used to identify P. putida.  
Primer sequences for the benA and benR genes are listed in Table 2.  Standards curves for 
the P. putida primers were developed similarly to the E. coli primers.   
3.3.6 Whole Genome Sequencing 

Following whole genome amplification, samples were delivered to the University 
of Idaho IBEST Genomics Resources Core (GRC) facility.  GRC staff prepared barcoded 
Illumina libraries using the IntegenX Apollo 324 PrepX ILM DNA Library kit and 
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custom Illumina compatible BioScientific barcoded adapters. Libraries were amplified 
with the KAPA library amplification kit, quality controlled on the Advanced Analytical 
Fragment Analyzer, quantified using the Kapa Illumina library quantification kit, and 
then sequenced on the Illumina MiSeq using the v3 600 cycle protocol. 

Sequenced reads were demultiplexed using bcl2fastq v2.17.1.14, PCR duplicates 
were removed with Super-Deduper (http://github.com/dstreett/Super-Deduper), 
overlapped with FLASH2, "-t 20 -m 20 -M 600 -x .05" (available 
from https://github.com/dstreett/FLASH2, and modified from Magoc and Salzberg 
[110]), and trimmed for quality using Sickle "-l 200 -q 30 -t sanger"[111]. Cleaned reads 
were then mapped against the E. coli MG1655 (NC_000913) reference using Bowtie2 
with default parameters [112]. Mapping depth was calculated from the resulting BAM 
files using SAMtools v1.3 [113], and was analyzed and plotted using the R statistical 
language [114]. 
3.3.7 RT-PCR on Droplets 

E. coli and P. putida were inoculated in LB media overnight at 37°C in a rotating 
incubator.  The cultures were diluted to 1000X with DI water and counted on a 
hemocytometer for determine cell number.  For direct RT-PCR on cells verification, the 
cells were diluted 6 times by a factor of 10.  4 µL of the 104, 105, 106, 107 dilutions were 
put into RT-PCR tubes.  RT-PCR steps were performed as described in section 3.3.5.  For 
the standard curve with the addition of the oil and surfactant, 10 µL of the HFE-7500 oil 
containing 2% surfactant was added to a tube.  Then, 4 µL of the aqueous phase was 
added on top and another 12 µL of water is added.  5 µL of the destabilizer was added 
and the tubes were centrifuged at 13,000 RPM for 10 seconds.  The tubes were incubated 
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at 95°C for 10 minutes for lysis.  Then, 8 µL of the aqueous phase was extracted and used 
for RT-PCR.   

For singe droplet RT-PCR, surfactant destabilizer (5 µl) was added to each 
droplet in each tube after dispensing from the device. Images from each droplet were 
taken prior to dispensing.  DNAse/RNAse free water (12 µl) was added to each tube 
followed by centrifugation at 13,000 RPM.  Then, 8 µL of the aqueous phase was 
extracted and used for RT-PCR.   
3.4 Results and Discussion 
3.4.1 Droplet Analysis Platform 

Separation of droplet cultured bacteria into individual containers e.g. well plates 
and tubes were achieved by using a microfluidic device described below.  Figure 3.2 
depicts the workflow of the single droplet isolation and DNA amplification for analysis.  
Initially, bacteria can be encapsulated at various numbers in droplets.  Adjusting the 
concentration of the cells can control the number of cells in each droplet.  The number of 
cells in each droplet is distributed based on a Poisson distribution.  Both monocultures 
and co-cultures can be cultivated in each droplet.  After culturing, the droplet spacing 
device can separate individual droplets into tubes for DNA amplification.  The droplet is 
naturally phase separated from the oil phase and after adding surfactant destabilizer, the 
aqueous droplet naturally merges with the cell lysis solution used to extract the DNA.  
The extracted DNA can be amplified by the MDA with a series of reagents and 
incubation steps.  The amplified DNA from each droplet can be used for applications 
such as PCR or sequencing.   
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3.4.2 Single Droplet Dispensing Validation 
The droplet spacing device is a cross-flow droplet generation device with several 

specific modifications to allow for controlled spacing of the droplets (Figure 3.3a). The 
valve used to control the device is a normally open valve that partially closes (Figure 3.3a 
Side View).  During operation, droplets are introduced into the device and droplets flow 
up to the junction while the valve is partially closed (Figure 3.3b).  The valve is then 
opened allowing a droplet to flow past the junction (Figure 3.3c).  Upon closing the 
valve, fluid flow still occurs but presence of the valve membrane partially constricting the 
channel changes the resistance of the flow and prevents subsequent droplets from 
entering the cross-flow region of the device (Figure 3.3d).   

a 

b

Figure 3.2: Single droplet MDA schematic.  a) A bacterial system (either single or multi-species) can 
be encapsulated in droplets for study using a cross-flow droplet generation device.  Bacteria are 
cultured in the droplets and the spacing/dispensing microfluidic device presented in this paper is 
used to separate the droplets.  B) The droplets are dispensed into tubes.  The droplet interface is then 
destabilized at which point the bacteria are merged with the solution for lysis.  The bacteria are 
subsequently lysed at 65 °C.  MDA can be performed in the aqueous phase to amplify the DNA and 
the resulting DNA can be used for many applications including RT-PCR and next generation 
sequencing. 
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Droplets containing fluorescein were dispensed into a 96-well plate to determine 
efficiency of the device to space out and dispense individual droplets (Figure 3.3e-f).  A 
total of 48 droplets were dispensed and 83% of the 48 wells used contained a single 
droplet.  Wells containing no droplets arose because droplets were trapped at the 
connection between the tubing and the device or droplets were stuck onto the wall of the 
tubing.  Securing the tubing as close to the device channel as possible and modifying the 
tubing with a hydrophobic coating mitigated these issues.   

3.4.3 Droplet Cultivation of E. coli  
Controlling the number of cells for encapsulation during generation is important 

to ensure the desired number is achieved in a majority of the droplets.  To achieve these 
different cell numbers in droplets, the concentration in the aqueous phase can be diluted.    
However, even after dilution, the Poisson distribution describes the precise number of 
cells in each droplet.  The distribution is based on the cell density in the sample, 

a b 

c 

d 

e f 

Figure 3.3: (a) Schematic of the droplet spacing device.  The cross-flow region has an expanded 
orifice past the intersection that tapers off into the normal channel dimension to prevent droplet 
break-up.  The channel containing the droplets to be spaced is expanded into a chamber to alleviate 
high-pressure build-up that can cause droplet merging.  The droplet spacing exit ends with a channel 
rather than a reservoir region like the entrance due to the pressure drop that can cause spaced 
droplets to be trapped in this region.  (b-d) Operation scheme of a droplet being spaced using the 
device by opening and closing the valve.  (e-f) Images of droplets from two different wells after being 
spaced on a device.  Scale bar is 500 µm. 
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represented by λ.  Based on the λ value, the number of cells can be predicted and 
controlled to achieve the desired cell distribution in droplets.  

Droplets containing E. coli cells were generated on a flow focusing droplet 
generation device (Figure 3.4a).  The average number of cells per droplet, here referred to 
as λ, was 5.  Droplets are collected in an Eppendorf tube modified by including a syringe 
tip and Teflon tubing sealed with epoxy at the top of the tub.  Droplets flow from the 
device into the tube via the Teflon tubing and the syringe tip can push the droplets out by 
applying pressure on the syringe tip (Figure 3.4b). After cultivating overnight, each 
droplet contained 400-500 cells as determined by microscopy (Figure 3.4c-d).   

 

Figure 3.4: (a) Schematic of the droplet generation device.  Similar to the droplet spacing device, it is a 
one layer device with a different flow focusing region to produce the necessary force for producing 
droplets.  (b)   Schematic of the Eppendorf tube used for droplet collection and reinjection as well as 
connection to the droplet generation device.  (c) Droplets containing E. coli at 0 hour.  (d) Droplets 
containing E. coli at 40 hours of growth.    
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3.4.4 Single Droplet Multiple Displacement Amplification 
Eight droplets were dispensed into individual tubes (one droplet per tube) and the 

surfactant-stabilized droplets were broken up, allowing the aqueous and oil phases to 
separate.  After MDA, DNA from each MDA-amplified genome was quantified using a 
series of 7 RT-PCR primers to determine if there were any major gaps in the genome 
(Table 1).   
Table 3.1: E. coli qPCR primer sequences used in this experiment as well as location of each sequence 

on the genome 
Gene Primer (Forward) Primer (Reverse) Length 

(bp) 
Primer Position on Genome 
(Mbp from origin) 

gadA AATTCCTGCGCCT
CGGTCGTGA 

TCATACGGCCCCAG
TTTGGCGA 104 4.35 

fabA GCTGGGCGTTGGC
GAAGTGAAA 

CCAGGCCCATAATC
AGACGACGGTT 113 1.01 

fimI TACCACGTTGCCC
GGCGGAAAT 

TGCGCTATCTTCCC
CAACCGCA 145 4.54 

rfaJ TGGAGCGGTTGCT
GCTGTTGTT 

ACGACACCGGAAT
TAAAGTACTGCCCA 108 3.80 

rpoD ACAACAGCATCGA
CCCGGAACTGG 

AGCGTGACTGCGA
CCTTTCGCT 104 3.21 

yfgO GTAGCAATATACC
GACGAAAACCAC 

GTTATTTTAGTTGC
CGGATTGGA 181 2.62 

hrpA AACGGTCTTCGCC
GTCTACTGT 

TTATCCACACCGCA
GGAGATACAGT 235 1.49 

 
The 7 genes for which these primers were designed were selected because the 

genes are distributed across the whole genome (Figure 3.5a).  Initial relative DNA 
amounts were determined from standard curves developed with each primer (Figure 
3.5b).  All eight droplets containing E. coli cells were successfully lysed and the DNA 
amplified.  While each droplet had some variation in the amplified DNA amount, the 
amounts across all eight droplets were within one order of magnitude of each other.  The 
variation could be a result of the differing number of cells in each droplet and slight 
differences in input amount for the MDA reaction.  In comparison to the negative 
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controls from an MDA reaction on DNAse/RNAse-free water (MDA-Water) and RT-
PCR performed directly on DNAse/RNAse-free water (Blank Water), the amount of 
DNA was many orders of magnitude greater for MDA-amplified DNA.  This 
demonstrates that our spacing system could amplify DNA from a single droplet using 
MDA without any major loss of the genome. In addition, the amount of DNA amplified 
is comparable to that of the extracted DNA directly from approximately 109 E. coli cells.   
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Figure 3.5: (a) Location of the genes on the E. coli genome.  (b) Relative amount of DNA from MDA 
reaction.  MDA-D1 through D8 represents 8 different droplets containing E. coli, MDA-E. coli is 
extracted DNA from cells, MDA-water is MDA-treated DNAse/RNAse-free water, and Blank water is 
DNAse/RNAse-free water.  Seven primers covering the genome are amplified.  Relative amount of 
DNA was calculated by using standard curves for each primer on the positive control.  Error bars are 
standard deviation for replicates of RT-PCR reaction. 
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The whole genomes from droplets 2, 3, and 4 were sequenced and the coverage 
was mapped and compared to the coverage of the whole genome of DNA extracted 
directly from E. coli cells. These three droplets were selected from the RT-PCR data 
because they have varying amounts of DNA.  Coverage from the three droplets is shown 
with comparison to the control of the extracted DNA (Figure 3.6). As seen from the 
previous RT-PCR results, almost the entire genome was amplified as the average percent 
identity between the 3 samples reached 97.9% while the extracted DNA was at 99.9%. 
As with most DNA amplification processes, there is an inherent bias to the amplification 
process, which results in areas of over- and under-amplification.  This bias can also be 
seen with our samples compared to the control.  Interestingly, we noted that between the 
3 droplet samples, the regions of over- and under-amplification were the same indicating 
that bias was not random.  Previous literature has indicated regions of high GC content 
could create elevated coverage during sequencing. [115,116] However, mapping and 
comparing the GC content to coverage shows no clear pattern between bias and GC 
content.  One explanation for the specific bias may be due to the fact that random 
hexamers used to initiate the MDA reaction may favor specific regions of the genome. 
The MDA amplified genome did show bias as expected but the entire genome was 
covered.  
3.4.5 Multi-Species Single Droplet MDA 

Single species genome analysis in droplets is important, but for many 
applications, such study of bacterial interactions and co-cultures, multiple genomes must 
be amplified by MDA.  Specifically, each genome must be amplified in a manner that 
ensures no significant bias to one species in the sample.  To that end, we cultured a two-
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species system of E. coli and P. putida in droplets and performed MDA after growth to 
determine if both species’ DNA were successfully amplified.   

Table 3.2: P. putida-specific primers used for RT-PCR to identify the genome after MDA 
Gene Primer (Forward) Primer (Reverse) Length (bp) 
benA GAAGGCAACTGGAAGCTCAC CCGTGGTCGAAGGAATAGAA 181 
benR GACCCGGTTGACCTGACTTA CTCATCCAGCCGGTAATGAT 149 

 
After amplification, benA and benR gene primers were used to identify P. putida.  

These two genes are unique to the organism and are believed to regulate degradation of 
aromatic acids [117].  In addition, the two primers targeting the genes rfaJ and gadA 
were tested and shown to be specific to E. coli. Two droplets were dispensed for the 
MDA reaction (MDA-26-1 and MDA-26-2).  During spacing, the droplets were imaged 
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Figure 3.6: Coverage of the genome for MDA amplified DNA from droplets 2 from the previous RT-
PCR experiment.  The control is extracted genomic DNA from E. coli.  Coverage is plotted as a 
relative coverage defined as the coverage at that point normalized to the average coverage from the 
control sample.  Genome coverage across all three amplified samples was similar across the genome 
with the same patterns emerging.   
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(Figure 3.7a-d) and both species were present in each droplet. As expected for the 
incubation temperature (30 °C), P. putida was the dominant species in each droplet.  The 
RT-PCR results show that the genomes of both species were successfully amplified in 
each droplet, indicating that the MDA was successfully able to amplify both sets of 
genomes (Figure 3.7e) regardless of composition.  The DNA amount amplified for each 
species is within one order of magnitude for each droplet.  Positive and negative controls 
of each primer indicate that non-specific primer amplification did not occur.  
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Figure 3.7: (a-d) Fluorescent images of droplet D1 and D2 GFP (a,c) and D1 and D2 mCherry (b,d).  
Each species was fluorescently labeled: E. coli with yellow fluorescent protein and P. putida with 
mCherry.  Cultivation occurred at 30 °C for 26 hours.  Scale bars are 100 µm.  (e) RT-PCR results 
after cultivation.  Inset graph shows the controls, which are genomic extracted DNA to determine if 
primers are specific to each species.  Error bars are standard deviation of replicates performed on the
RT-PCR reactions. 
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3.4.6 Single Droplet RT-PCR 
MDA is a powerful tool for amplification of DNA, but as demonstrate above, 

there is a bias introduced from the amplified samples.  Quantification from the MDA-
amplified samples by RT-PCR can be inaccurate.  To perform accurate quantification, 
RT-PCR must be performed directly on the droplet.  However, limit of detection (LoD) is 
a challenge in as droplets can contain as little as tens of cells.  A previous study found the 
limit of detection from E. coli to be 3.5x103 CFU/mL or 3.5 CFU/µL. [118]  Based on 
this information, different concentrations of E. coli (decreasing by factor of 10) were 
used to determine the LoD feasible for quantification of bacteria in droplets.   

 Initially, RT-PCR was performed directly on E. coli and P. putida cells with no 
oil or surfactant.  As seen in Figure 3.8a-b, the RT-PCR was successful in quantifying 
down to 12 cells (0.6 CFU/µL) for E. coli and 6 cells (0.3 CFU/µL) for P. putida with R-
squared values close at 0.999.  To determine effects of the oil, surfactant, and 
destabilizer, the components were added to tube.  During this process, the oil and 
aqueous phase containing the cells separate.  As the aqueous phase volume is too small to 
extract using a pipette, water is added and centrifuged to combine the two aqueous 
phases.  Cell lysis using heat was performed to distribute the DNA evenly in the aqueous 
solution as centrifugation may have pelleted cells to bottom of the aqueous phase.  The 
aqueous phase is extracted by pipetting and used for RT-PCR.  Figure 3.8c-d shows the 
results of both species with this new protocol that indicates the addition of oil and 
surfactant has an adverse effect on the accuracy of RT-PCR.  The standard deviation 
increased and fit of the curve significantly decreased.  This could be due to several 
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factors ranging from improper lysing, reagent interactions, and error during pipetting to 
remove the aqueous phase.   

We used RT-PCR on droplets containing no cells, E. coli only, P. putida only, 
and a mixture of both species.  Four droplets of each type was spaced and dispensed.  The 
droplets were destabilized and the protocol described above was applied to perform the 
RT-PCR.  Using the previously developed standard curve, an estimation of cell number 
was determined (Figure 3.9).  As depicted, the RT-PCR results of the blank droplets 
indicated there were cells in the sample.  Signal from a negative control create significant 
problems for quantification and resulted from the standard curve Ct value varying across 
samples.  Cell numbers for most of the droplets are two magnitudes higher than the blank 
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Figure 3.8: (a) Standard curve of E. coli cells at decreasing concentrations by a factor of 10 starting 
at 12,000 cells.  Y-axis indicates the Ct value, which is the cycle number at which the fluorescence 
intensity exceeds the background. (b) Standard of P. putida cells at decreasing concentrations by a 
factor of 10 starting at 6,000 cells.  (c) Standard curve of E. coli cells at decreasing concentrations by 
a factor of 10 starting at 7,000 cells with the addition of oil, surfactant, and destabilizer.  (d) 
Standard curve of P. putida cells at decreasing concentrations by a factor of 10 starting at 4,500 cells 
with the addition of oil, surfactant, and destabilizer.  Error bars are standard deviation of replicates 
performed RT-PCR reactions.   



` 

52 
 

samples.  However, from the resulting droplet culture, the number of cells is two orders 
of magnitude lower.  In addition, several cell containing samples contained cells equal to 
those calculated as the blank.  It is feasible to normalize these results to determine a 
rough quantification of cell number, but it would be impossible to achieve a precise 
quantification of each droplet.   

3.5 Conclusion 
Droplet microfluidics’ small sample size provides an advantage for a multitude of 

applications such as high-throughput sample generation and faster reaction times.  
However, the small sample size becomes disadvantageous when downstream analysis 
requires larger volumes.  Our droplet spacing device is a simple pneumatically operated 
system that allows for the spacing and dispensing of a single droplet into well plates or 
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Figure 3.9: Results of the RT-PCR performed on droplets.  C1-C4 indicates droplet samples 
containing no cells.  E1-E4 indicates droplets samples containing E. coli cells only.  P1-P4 indicates 
droplet samples containing P. putida cells only.  M1-M4 indicates droplet samples containing both E. 
coli and P. putida cells.  Number of cells was converted from Ct values using the standard curve.  
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tubes.  We successfully demonstrated whole genome amplification via MDA on E. coli 
and showed that the genome was successfully amplified using RT-PCR and whole 
genome sequencing with little loss in coverage.  We also performed multi-species MDA 
on single droplets to prove that all of the species’ genomes within a droplet can be 
amplified regardless of composition.  The limitations to this process lie in the MDA-
based amplification that can result in bias.  In addition, quantification of the droplet 
content is difficult due to inconsistencies in RT-PCR.  The spacing device can be easily 
applied to other applications such as scale-up of individual droplet cultures and assays 
such as ELISA or FISH.  Future iterations of this device can be modulated to provide 
automated dispensing for high-throughput usage.  The platform we developed to amplify 
the genome within a droplet could be used to study interactions with bacteria or cells or 
identify new species. 
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Chapter 4  
Droplet Co-Cultivation and Analysis of Gut Microbiome 

4.1 Summary 
The gut microbial community is an extremely desirable system to study in the 

human body owing to its role in regulating metabolism and fighting infections.  However, 
due to the complexity of the community (>50 species), it is difficult to understand its 
functions as many species within the community have yet to be cultivated and 
characterized.  As with all microbial communities, there are many interactions between 
species that enable some of these unculturables to grow.  To that end, we have developed 
a droplet microfluidic platform for the co-cultivation of anaerobic gut bacteria and 
subsequent analysis via sequencing.  In this work, we studied the effects of media and 
cell number on the ability to culture subsets of the microbial community and the 
interactions within each droplet.  After culturing bacteria in the droplets, the droplets are 
spaced and dispensed followed by amplification of the DNA using MDA.  Using T-RFLP 
analysis, we analyzed the microbial diversity in each droplet and determined two samples 
with low diversity to sequence.  Through sequence analysis, we found two distinct 
“species” within one of the droplet sample.  Performing functional analysis, we found 
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complementarity between the two bins in the valine, leucine, and isoleucine amino acid 
pathways.  We have demonstrated a platform for droplet co-cultivation of microbial 
communities and analyzed the co-cultured samples with next generation sequencing.  We 
were able to hypothesize some mutualistic interactions between the species using this 
data.   
4.2 Introduction 
 The human microbiome is a complex ever-changing system that has significant 
impacts on human physiology.  The gut microbiome is of particular interest to researchers 
due to its diversity in comparison to other body sites and to its important role in digestion 
of nutrients and preventing infections. [119] So many of the bacteria that regulate our 
health have yet to be discovered. [120] In the gut microbiota, which can include up to a 
thousand different species [121,122], isolating a single species can be extremely 
challenging.  In addition, many of these unculturable bacteria are unable to grow without 
necessary partners [123].  Thus, co-cultivation may be the key to cultivating some of 
these unculturables as well as a deeper understanding of these communities.  Along with 
unknown culture conditions e.g. nutrients, amount of oxygen, etc., these factors present a 
barrier to a better understanding the human microbiota.   
 Currently laboratory culture techniques focus on single species cultivation in a 
low-throughput manner.  Droplet microfluidics offers an alternative method by offering 
high-throughput culture and analysis of complex communities.  Previous work in 
studying gut bacteria in droplets have been primarily focused in two areas: segregation of 
gut microbiota and direct analysis [51] or culturing of single cells [124]. However, for 
cultivation of some unculturables, the interaction between species is especially important 
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which necessitates co-culturing.  In addition, with so many different possible 
combinations of bacteria, the co-cultures must be performed in a high-throughput 
manner.   

From previous work, we have developed technology utilizing droplet 
microfluidics for the co-cultivation of bacteria and analysis of single droplets via next 
generation sequencing.  Combining this technology with the gut microbiota, we 
developed a platform for co-culturing gut bacteria in droplets under anaerobic conditions.  
Using PCR and T-RFLP, we screened cultured droplets for targets to perform whole 
genome sequencing.  Selecting two droplets with distinct bacterial species, we analyzed 
the genomes for interactions between species within the droplet.   
4.3 Materials and Methods 
4.3.1 Gut Microbe Extraction and Preparation 
 A fecal sample from a healthy human patient was obtained from Vincent Young’s 
lab at the University of Michigan School of Microbiology.  The sample was previously 
stored at -80°C in a 2 mL cryovial and thawed in an anaerobic chamber to ensure no 
exposure to oxygen.  1.5 mL of 1X phosphate buffered saline (PBS) was added to the 
cryovial and the sample was mixed with the PBS using a pipette tip.  After mixing, the 
sample is spun at 1000 rpm to separate fecal debris from the microbes.  By extracting the 
supernatant at 500 µL increments, three aliquots of the sample were made.  The samples 
were stored at -80°C until used.  Prior to droplet generation, cell density of the sample 
was determined by using a hemocytometer.  Cells were diluted by 10X and 5 µL of the 
sample was placed on the hemocytometer.  The hemocytometer was placed under a 
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Nikon inverted contrast phase microscope and observed with the 20X objective lens.  The 
cell density was calculated to be 1.9x108 cells/mL.   
4.3.2 Droplet Generation in Anaerobic Conditions 

The droplet generation device is a modified cross-flow droplet generation device 
made from PDMS.  Photo-masks were designed on L-Edit and made in the Lurie Nano 
Fabrication Center at the University of Michigan. The SU-8 mold was made by negative 
etching on a silicon wafer.  The silicon wafer was spin coated with SU-8 2035 at a 
thickness of 50 µm.   The wafer was pre-baked at 65°C and then at 95°C.  The wafer was 
then exposed and a post-exposure bake was performed at 95°C.  After baking, the wafer 
was silanized with (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane using a 
desiccator.  PDMS was poured on top of the SU-8 mold, vacuumed to remove air bubbles 
and heated at 70°C to solidify the polymer.  The base for the device was made by pouring 
PDMS on a blank silanized wafer and baking at 70°C.  The devices and bases were then 
cut to size.  To complete the fabrication, the devices were punched with holes to create 
openings for the channels, and bonded on the PDMS bases via plasma-activated bonding 
using a corona discharge wand.    

The microbial sample extracted from the feces was placed in a Coy© anaerobic 
chamber stored in a cryovial cool rack.  Dilutions were made based on the required cell 
number in each droplet by the following formula: 

  

=      (λ)
 ∗  

   
(4) 

Three λ values were used for droplet generation: 0 (control), 2 and 10.  To dilute the 
volume and provide the nutrients for growth, four different medias were used: Brain 
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Heart Infusion (BHI) (Becton Dickinson), Gut Microbiota Media (GMM), Schaedler’s 
Media (SM) (Oxoid), and Reinforced Clostridial Media (RCM) (Oxoid).  Components 
for GMM can be found in the Appendix.  From these conditions, a total of 12 droplet 
samples were to be generated on the droplet generation device.   

The droplet generation device was placed on a lab compound microscope 
(Amscope M150C) with a USB connected camera.  This allows for visualization of the 
device during droplet generation while in the anaerobic chamber.  Syringes were 
connected to tubing and syringe tips and placed on a syringe pump (CMA 102 Syringe 
Pump).  The oil phase used was fluorocarbon oil (HFE-7500, 3M) containing 2% 
perfluoropolyether-polyethyleneglycol surfactant (RAN Biotechnologies).  Oil was 
placed into one syringe and the sample was placed into the other syringe.  Flows were 
adjusted to achieve generation on-chip and observed at 100X magnification.  Eppendorf 
tubes attached with tubing were used to collect the generated droplets.  Approximately 
500 µL of droplets were collected for each sample and covered with mineral oil to 
prevent evaporation.  The samples were incubated at 37°C in the anaerobic chamber for 1 
week.   

Droplets were imaged immediately after generation and incubation for 7 days.  10 
µL of droplets were taken out of each Eppendorf tube and transferred to the INCYTO C-
Chip disposable hemocytometer for imaging.   Imaging was done on an inverted phase 
contrast Nikon microscope using the 20X objective.   
4.3.3 Droplet Spacing and Multiple Displacement Amplification 

After imaging, droplets are spaced by using the spacing device discussed in 
Chapter 3. A total of 5 droplets from the BHI cultures and 6 droplets from the SM culture 
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at both cell concentrations were spaced.  Before spacing, droplets were imaged to identify 
each corresponding tube.  After spacing, surfactant destabilizer (5 µl) was added to each 
tube.  An additional 4 µL of PBS was added to each tube to increase the volume.  Cell 
lysis solution (3  µL) was added to each tube and the aqueous phase containing the 
bacteria merged with the lysis solution.  After a 10 minute incubation period at 65°C and 
the addition of a stopping solution (3 µL), the MDA reaction mixture was added to the 
aqueous phase and the reaction was allowed to proceed for 8 hours at 30 °C.  The 
polymerase was deactivated by heating the solution to 65 °C.  The amplified DNA was 
collected by pipetting out the aqueous phase and the DNA was then diluted 100X before 
PCR and sequencing. 
4.3.4 Partial Community Analysis 
 The 16S rDNA from the MDA amplified samples was amplified by PCR using 
the 8F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-
CGGTTACCTTGTTACGACTT-3’) primers.  The 8F primer was tagged with the 6-
FAM fluorescent marker for subsequent T-RFLP analysis.  After PCR, the product was 
run on a 0.75% agarose gel via electrophoresis to confirm amplification of the 16S.  
Subsequently, the products were cleaned up using the Qiagen© PCR Purification Kit.  
After purification, the samples were digested using New England BioLabs© MSPI 
enzyme for 2 hours at 37°C.  The digested samples were filtered using the Qiagen© 

Nucleotide Purification Kit.  A 96-well plate containing the ROX-1000 size standard dye 
was obtained from University of Michigan Sequencing Core for the T-RFLP analysis.  3 
µL of digested samples were dispensed into each well in duplicates and submitted for T-
RFLP to the Core.   
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 After T-RFLP, the data was analyzed using Applied Biosystems© Peak Scanner 
Software v1.0 to obtain fragment length and height.  The data was plotted using a script 
written in R.  After identifying each peak manually and compiling in Microsoft Excel, the 
information was clustered using R.   
4.3.5 Whole Genome Sequencing and Analysis 

Following whole genome amplification, samples were delivered to the University 
of Michigan Sequencing Core.  Sequencing core staff prepared barcoded Illumina 
libraries using the IntegenX Apollo 324 PrepX ILM DNA Library kit and custom 
Illumina compatible BioScientific barcoded adapters. Libraries were amplified with the 
KAPA library amplification kit, quality controlled on the Advanced Analytical Fragment 
Analyzer, quantified using the KAPA Illumina library quantification kit, and then 
sequenced on the Illumina MiSeq using the v3 600 cycle protocol.   

To improve quality of the sequence reads, reads for both microdroplet samples 
underwent dereplication (custom shell script by Sunit Jain, 2011) to reduce computational 
load in downstream processing, Illumina adapter residual removal by Scythe (v. 0.993) 
(https://github.com/vsbuffalo/scythe), low quality region removal by Sickle (v. 1.33.6) 
(https://github.com/ucdavis-bioinformatics/sickle), and interleaving (custom shell script 
by Sunit Jain, 2012) to associate forward and reverse reads. FASTQC (v. 0.10.1) [125] 
was used to assess quality of the reads before quality control and after. The assembly 
software used to generate scaffolds from sequence reads was SPAdes (v. 3.9.0) [126], 
using the flags “sc” for MDA amplified DNA and “meta” for metagenomic reads. As 
suggested for a multi-cell data set with longer Illumina paired reads lengths, the iterative 
k-mer lengths used for assembly were: 21, 33, 55, 77, 99, and 127. The two samples were 
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assembled separately with the same parameters. QUAST (v. 4.3) [127] was used to check 
assembly quality. There was a large disparity of scaffold coverage sample 83308; while 
many scaffolds had a low coverage, a large portion had coverage between 208X and 
338X, most likely due to the stochastic amplification of MDA. To normalize the 
coverage of reads across sample 83308 and subsequently improve assembly, bbnorm.sh 
(v. 37.36) from BBTools (http://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-
guide/bbnorm-guide) was used to remove high coverage reads to target coverage of 50 
and remove reads with a coverage less than two.  SPAdes assembly and QUAST with the 
same parameters as before were performed with these normalized reads.  BlastN (v. 
2.2.29) [128] was utilized to identify any assembled small subunit ribosomal sequences 
against the Silva SSU (release 128) and NCBI RefSeq-RNA (release 83) databases. 
Binning of the assembly for both samples was performed by metaBAT (v. 0.32.4) [129]. 
As suggested, the “very sensitive” option was used for our simple communities, and the 
absolute minimum contig size for binning was set at 1500 bp. All other parameters were 
the default parameters.  For alternative manual binning and visualization of contigs, 
scaffolds were also processed through anvi’o (v. 2.3.0), following the metagenomic 
workflow [130]. Due to MDA amplification, coverage information was not relevant for 
binning; therefore, read mapping information and the anvi-merge command were not 
used. As a result, anvi-profile was run with the “--blank-profile” parameter as specified 
(http://merenlab.org/2016/06/06/working-with-contigs-only/). Manual binning was 
performed using the automatically generated tree based on tetranucleotide frequency 
profiles between contig splits in anvi-interactive visualization. 
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Annotation of genes was performed using MG-RAST [131-160].  Analysis was 
conducted and visualized by the MG-RAST web platform.  Reference database used for 
functional analysis was KEGG.   
4.4 Results and Discussion 
4.4.1 Droplet Microfluidic Platform for Co-Cultivation of Anaerobes 
 We have developed a droplet microfluidic platform for the co-cultivation of 
anaerobic microbial communities.  See Figure 4.1a for a flowchart of the process.  
Extraction of the microbes from the sample is an important first step.  As these 
microfluidic channels are often in the micron range in size, any piece of debris from 
samples can clog these devices preventing droplet generation.  Careful separation of 
particulates from the microbes must be performed to ensure no debris is in the sample 
before droplet generation.  

 After microbial extraction, droplet generation and cultivation is performed.  
Selection of the λ value based on the Poisson distribution is important for co-cultivation.  
Factors such as viability and cell clumping can result in incorrect cell density in droplets.  
Droplet generation must be performed in an anaerobic chamber.  Due to the constraints of 
operating in such a chamber, equipment for generation must be able to be remotely 
operated.  As seen in Figure 4.1b, no microscope with an eyepiece can be used with the 
chamber so a USB camera is required to monitor generation.  Additionally, pressure 
regulation from an air source cannot be used and a syringe pump must be the source for 
driving flow in the device.   

After cultivation, spacing and dispensing of individual droplets is performed for 
single droplet analysis.  It is possible to achieve bulk droplet analysis in lieu of spacing 
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but individual interactions cannot be observed with this approach.  After dispensing, 
whole genome amplification must be performed for downstream DNA analysis.  While 
our system uses MDA for amplification, other techniques such as MALBAC may be used 
based on the desired results of the amplification.  After amplification, we recommend a 
preliminary community analysis by PCR, T-RFLP, or other partial community analysis 
methods.  Depending on the desired application, techniques such as PCR are suited for 
targeted bacteria identification and T-RFLP can be used for community fingerprinting.  
This allows for better selection for whole genome analysis downstream.  Finally, the 
DNA can be submitted for most sequencing techniques from 16S analysis to whole 
genome sequencing for de novo assembly.   
4.4.2 Droplet Co-Culture 
 Our selection criteria for cells per droplet and media usage were based on the 
desire to study varying conditions to determine the effects of these parameters on the 
ability to culture a wide variety of bacteria. Four different media were used: BHI, GMM, 

Figure 4.1: (a) Flowchart of platform for analysis of co-cultivated 
bacteria in droplets. (b) Image of droplet generation set-up in 
anaerobic chamber.  



` 

64 
 

SM, and RCM.  These media were selected based on a variety of factors. BHI media is a 
commonly used rich media for cultivating a variety of bacteria.  GMM was selected as it 
was used in a paper [161] for cultivating gut bacteria and it theoretically mimics 
conditions found in the gut. Schaedler’s media was used because it is an extremely rich 
media, which is specifically designated for anaerobic conditions.  Finally, the RCM was 
used as it favors cultivation of clostridia species, which are commonly found in the gut 
system.  We also selected two different cells per droplet concentration because it was 
important to ensure the viability of the cells.  Viability could be compromised as we 
handle these cells from sample collection (exposing it to the aerobic condition), 
extraction, and freezing and thawing cycles.   Freezing and thawing could be the biggest 
issue, as these cells are not suspended in a cryo-preservative. So at λ = 2, it is highly 
possible there is no co-culturing occurring as only one cell is viable whereas at λ = 10, 
there is a significantly higher probability of co-culturing.  However, having too many 
cells per droplet could also result in too many interactions, making it impossible to study 
the system.  Cultivation temperature was maintained at 37°C corresponding to the human 
body temperature. 
 Droplet generation in the chamber can result in variability in droplet size across 
samples.  As operations performed in the chamber are often hindered due to the chamber 
and thick gloves, instabilities can occur during the generation phase.  This can result in 
larger than expected droplet sizes, which increases the λ value in turn.  After generation, 
droplets were imaged and found to be slightly larger than calculated.  However, this 
ultimately did not affect culturing. For the RCM culture condition, droplets evaporated 
during cultivation due to insufficient protection from the air. No images are provided, as 
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there were no results after cultivation.  For the GMM condition (Figure 4.2), no cells 
were observed to grow after cultivation.  Possible issues include incorrect making of the 
media due to complexity and incompatibility of the sample to the media.  While this 
media was designed to culture gut bacteria, each natural sample has drastically different 
compositions and it is possible that the conditions in this media did not suit the culture 
conditions for the species in the sample.  Due to these issues, only the BHI and SM 
culture conditions were used for further analysis.   
 After cultivation, both BHI cultures had significant growth in ~20% of the 
droplets at λ = 2 and ~ 40% of the droplets at λ = 10 (Figure 4.3).  In addition to growth, 
there were some morphological differences between each droplet with some droplets 
containing multiple shapes.  Overall, a majority of the droplets contained cocci shaped 
bacteria.  For the GMM cultures, a greater percentage of droplets had significant growth 
with λ = 2 at ~30% and λ = 10 at ~50% (Figure 4.4).   The morphological differences 
were significant in the GMM cultures with almost every shape ranging from cocci to 
spirilla.  More droplets contained different morphologies within the droplet compared to 
the BHI cultures and growth patterns also varied with some droplets containing large 
clumped cells while others were evenly distributed.  Control droplets containing no cells 
were imaged to verify no growth occurred.  The initial image analysis indicated that our 
droplet co-cultivation platform was successful in culturing distinct bacterial systems. 
4.4.3 T-RFLP Analysis for Sample Selection 
 Droplets were dispensed from each sample: 5 droplets each from BHI samples 
and 6 droplets each from SM samples for MDA.  After MDA, the 16S gene was PCR 
amplified using the 8F and 1492R primers.  PCR amplification is used for T-RFLP  
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GMM, λ=0, Day 0 

GMM, λ=0, Day 7 

GMM, λ=2, Day 0 

GMM, λ=2, Day 7 

GMM, λ=10, Day 0 

GMM, λ=10, Day 7 

Figure 4.2: Cultivation of gut microbial community using Gut Microbiota Media (GMM) at 2 different cell concentration.  Also included is the negative 
control at 0 cells/droplet.  No observable cells grew after 7 days.  Scale bar represents 100 µm. 
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BHI, λ=0, Day 0 

BHI, λ=0, Day 7 

BHI, λ=2, Day 0 

BHI, λ=2, Day 7 

BHI, λ=10, Day 0 

BHI, λ=10, Day 7 

Figure 4.3: Cultivation of gut microbial community using Brain Heart Infusion (BHI) media at 2 different cell concentration.  Also included is the negative 
control at 0 cells/droplet.  Growth was observed after 7 days with some noticeable differnce in cell morphology. Scale bar represents 100 µm. 
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SM, λ=0, Day 0 

SM, λ=0, Day 7 

SM, λ=2, Day 0 

SM, λ=2, Day 7 

SM, λ=10, Day 0 

SM, λ=10, Day 7 

Figure 4.4: Cultivation of gut microbial community using Schaedler’s Media (SM) at 2 different cell concentration.  Also included is the negative control at 0 
cells/droplet.  Growth was observed after 7 days with some noticeable differnce in cell morphology. Scale bar represents 100 µm. 

68 



 

 69

preparation and verification of DNA in samples.  After PCR, the product length was 
verified by gel electrophoresis (Figure 4.5).  E. coli DNA were used as a positive control.  
The resulting amplicon was the expected size (~1500 bp).  After processing and 
submitting the samples for T-RFLP, the peak data was analyzed.  Noise removal and 
normalization was conducted by removing any peak height less than 1% of the total peak 
height.  Subsequently, the peaks and fragment lengths were plotted to find samples for 

Figure 4.5: Results of the gel electrophoresis on the MDA amplified samples from the droplets.  A 
total of 10 from BHI cultivated samples and 12 from SM cultivated samples were amplified.  Each 
lane in each category corresponds sequentially to each sample in the category.  Almost every sample 
contained amplified bacterial DNA.   
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sequence submission.   
 For BHI cultivated samples, there was some diversity between the different 
droplets.  More surprisingly, many of the samples contained 5 or more peaks.  A few 
peaks were present in many of the samples: 153, 164, 282, and 554.  These peaks indicate 
species highly present in the sample, meaning that the BHI culture condtions was 
favorable for the growth of these species.  For SM cultivated samples, there was greater 
diversity compared to the BHI samples. Additionally, most of the peaks were not shared 
by the BHI samples.  The most ubiquitous peaks were 81, 89, 130, and 164.  It is 
interesting to note peak 164 was reoccurring in both BHI and SM cultivated samples 
denoting a prevalent and robust species.  As expected, there were less species for λ = 2 
than λ = 10 for both culture media, but it was more apparent in the SM cultivated 
samples.   

The primary criterion for sample selection for whole genome analysis is 
complexity of the community in the droplet.  Any droplet containing more than 5 species 
would be very difficult to elucidate any bacterial relationships from.  There would be too 
many interactions to decipher based purely on genomic data and isolation of specific 
interactions would be next to impossible.  In addition, only two samples were going o be 
selected and as such, it would be ideal for both samples to contain different species.  To 
select the most viable samples for analysis based on these two criteria, a binary 
hierarchical clustering was performed on all the samples to determine similarity (Figure 
4.6).  Peak height was not factored into the clustering.  Based on the clustering analysis 
performed, three clusters were identified for similarity.  Of the three clusters, two 
contained samples with 3-4 peaks of interest: Sample SM-2-2 and SM-2-4 (Figure 4.7).  
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The samples contained one shared peak and had sufficient quantities of each species for 
adequate coverage for whole genome analysis.  To determine if there is sufficient 
coverage for whole genome assembly, the major peak height from each fragment was 
calculated as a percentage of the total.  This percentage is used to convert to coverage 
using the following formula: 

= ∗  (5) 

Figure 4.6: Hierarchical clustering using binary values on T-RFLP peaks in each droplet sample. B 
and S represent the media used. The number following is the λ value.  The number after the period 
represents the sample number (1-5 for BHI and 1-6 for SM).  Red boxes are the groupings after 
clustering.   
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where C is the coverage, x is the fraction of the species, n is the number of reads, and L is 
the length of the genome.  Assuming the sequencer is the Illumina MiSeq at 300 bp 
paired end reads and an average genome size of 4 Mbp [162], the coverage is calculated 
for each peak in both samples.  Additionally, for accurate de novo assembly, coverage 
needs to be 50-100X [163].  We found that for both samples submitted for sequencing, all 
species should be sufficiently covered for accurate assembly (Table 4.1).  
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Figure 4.7: (a) Image droplet S2-2 and T-RFLP profile. (b) Image of droplet S2-4 and 
T-RFLP profile.   
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4.4.4 Whole Genome Analysis of Droplet Culture 
After Illumina sequencing, the sequences of the two samples were processed by a 
protocol developed in Gregory Dick’s lab at the University of Michigan.  During quality 
control, adapters and trimming reduced the number of reads from each sequence sample. 
Approximately 3% of the total reads from S2-2 and 10% of the total reads from S2-4 
were removed. After quality control, contigs were assembled using MetaSPAdes program 
based on work by Vollmers et al. [164] that indicate it is the most suitable program for 
low diversity MDA amplified samples.  These contigs are analyzed for coverage to 
determine how many times each show up in the sample.  The coverage for samples S2-2 
was uniform with the expected normal distribution with an N50 value of 8420 (Figure 
4.8a).  The N50 value indicates the weighted media statistic such that 50% of all the 
contigs in the sample are that length or larger.  The coverage for sample S2-4 had one 
region with normal distribution and an extremely low coverage region with an N50 value 
of 3259. The coverage was normalized using BBNorm in sample S2-4 lowered the higher 
coverage region to 30X, but the low coverage region remained at 1-3X (Figure 4.8b). The 
resulting N50 value was 39551, indicating an abnormally large N50 value but the source 
could not be determined.   

Table 4.1: Peaks and coverage of each peak for the two samples.  NP denotes no 
peak meaning there was no signal in that sample. 
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 To determine which contigs belong to which species, these reads are separated 
into distinct clusters or bins.  Initially, ANVI’O is used for manual binning based on GC 
content and tetranucleotide frequency (TNF).  Differential coverage can also be used for 
binning, but since coverage for some contigs is extremely low in S2-4 it is not used for 
this study.  After binning, S2-2 contigs were separated two bins while S2-4 contigs were 
separated into initially into two bins (Figure 4.9).  Based on the open reading frame  
(ORF), completeness of each bin and redundancy (multiple copies of the same gene 
potentially belonging to another species) can be calculated for each bin.  For Bin 1 of S2-
2, the completeness and redundancy could not be calculated as sequence analysis 
indicates the bin is eukaryotic.  For Bin 2 of S2-2, analysis indicates it is a bacterial 
species with 98.6% completeness and 1.4% redundancy.  Initially, S2-4 contained two 
bins with Bin 1 indicating a Bacteroides genome but with a redundancy of 57.6%.  
However, further refinement broke that bin into 3 bins with a Bacteroides bin (Bin 1) at 
99.3% completeness and 4.3% redundancy.  The two remaining bins and Escherichia bin 
were incomplete.  Binning was repeated using metaBAT, an automated binning tool.  Bin 
1 for S2-2 contained significant redundancy at 88.53% but as expected, this software is 
not suitable for eukaryotic DNA analysis (Figure 3.9a).  Bin 2 for S2-2 achieved 95.7% 

Figure 4.8: (a) Coverage of S2-2 after assembly. Increased peak towards end of graph is due to 
program combining all contigs beyond coverage of 37 together.  (b) Coverage of S2-4 after 
assembly and normalization.   
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completeness and 0.0% redundancy (4.9c).  For S2-4, the samples were normalized prior 
to binning.  Bin 1 at 97.96% completeness and 4.08% redundancy; Bin 2 achieved 
11.54% completeness and 3.45% contamination (Figure 4.9d). A third bin was generated, 
but the bin was too small for analysis.   

Bins from both samples were analyzed using MG-RAST and identity of each bin 
was confirmed.  As S2-2 has a eukaryotic bin, analysis for S2-2 could not yield sufficient 
functional relationships since the software cannot analyze eukaryotes.  For S2-4, one of 
the bins had too few contigs to be processed.  The first and second bins were analyzed for 
identity and functionality.  The first bin consists primarily of Bacteroides genes and 

Figure 4.9: (a) Visualization of bins from S2-2 using anvi’o.  (b) Visualization of bins from S2-4 using 
anvi’o.  Second ring represents GC content, third ring represents the length of each contig, fourth 
ring represents the taxonomy.  (c) Visualization of the Bin 1 (83307.1) and Bin 2 (83307.2) from S2-2 
using metaBAT.  (d) Visualization of Bin 1 (83308.1), Bin 2 (83308.2) and Bin 3 (83308.3) from S2-4 
using metaBAT.   

c 

a b 
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achieved up to 98% genome completeness.  The second bin is less complete, but there are 
significantly more genes for Parabacteroides present in the second sample.  Based on 
this information and due to the similarity of the Bacteroides and Parabacteroides species 
[165], it is possible the binning process could not differentiate between the two species’ 
genomes.  However, performing functional analysis, there are some correlations between 
the pathways found in the two bins (Figure 4.10).  In amino acid metabolism, Bin 1 
contained genes for valine, leucine, and isoleucine biosynthesis pathways while Bin 2 
contained genes for valine, leucine, and isoleucine degradation.  Bin 1 did contain a few 
genes for degradation but Bin 2 contained no genes for biosynthesis.  Similarly, Bin 1 
contains genes for lysine biosynthesis while Bin 2 contains genes for lysine degradation.  
This correlation is slightly weaker as the pathways for lysine degradation did occur in 
some capacity in Bin 1.  Beyond amino acid metabolism, another interesting pathway 
highlighted is glycan metabolism.  Bin 1 and Bin 2 both contain genes for peptidoglycan 
biosynthesis, but Bin 1 contains genes for mannosidase and fucosidase degradation while 
Bin 2 contains genes for glycosaminoglycan degradation.  As many Bacteroides species 
are known for degradation of polysaccharides and glycan that the human host cannot 
degrade [166], it is possible this task is divided among different species.  Overall, many 
of the genes found in Bin 1 are not present in Bin 2.  This could be due to the 
incompleteness of the genome.  However, interestingly, there are several genes from Bin 
2 not present in Bin 1.  Due to the completeness of Bin 1, it is unlikely this is due to 
incorrect binning.  This indicates there is some mutualistic relationship between the two 
species.   
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Figure 4.10: Functional analysis of amino acid and glycan pathways for 
degradataion and biosynthesis.  83308.1 is Bin 1 and 83308.2 is Bin2.  Values 
in diamonds indicate number of genes present in each bin.  Red boxes 
indicate pathways where there is potential complementarity between the two 
bins.   
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4.5 Conclusion 
We have demonstrated a platform for droplet enabled anaerobic natural microbial 

community co-cultivation and analysis.  The bacteria from the community can be 
separated into subsets within the droplets.  The droplets can be cultured in large scale 
together and separated using the spacing and dispensing device described in the last 
chapter.  Droplets were analyzed by amplifying the DNA and were screened by using T-
RFLP.  The samples were sequenced and we were able to determine some synergistic 
interactions in the amino pathways between the two major species in the droplet.  This 
platform is a powerful tool for studying many different microbial communities to 
elucidate relationships between different species by compartmentalizing them in droplets.  
In addition, cultivation and imaging provide important information that sequencing 
cannot, such as morphology and special/temporal growth.  The technology can be 
modified to be high-throughput by automating the spacing/dispensing process.  We 
believe this tool is applicable for studying bacterial as well as host interactions for many 
systems.  
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4.6 Appendix 

Table 4.2: Gut microbiota media components 

Gut Micrbiota Media 

Component Amount/L Concentration 
Tryptone peptone 2 g 0.2% 
Yeast extract 1 g 0.1% 
D-glucose 0.4 g 2.2 mM 
L-cysteine 0.5 g 3.2 mM 
Cellobiose 1 g 2.9 mM 
Maltose 1 g 2.8 mM 
Fructose 1 g 2.2 mM 
Meat extract 5 g 0.5% 
Potassium phosphate monobasic 100 mL (1M stock solution 

at pH 7.2) 
100 mM 

Magnesium sulfate heptahydrate 0.002 g 0.008 mM 
Sodium carbonate 0.4 g 4.8 mM 
Sodium chloride 0.08 g 1.37 mM 
Calcium chloride 1 mL (0.8 g/100 mL stock) 0.80% 
Vitamin K (menadione) 1 mL (1 mg/mL stock 

solution) 
5.8 mM 
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Iron sulfate 1 mL (0.4 mg stock 
solution) 

1.44 mM 

Histidine hematin solution 1 mL (1.2 mg hematin/mL 
in 0.2M histidine 

0.1% 

Tween 80 2 mL (25% stock solution) 0.05% 
ATCC vitamin mix 10 mL 1% 
ATCC tracer mineral mix 10 mL 1% 
Acetic acid 1.7 mL 30 mM 
Isovaleric acid 0.1 mL 1 mM 
Propionic acid 2 mL 8 mM 
Butyric acid 2 mL 4 mM 
Resazurin 4 mL (0.25 mg/mL stock 

solution) 
4 mM  
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Chapter 5  
Droplet-Enabled Cultivation of Endosymbiotic Bacteria from 

Tunicate 

5.1 Summary 
E. frumentensis is an endosymbiotic bacterium found in the marine animal 

tunicate that can produce a valuable compound for treating cancer.  However, attempts to 
culture this bacterium have failed, as culture conditions are complex.  We developed a 
method for extraction of the bacteria from within the tunicate cells.  Using the cell 
content itself, we created a media for culturing in droplets.  After cultivation, we found 
significant growth within the droplets.  However, upon further analysis using T-RFLP, 
the bacteria cultured were not the targeted endosymbiont.  While the platform remains 
viable, further work to understand the culture conditions for the bacteria are needed to 
successfully isolate it.   
5.2 Introduction 

Microbial communities beyond human microbiota are of great interest as they 
may offer new species of bacteria capable of improving agriculture [167,168], providing 
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valuable commodity chemicals [169], and  treating contamination [170,171].  Previous 
studies [172,173] have found that the marine animal Ecteinascidia turbinata or tunicate 
produces low quantities of the compound Ecteinascidin-743 (ET-743), shown in Figure 
5.1a and 5.1b.  ET-743 is a compound used to treat ovarian cancer and soft tissue 
sarcoma.  [174] Yields obtained from extraction of the tunicate are too low for 
commercial usage.  The current methods of producing the drug through semi-synthetic 
means from fermentation-derived cyanosafracin B in 17 chemical steps is expensive. [7] 
Previous work [175] has found an endosymbiotic bacteria dubbed γ-proteobacteria 
Candidatus Endoecteinascidia frumentensis prevalent in nearly all Ecteinascidia 
turbinata  samples.  Further studies by Rath et al. [7] have identified Candidatus 
Endoecteinascidia frumentensis as the producer of ET-743 in the tunicate.  

Work to focus on isolation of E. frumentensis for commercial usage has primarily 
focused on in vivo analysis and meta-genomic/meta-proteomic studies.  In a previous 
study by Moss et al., FISH with E. frumentensis specific probe binding to the 16S rRNA 
was used to locate the regions where the bacteria reside within the tunicate cells [176].  
More recently, meta-genomic work from the Sherman Lab at the University of Michigan 
has successfully sequenced the genome and mapped the metabolic pathway (Figure 5.1c) 
of E. frumentensis [7,8].  However, isolation of the bacteria and successful cultivation has 
yet to be achieved.   
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Our developed microfluidic platform for gut microbiome cultivation can be 

 Figure 5.1: (a) Image of tunicate in its natural habitat.  They are typically found growing on 
mangrove trees in the waters of the Caribbean Sea.  (b) Molecular structure of ET-743.  Similar to 
saframycin-B, current methods of production involve a complex 17-step reaction.  (c) Metabolic map 
of E. frumentensis based on genome sequencing and assembly.  Missing pathways are shown in red.  
As an endosymbiont, many of the commonly found pathways are missing as the host provides many 
of the intermediates and amino acids the bacteria needs.  Figures a & b adapted from [7] and figure c 
adapted from [8]. 
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reconfigured for cultivation of this endosymbiotic bacterium.  In order to extract the 
bacteria from within the tunicate cells, we developed a method modified from a previous 
paper for extraction of Coxiella burnetii [177], another endosymbiont.  We also used 
droplet microfluidics to isolate single cells within each droplet and cultured the bacteria.  
Finally, using T-RFLP, we analyzed the cultured bacteria for E. frumentensis.  
5.3 Materials and Methods 
5.3.1 E. frumentensis Extraction  
 Frozen tunicate was thawed from -80°C at room temperature for 2 hours.  After 
thawing, sterilized scissors were used to cut a quarter of the tunicate.  Tunicate tissue was 
placed in a sterilized blender, 50 mL of DI water was added, and blended five times 
under the pulse setting.  Everything was collected and filtered with multiple 20-µm 
Steriflip filter units (Millipore Sigma©).  The trapped tissue on the filter was transferred 
to 1.5 mL micro-centrifuge tubes at approximately 0.5 g per aliquot.    

For chemical lysis, the SPD buffer is used.  The SPD buffer was made by mixing 
a solution with 1 mg/mL of digitonin, 250 mM sucrose and 1 mL of PBS.  Additional 
concentrations were made by diluting this stock solution.  1 mL of the SPD buffer was 
added to each tube as desired and the tubes were incubated at room temperature for 30 
minutes.  Every 10 minutes, the solution was remixed by vortexing.  For lysis by 
sonication, 1 mL of ddH2O was added to each tube.  The tube was placed in a water bath 
sonicator for 10 minutes.   After lysis, all tubes were centrifuged at 1000 rpm to for 5 
minutes and the supernatant was pipetted out as it contained the bacteria.   
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5.3.2 Culture Media 
 Tryptic soy broth (TSB) media was made by adding premade TSB powder to DI 
water.  Additionally, 29 mM of fructose 1,6 bi-phosphate was added before autoclaving 
at the L20 cycle.  Reinforced fructose media (RFM) was made by adding 0.5 g/L of 
potassium phosphase monobasic, 0.095 g/L magnesium chloride, 0.0015 g/L iron sulfate 
anhydrous, 7.28 g/L sodium chloride, 62.5 mL/L RPMI media, 5.0 g/L casamino acids, 5 
mL horse serum, and 5.22 g/L fructose to water.  After mixing, the media was sterilized 
by filtering through a 0.22-µm steri-filter.   
 Cell extract media (CEM) was made by taking tissue from the tunicate after 
blending to extract out nutrients.  The tissue was placed in a 10 mL glass bottle 
containing a single glass bead and 1 mL of DI water was added.  The sample was 
sonicated for 20 minutes in a water bath sonicator.  Then, the sample was filtered through 
a 0.22-µm filter.   
5.3.3 Droplet Cultivation  

The bacterial extraction was counted by a hemocytometer to determine the cell 
density for droplet generation.  After counting, the bacteria were diluted down to λ = 2, 
10, and 50 cells per droplet along with λ = 0 to serve as the control.  Droplets were 
generated on flow focusing generation device made of PDMS.  In the aqueous channel, 
the media with various cell concentrations was introduced into the device by a syringe tip 
attached to Teflon tubing.  In the oil channel, HFE-7500 perfluorinated oil (3M) mixed 
with 2% perfluoropolyether-polyethyleneglycol surfactant (RAN Biotechnology) was 
added by the same method.  The liquids were driven in the channel by pneumatic 
pressure controlled via LabVIEW.  Droplets were generated by adjusting the two 
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pressures in the oil and aqueous channels until droplets formed at a steady rate.  
Generation was monitored on an inverted phase contrast Nikon microscope on the 4X 
objective.  Generated droplets were transferred via 500-µm diameter Teflon tubing 
connected to Eppendorf tubes.  Approximately 500 µL of droplets were collected for 
each sample and covered with mineral oil to prevent evaporation.  The samples were 
incubated at 28°C for 5 days.  Additionally, 10 µL of droplets were dispensed into an 
INCYTO C-Chip disposable hemocytometer for imaging.  After imaging, the openings to 
the hemocytometer were sealed with Epoxy, and the samples were incubated for 5 days.  
Imaging was done on an inverted phase contrast Nikon microscope on the 20X objective.   
5.3.4 PCR and T-RFLP Analysis of Droplet Cultured Bacteria 
 Droplets from the incubation in the hemocytometer were collected by peeling off 
the epoxy glue with a razor blade, opening up the hemocytometer, and withdrawing the 
droplets using a pipette.  Droplets were destabilized using 5 µL of 1H,1H,2H,2H-
perfluoro-1-octanol (Sigma Aldrich).  The DNA from the cells was extracted using the 
Qiagen DNEasy Blood and Tissue Kit.   
 PCR primers for amplification of the 16S rDNA were designed on 3 Prime.  
Primers were ordered from Integrated DNA Technology.  Primers 8F (5’-
AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-CGGTTACCTTGTTACGACTT-
3’) were used for PCR amplification of the whole 16S rDNA.  The 8F primer had a 6-
FAM fluorescence marker attached.  Primers specific to E. frumentensis were Specific 
Forward (5’-TGGTTAAGAGCTGATATATTTGACG-3’) and Specific Reverse (5’-
CACCGGAAATTCCTCTACCC-3’).  PCR amplification was conducted with the droplet 
samples, extracted tunicate DNA for a positive control, and E. coli DNA for a negative 



 

 87

control.  After amplification, results were verified by gel electrophoresis with a 0.75% 
agarose gel.   The PCR products were cleaned up using the Qiagen© PCR Purification 
Kit.  Target specific PCR products were submitted for Sanger sequencing at the 
University of Michigan Sequencing Core.  Sequencing data was compiled on Geneious© 
8 by combining the forward and reverse reads for each sample.  Then, the resulting 
sequence was aligned to a reference for similarity. 

For T-RFLP analysis, the 16S amplified samples, extracted tunicate DNA sample, 
and E. coli DNA control were digested using New England BioLabs© MSPI and RSAI 
enzymes for 2 hours at 37°C.  The digested samples were filtered using Qiagen© 

Nucleotide Purification Kit.  A 96-well plate containing the ROX-1000 size standard dye 
was obtained from University of Michigan Sequencing Core for the T-RFLP analysis.  3 
µL of digested samples were dispensed into each well in duplicates and submitted for T-
RFLP to the Core.  After T-RFLP, the data was analyzed using Applied Biosystems© 
Peak Scanner Software v1.0 to obtain fragment length and height.  The data was plotted 
using a script written in R.   
5.4 Result and Discussion 
5.4.1 Endosymbiont Extraction and Analysis 
 Endosymbiotic bacteria are difficult to extract owing to their location within their 
hosts.  The challenge lies in finding a technique for successful lysis of the eukaryotic cell 
membrane while maintaining viability of the bacteria within the cell.  Thus, this 
“Goldilocks” conundrum (not too harsh, not too gentle) requires testing and verification 
to determine the best method.  Utilizing two methods, chemical and sonication, we found 



 

 88

both methods could successfully lyse the eukaryotic cell wall to varying degrees of 
success.   

The precursor to the lysis using these two techniques is a mechanical disruption 
using a blender.  The solution is filtered to remove any cells that remain in the 
supernatant as previous experiments conducted by Jihyang Park have demonstrated that 
extracellular bacteria in the sample can grow robustly in droplets.  We then used a 
chemical lysis agent called digitonin, known to be a gentle detergent, and water bath 
sonication to lyse the cells.  After lysis, centrifugation at low speed removes any cellular 
particulates, which reduces DNA from the cells in the sample, as well as prevent clogging 
in the microfluidic device. The bacteria extracted were analyzed with T-RFLP to 
determine extraction of the E. frumentensis and best suitable extraction method.  A 
schematic of this process is shown in Figure 5.2.  T-RFLP is used for two reasons: (1) 
identification of E. frumentensis and (2) fingerprinting of other species in the sample.  
Since the peak height of E. frumentensis is known (503 bp), T-RFLP will confirm the 
presence of the target and quantify the amount of the target in the sample.  Three 
extraction locations were used: 1st supernatant, 3rd supernatant, and precipitate.  The 1st 
and 3rd supernatant indicates the number of times the extraction was performed.  After 
centrifugation, the supernatant was removed and the extraction method was applied again 
to the precipitate.  In addition to these locations, 4 extraction methodologies were 
applied: 0.2 M digitonin, 1.0 M digitonin, 2-minute sonication, and 10-minute sonication.   

We performed T-RFLP on the 1st supernatant for the 4 extraction conditions.  All 
4 conditions successfully extracted the target bacteria at varying quantities.  The 0.2 M 
digitonin concentration performed the best (Figure 5.3), representing 13% of the bacterial 



 

 89

sample.  It is important to note that higher concentrations of digitonin and longer 
sonication times actually resulted in lower extraction efficiency of the target.  One 
potential explanation for this phenomenon is that too harsh of an extraction can result in 
the lysis of the bacteria as well. Other peaks in the sample indicate other bacterial species 
are present as a result of insufficient separation from the extracellular bacteria or the 
presence of other endosymbionts in the sample.   3rd supernatant samples contained no E. 
frumentensis likely due to extraction of the majority of the target in the 1st and 2nd 
extractions.  The precipitate still contained a large portion of the target with the highest 
concentration in the 0.2 M condition at 20.6%. This indicates the extraction conditions 

Figure 5.2: Process for extraction of E. frumentensis from tunicate cells.  Whole tissue is broken up 
using a blender.  The tissue is filtered out from the extracellular bacteria.  The cells are lysed and 
centrifugation separated the bacteria from the rest of the tissue.  The bacteria can then used for 
culturing or analysis. 
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provided were insufficient to lyse all of the cells.  Combined with the data from the 3rd 
supernatant, additional lysis steps do not increase the number of cells lysed and the 
remaining bacteria are retained in the cells.  Based on this information, we recommend 
using the 0.2 M digitonin as the lysis procedure going forward for extraction of 
endosymbionts in tunicate cells.    
5.4.2 Droplet Cultivation and Analysis  

 Three different media were utilized for the cultivation of E. frumentensis: Tryptic 
Soy Broth (TSB), Fructose Reinforced Media (FRM), and CEM (Cell Extract Media).  
Because the conditions inside the host cells are unknown, media usage is one of the 
biggest unknown factors in successful cultivation of the targeted bacteria.  TSB was 
selected as a rich media owing to its generic usage in many bacterial cultures.  FRM is a 
modified media from the cultivation of Coxiella burnetii, another γ-proteobacteria 
endosymbiont.  Typically, C. burnetii is cultivated in an citrate rich environment as its a 
pathogenic bacteria responsible for Q fever [178].  Analysis of E. frumentensis’ 
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metabolic pathway shows that it cannot properly utilize glucose as a carbon source.  
Thus, we added Fructose 1,6 bi-phosphate as a replacement for the needed carbon source 
to modify the media resulting in the fructose reinforced media.    Finally, endosymbionts 
often rely on other components besides nutrients from their hosts such as signaling 
molecules; we produced a media using the cell extract from the tunicate to mimic the host 
environment.  The extraction process was performed in a water bath sonicator using a 
glass bead for disruption [179].  Subsequently, the mixture is filtered through a 0.22 µm 
filter to ensure no cells remain in the media.  While the media is more diluted compared 
to the inside of the host cells, the theoretical components are there for cultivation.  Other 
culture conditions are aerobic incubation, assuming the host cell provides sufficient 
oxygen to the bacteria, and incubation temperature at 28°C.  The natural environment of 
the tunicates used is the Caribbean Sea, which has an average water temperature around 
28°C [180].   

Besides media, we also selected 3 different λ values for cultivation since the 
viability of these bacteria after cultivation was unknown. The λ values were 2, 10, and 50 
as well as 0 for the negative control.  Cultivation was performed with the droplets stored 
in both tubes and C-Chips.  After cultivation, droplets from both storage methods were 
imaged.  In the C-Chip samples, considerable growth occurred in all cell concentrations 
for the CEM after 5 days except for the negative control (Figure 5.4).  For both the TSB 
and RFM samples, no growth was observed in the droplets.  However, for the droplets 
cultured in the tube, no growth for all three media were observed after 5 days.  The cause 
for this lack of growth could be due to factors such as insufficient oxygen provided to the 
cells.  After cultivation in droplets, the bacteria from the CEM  
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Figure 5.4: Droplet cultures of bacteria extracted from tunicate cells using Cell Extracted Media (CEM).  (a) 0 cells at 0 days (b) 0 cells at 5 days (c) 2 cells at 0 
days (d) 2 cells at 5 days (e) 50 cells at 0 days (f) 50 cells at 5 days. 
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were transferred to an Eppendorf tube containing 1 mL of the CEM for scale-up.  The 
resulting scaled-up culture was imaged (Figure 5.5).  

5.4.3 PCR and T-RFLP Analysis of Droplet Culture 
  PCR and T-RFLP were used to probe the 16S rDNA of the cultures cultivated to 
determine if the cultures contained E. frumentensis.  PCR using primers specific to the 
target were designed by taking the 16S of all the known bacterial species in the tunicate 
sample.  The sequences were aligned and highly mismatched regions were used to design 
the forward and reverse primers, ensuring specificity to the E. frumentensis.  The primers 
were verified by amplifying on the extracted tunicate DNA.  Subsequently, the amplicon 
from the control was sequenced via Sanger sequencing and aligned to the expected 
amplicon sequence.  The resulting alignment was 99.6% verifying the primer was 
successful at amplifying the E. frumentensis 16S.  T-RFLP was similarly performed on 

Figure 5.5: Cells cultured in CEM from the droplets.  Images taken with a 
10X objective lens. 
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the extracted tunicate DNA and demonstrated a high abundance of the E. frumentensis 
target at the 503 peak.   
 PCR and T-RFLP analysis were performed on the extracted samples before 
cultivation.  Samples from the supernatant, cell extract and the residue were analyzed.  
DNA extraction was performed with two different extraction kits: Promega© and 
Qiagen©.  The Promega© kit uses isopropanol to precipitate the DNA while the Qiagen 
kit uses a filter to separate the DNA.  PCR amplification with the 16S and species-
specific primers was performed.  Results from amplification using gel electrophoresis 
suggest either insufficient DNA or inhibition during PCR in the 16S as the cell extract 
samples did not amplify.  However, species-specific amplification occurred in all sites 
indicating presence of the target.  T-RFLP was conducted on the samples with 16S 
amplification.  Based on the results seen in Figure 5.6a, amplification of the target at peak 
503 is seen in the Qiagen© kit extracted samples on the supernatant samples.   However, 
using the Promega© kit samples, the 503 peak was not observed.  Also note the 
fluorescence peaks from each, there is a significantly higher signal from the Promega© 
kits.  This could indicate the extraction process differs for the two kits that resulted in a 
higher amount of one species in the sample to release its DNA.  Thus, the signal from the 
other species does not show up in the T-RFLP plot, as it is significantly lower.   For the 
cell extract sample, there was insufficient signal for any analysis.  In the residue samples, 
only the Promega samples were amplified successfully. In Figure 5.6b, the peak 503 is 
one of the lower peaks indicating a small presence of the target.  In all of the samples, 
peak 492 was seen as the predominant peak in all of the samples.  This peak could not be 
identified, as the whole 16S of all the species in the tunicate was not sequenced 
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previously.  Compared to the controlled DNA, we find there is significant amplification 
of the target in this sample.  One explanation for this phenomenon is different tunicates 
were used for samples and control.   

 Analysis of the droplets and scaled-up culture was conducted similarly using PCR 
and T-RFLP. Two volumes of the extracted DNA were used: 0.5 µL and 15 µL.  After 

Figure 5.6: (a) T-RFLP results of cells from the supernatant using the Qiagen DNA extraction 
kit.  (b) T-RFLP results of cells from the residue using the Promega DNA extraction kit. 
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amplification of the droplet culture and scaled-up culture, gel electrophoresis of the 
amplicons showed no amplification of the 16S using either kit except for a faint band 
with 15 µL using the Qiagen kit on droplets.  Species-specific primer did amplify for the 
majority of the samples, but non-specific amplification also occurred for the blank 
sample.  Sanger sequencing was performed on the species-specific amplicons from the 
droplet, but the resulting sequencing results showed no reads for the samples submitted 
and ones with reads could not be aligned in respect to the forward and reverse reads.  
Samples submitted to T-RFLP indicated most the samples contained peaks at 103 and 
109, but no target (Figure 5.7).  Ultimately, the results of the analysis indicated the 
bacteria cultured in the droplets were not the targets.   

5.5 Conclusion  
 We have demonstrated work towards culturing endosymbiotic bacteria from a 
marine animal.  While we were not successful in culturing the target, progress has been 
made in understanding this bacteria.   It is clear based on the analysis via PCR and T-
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Figure 5.7: T-RFLP results from bacteria initially cultured in droplets then transferred to a 
tube culture for scale-up.  The culture is grown in CEM. 
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RFLP that this target is present in the samples. The extraction method we demonstrated 
was successful in lysing the tunicate cells and extracting the target.   However, repeating 
the process on a different tunicate resulted in much lower abundance of the target 
suggesting the density of the species is variable across samples.  Using a unique process, 
we devised a media using the extract of the tunicate cells and we cultured a bacterial 
species using this media. PCR and T-RFLP analysis indicate that this species is not the E. 
frumentensis.  Endosymbiotic bacteria are extremely complex and their cultivation 
conditions are not well understood.  Further work is needed to understand these 
conditions for E. frumentensis to successfully be cultured outside of its host. 
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Chapter 6  
Conclusion and Future Work 

6.1 Conclusion 
The work of this thesis aimed to continue the advancement of droplet microfluidic 

technology and its usage in studying microbial communities.  How we look at microbes 
in the human body and their role in governing our health has evolved significantly in the 
last decade.  However, there are still significant gaps in knowledge in our understanding 
in the human microbiome, due in large part to the number of species yet to be cultured 
and analyzed within these communities.  Traditional laboratory techniques using pure 
species cultivation does not account for the interactions in communities that are necessary 
for many species to grow and thrive.  Droplet microfluidics offers the tools needed for 
culturing and studying these “unculturables” as it provides high-throughput sample 
generation and offers the compartmentalization of subsets within the community to study 
interactions.  Similarly, downstream analysis technology allows these samples to be 
analyzed at a rapid pace.  However, development for manipulation of the droplets and 
overcoming small sample sizes for future laboratory analysis are still needed.   
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 In our first aim, we demonstrated the development and proof-of-concept for a 
simple droplet content separation device.  Using only pneumatic lines, we were able to 
separate a desired target (microparticles) from the droplet using functionalized beads.  
The target is subsequently recaptured on-chip and we analyzed the efficacy of the device 
by determining yield and specific recovery at different concentrations of the target versus 
impurities.  Yield increased as the number of targets in the sample decreased while 
conversely specific recovery increased as the number of targets in the sample increased.    
 Spacing and dispensing of single droplets is another important application, 
especially in the context of studying microbial cultures.  We developed a two layer 
pneumatically operated device for dispensing single droplets from a bulk collection into 
tubes.  Then, to tackle the issue of limited cell content for analysis, we performed MDA 
to amplify the DNA and demonstrated successful amplification of both single and 
multiple species DNA via RT-PCR.  We also worked on quantification of these droplets 
using direct RT-PCR.   
 Finally, to demonstrate some applications of the droplet technology we 
developed, we developed a platform for co-cultivation of bacteria from the human gut.  
This platform involves co-cultivation in droplets followed by DNA amplification via 
MDA and analysis using both T-RFLP and next generation sequencing.   After 
sequencing analysis, we identified some complementarity of amino acid pathways 
between two species in a single droplet based on the genes each species lacks.   

We also applied a similar system for cultivation of an endosymbiotic bacterium E. 
frumentensis.  To extract the bacteria, we developed a technique for breaking the cell 
membrane while retaining viability of the target bacteria.  While we were successful in 
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extracting the bacteria from within the cells, cultivation proved difficult due to the 
complex conditions in which these bacteria grow.   
6.2 Future Work 
6.2.1 Droplet Separation/Droplet Spacing and Dispensing 

Significant progress has been made in both technologies for droplet manipulation 
in terms of separation and dispensing. However, there are improvements for enhancing 
the technology for future applicability.  For the droplet content separation system in 
Chapter 3, automation is an important next step to allow for the system to achieve high-
throughput operation.  This can be achieved by adding sensors on the device to detect 
viscosity changes demonstrated in Figure 6.1a.  The device detects the droplet interface 
as it enters the post region and the programming for the pressure regulation stops the flow 
of the subsequent droplets from entering the post region.  Then, once the droplet passes 
through the posts, the viscosity changes signal for the device to generate a new droplet 
for re-encapsulation.  After a programmed period of time, the new droplet containing the 
target can be removed. This could significantly speed up rates to allow for separation of 
thousands of droplets.  Additional channels can be added for easier retrieval of the re-
encapsulated droplets as the current design does require retrieval to be done through the 
droplet inlet channel.  Increasing flowrates in the channel could further decrease device 
operation time.  As the balance of pressures in the channel is important, varying these 
pressures to optimize the capture and re-encapsulation time is needed.   

In addition, the surface functionalization needs to be extended beyond micro-
particles.  Capture of other targets such as bacteria, cells and DNA would be highly 
desirable to bring this technology to wider applicability.  For example, single species 
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separation can be performed with this device in complex communities by encapsulating 
subsets of the community within a droplet. Using an antibody specific to the target, the 
bacteria of interest could be captured and separated from the rest of the community.  This 
target can be easily retrieved from the device for analysis or further culturing.  Another 
application is the separation of DNA probes for performing FISH.  Since FISH uses a 
fluorescent DNA probe, washing must be performed to remove unbound probes.  Thus, 
by attaching a biotin molecule it is possible to capture unbound probes from the droplet 
and separating the probes from the cells.  The cells can be captured downstream or re-
encapsulated by redesigning the device.  This concept can also be applied to any process 
that requires washing like ELISA.   

Droplet spacing and dispensing from Chapter 4 can also benefit from automation 
by detection software such as LabVIEW.  Droplet imaging detection controls the valve 
for spacing and enables automatic spacing and dispensing of droplets.  When the imaging 
detects a droplet approach the spacing junction, the valve can be programmed to be open.  
Once that droplet is no longer detected by the imaging, the valve closes again.  A certain 
amount of time is allotted before the next droplet can be spaced to ensure sufficient time 
to allow the first droplet to be dispensed.  Automation could be further enhanced by 
including attaching the droplet dispensing tubing to an X-Y-Z positioner (Figure 6.1b) for 
automated dispensing into well-plates.  Currently, each droplet dispensation is allotted a 
certain amount of time to ensure ample time for the droplet to transfer from the device to 
the tube. Based on this time interval, the positioner could be   programmed to move after 
each allotted time.   
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This pneumatic system could even be reconfigured to achieve sorting by adding 
another channel to form a Y-junction. The valve is placed on one side of the junction that 
is shorter in length compared to the other junction.  When the valve is open, the 
resistance in that channel is lower allowing a droplet to flow into that channel.  When the 
valve is closed, the resistance is higher than the other channel forcing the droplet to move 
to the other channel.  Using this technique, droplets can be sorted.   

Future advancements in DNA amplification to reduce bias could enable 
quantification of cell numbers in a droplet and obtain more accurate genomes for 
sequencing.  This would provide a powerful tool for future applications as both 
amplification of small sample sizes and quantification of those samples could be 
achieved.  In the meantime, troubleshooting and optimization of the qPCR step by 
reducing errors from aqueous separation and improved DNA extraction could enable 
accurate quantification of the cells in the droplet.   

a b 

Figure 6.1: (a) Example of a microfluidic droplet viscometer that senses the interface between two 
phases.[9] (b) Commercial X-Y-Z system for automated dispensing into a 96 well-plate from Hudson 
Robotics. 

b 
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6.2.2 Application of Droplet Cultivation and Analysis for Culturing Novel Bacteria 
 With our droplet co-cultivation platform, many of the challenges came from the 
sequencing analysis of the droplet.  Better resolution sequencing such as Illumina Hi-Seq 
and PacBio could resolve the issues with low coverage and enable better binning of the 
meta-genomic data.  In addition, the usage of a different DNA amplification technique 
could allow for better quality DNA since low coverage for one species is often a result of 
the bias from MDA.  Techniques such as MAL-BAC could be easily adapted to this 
platform for improving coverage uniformity as this process can be conducted off-chip.  
Technological improvements such as consistent droplet generation in the anaerobic 
chamber would improve consistency in droplet cultures. Setting up a process to ensure 
the device remains bound to the microscope would improve consistency of generation.  A 
better set-up for pressure controls in the chamber with a more precise syringe pump 
would ensure more monodisperse droplets caused by hysteresis effects during generation.  
While the resulting sequences yielded in poor genome completion for some of the bins, 
better sequencing results in the future could provide more accurate functional information 
for identifying complementarity.  Other software for quality control and assembly should 
be considered as loss of reads can cause significant problems downstream with 
incomplete genomes.   
 Media and oxygen conditions are extremely important facets to culturing and in 
this work, only four media were used and one oxygen condition.  In future work, other 
media such as minimal, species specific, or real environmental media (from the gut) 
could enable different diversity cultures.  Oxygen conditions should also be varied, as 
there are bacteria in the gut that are micro-aerobic or even facultative anaerobes. This 
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system could easily be applied to many other body sites with easily attainable 
environmental media.  We previously demonstrate cultivation of microbial communities 
obtained from plaque samples using concentrated saliva (Figure 6.2).  We were able to 
amplify the cultures from droplets, but the process was not refined during single droplet 
dispensing.  It would be insightful to split a droplet and perform the culture scale-up and 
MDA amplification to compare the resulting cultures.  This could tell us the effects of 
MDA on real culture samples and ascertain how similar the scaled-up culture is 
compared to the MDA amplified DNA.  In addition, scale-up can also be performed by 
biofilm forming devices and studying the differences between the planktonic culture and 
biofilm cultures could provide information on this effect.   

 Finally, E. frumentensis cultivation could benefit from improvements on the 
bacterial extraction.  While our analysis verified existence of the target in the sample, 
viability remains a question.  A live-dead stain analysis would allow for confirmation of 
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Figure 6.2: Cultivation of bacteria extracted from human plaque.  The 
cultivation media is 10X concentrated saliva. Bacteria were cultured for 4 
days.   
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the bacteria. It would be beneficial to verify live-dead staining by identifying some mark 
genes for viability of the bacteria.  With our extraction method analysis, there are still 
many bacteria that did not get released from the cells.  Further optimization of the 
extraction methodology would be helpful for future culturing.  Varying the digitonin 
concentrations further and trying some alternative lysis buffers could help extract more of 
the microbes from the tunicate.  In addition, the usage of sonication did result in 
extraction of the target.  However, no further work to culture the microbes from this 
extraction method was done.  Cultivation of bacteria from this extraction method could 
provide insight into viability of the cells compared to the digitonin.  Further work on 
understanding culture conditions are needed, as the host environment is still largely 
unknown.  Studying the metabolites within the host cell could provide the needed 
answers for culture conditions such as signaling molecules or intermediates.  This 
analysis could be performed by mass spectrometry or HPLC.  Finally, if cultivation 
cannot be achieved, insertion of genes for ET-743 production into another species should 
be considered.   
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