
Genomes and Gene Expression in Individual Cells

Citation
Zheng, Wenshan. 2019. Genomes and Gene Expression in Individual Cells. Doctoral dissertation, 
Harvard University, Graduate School of Arts & Sciences.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:42013107

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:42013107
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Genomes%20and%20Gene%20Expression%20in%20Individual%20Cells&community=1/1&collection=1/4927603&owningCollection1/4927603&harvardAuthors=77a1f24b8ca0543dbcf1ba45a822ee83&departmentChemistry%20and%20Chemical%20Biology
https://dash.harvard.edu/pages/accessibility


 
 

Genomes and Gene Expression in Individual Cells 

A dissertation presented 

by 

Wenshan Zheng 

to 

The Department of Chemistry and Chemical Biology 

in partial fulfillment of the requirements 

for the degree of  

Doctor of Philosophy 

in the subject of 

 

Chemistry 

 

Harvard University 

Cambridge, Massachusetts 

September 2019 

  



 
 

 

 

 

 

 

 

 

 

© 2019 - Wenshan Zheng 

All rights reserved.



iii 
 

Dissertation Advisor: David A. Weitz                                                             Wenshan Zheng 
 

 

Genomes and Gene Expression in Individual Cells 

Abstract 

I present several method developments and scientific contributions in this thesis. 

I first introduce Microbe-seq, a method we develop to obtain single-microbe 

genomes at high throughput by droplet microfluidics. We develop an experimental 

workflow that incorporates microbe encapsulation, lysis, whole genome amplification, 

tagmentation, and barcoding inside droplets which can be manipulated as reaction 

chambers at kilohertz speed, thereby achieving high throughput. We apply Microbe-seq 

to samples from one healthy human subject and acquire 21,914 single-microbe genomes. 

Via assembling single microbes from the same species, we obtain 93 species-level 

assembled genomes, including 15 genomes of novel species. These single-microbe 

genomes also allow us to reveal subspecies level microbial diversities in the human gut 

microbiome. 

Then, I present the study of viral infection by inDrop, a method to profile gene 

expression with single-cell resolution at high throughput with droplet microfluidics. We 

use inDrop to examine single-cell transcriptomics of cultured primary human cells 

infected by BKV, a prevalent human virus that can cause diseases in immunosuppressed 

people. We find different cellular responses to BKV from the same type of cells and 
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group cells into productively infected, aborted infected and resistant to infection. We 

identify genes that are responsible for different responses in cell subpopulations. 

Finally, I describe an approach to massively produce double emulsions with 

tandem emulsification, a two-step process with droplet microfluidic devices. With this 

method, single emulsions are generated in a first device and are re-injected directly into a 

second device to form uniform double emulsions. Since wettability requirements are 

spatially separated into two devices, we can robustly functionalize these devices. This 

allows us to parallelize a lot of drop-makers into a set of devices. We demonstrate the 

application of tandem emulsification for scalable core-shell emulsion production with 

both integrated flow-focusing or millipede devices.  
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Chapter 1 Introduction 

1.1 Structure of the thesis 

In this thesis, I present 3 research projects which are all based on the droplet 

microfluidics platform. 

In chapter 2, I will introduce Microbe-seq, a method we developed to acquire single-

microbe genomes at high throughput. We successfully incorporated single-cell library 

preparation procedures into droplets which can be manipulated as reaction chambers at 

kilohertz rate, thus achieving high throughput. We test this method with a mock sample 

consisting of four different bacterial species and validated that genomes acquired by this 

method are mostly at single-microbe resolution. We apply this method to human gut 

microbiome samples from a subject. With Microbe-seq, we can identify novel species 

and reveal subspecies level microbial diversities of the human gut microbiome sample. 

In chapter 3, I will present the study of viral infection by inDrop, a method to profile 

single-cell transcriptomics at high-throughput with droplet microfluidics. We culture 

human primary cells and infect them with BKV, a virus with about 80% prevalence in the 

human population which can cause renal dysfunction in immunosuppressed patients. 

Then we apply inDrop to these cells and obtain gene expression profiles of more than ten 

thousand single cells. We find different cellular responses to BKV from the same cell 

type and group cells into productively infected, aborted infected and resistant to infection. 

Genes associated with these different viral infection responses are identified. 

In chapter 4, I will introduce the mass production of double emulsion by tandem 

emulsification in droplet microfluidics. With this method, single emulsions are generated 
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in a first device and are re-injected directly into a second device to form uniform double 

emulsions. In this way, wettability requirements to produce double emulsions are 

spatially segregated into two devices, thus we can robustly modify their surface 

properties before devices are connected. This allows us to parallelize many drop makers 

into one set of devices and achieve high throughput production of double emulsions. 

1.2 Droplet microfluidics for high-throughput biological assays 

Droplet microfluidics is the generation and manipulation of droplets in micro-devices.1 

Droplets are generated with two immiscible phases, one fluid phase is dispersed into the 

other continuous fluid phase and the resulting emulsion droplets are stabilized by 

surfactants.2 This happens in a well-controlled manner so that uniform droplets are 

generated. These droplets can be used as miniaturized reaction chambers and are well 

suited for biological assays which save cost and increase the throughput.3 

The first step to utilize droplet microfluidics for biological assays is to compartmentalize 

reactions into droplets. The inner phase is often aqueous phase which contains reagents 

and if needed, cells, molecules, beads, and other particles.4-5 In some situations, multiple 

channels that meet right before the oil phase channel can be used for inner phase reagents 

to prevent reactions from happening before droplets are made. This can be particularly 

important when encapsulating cells with lysis reagents for single-cell resolution assays.6-7 

With different microfluidics setups, droplets with uniform volumes ranging from less 

than 1 pL to more than 1 nL can be made at kilohertz speed.3  

After droplets are made, they can be manipulated in different ways as needed.3 A 

common need in biological assays is to add new reagents inside each droplet to perform 
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new reactions. This can be done by fusing droplets containing original droplets and a new 

droplet containing reagents to be added. One way to do this is passive fusion which relies 

on device design to put droplets in contact and drain the continuous phase between them. 

However, this method cannot be applied to droplets stabled by surfactants.8-9 Active 

fusion can overcome this limitation by electrocoalescence of droplets. In such schemes, 

electrodes are implemented into microfluidics devices and voltages are applied to fuse 

droplet pairs.10  

1.3 Single-cell sequencing 

Single-cell sequencing is the sequencing of genome or transcriptome from single cells.11 

This is made available with the technology advancement which makes it possible to 

prepare sequencing libraries from a tiny amount of DNA or RNA from a single cell.12 

This offers the opportunity to dissect complex biological systems and examine them with 

single-cell resolution.  

A major application of single-cell genome sequencing is the study of microbial 

diversities, such as heterogeneity within the same species, variability between closely 

related species and interactions between microbial organisms.13-15 Currently, microwell 

plates are used as reaction chambers thus single-cell genomes profiled are limited to tens 

to a few hundred,15-16 represent only a minute fraction of most microbial communities. 

What needed now is to devise a method to recover single microbe genomes at high 

throughput. 

Single-cell transcriptome sequencing is mostly applied in the study of multicellular 

organisms.17 A major technological advancement in this field is the introduction of high-



4 
 

throughput single-cell RNA sequencing methods that can acquire transcriptomes of 

thousands of cells at single-cell resolution.7, 18 With such methods, biological information 

which was not accessible can be routinely obtained. This has been enabling biological 

questions to be studied and answered. 
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Chapter 2 High-throughput single-microbe genomics 

(Microbe-seq)  

2.1 Introduction 

The human gut microbiome is a complex ecosystem consisting of trillions of microbial 

cells 19 from hundreds of different species. 20 The composition and functional diversity of 

this microbial community is closely related to human health and disease, such as 

diabetes, 21-23 depressive disorder,24-25 and inflammatory bowel diseases.26-28 To study 

this diversity, shotgun metagenomics has been frequently used to sequence the collective 

genomes from these microbial communities.29-31 However, the metagenomics approach 

focuses on community and species level characterization while the gut microbiome 

contains substantial heterogeneity at the subspecies level – single nucleotide 

polymorphisms (SNPs), phase variation, and accessory genomic regions – leading to 

orders of magnitude more unique genotypes. 32-33 Within an individual, microbes 

accumulate mutations during their colonization to form different genotypes, providing 

further diversity to the microbiome community.34-35 Challenges remain for metagenomic 

analysis to accurately identify diversities at these levels, 36 limiting our understanding of 

the extent of subspecies-level diversity of the gut microbiome and how this diversity 

affects human health. 

The full diversity of the human gut microbiome can be revealed by the genome of every 

single microbe from the community. Such genomes reveal fine-scale genetic features and 

permit comparative analysis of microbial genotypes with high resolution. 36-38 These 
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genomes can be obtained by the culture-based approach where microbial colonies grown 

from individual microbes are used for library preparation and sequencing. 39-41 However, 

this approach is labor-intensive and is biased towards microbes that are easily cultured.13 

Single-cell sequencing acquires genomes of individual microbes from the community 

without culturing. Genomes from individual microbes are amplified by whole genome 

amplification (WGA), predominantly multiple displacement amplification (MDA), for 

library preparation and sequencing.42-43 However, this method uses microwell plates as 

reaction chambers; 15-16 thus, single-cell genomes can be obtained only at relatively low 

throughput. As a result, this method has not been widely applied to investigate the 

diversity and function of human microbiomes. Therefore, it is crucial to devise a method 

to recover single microbial genomes at high throughput. Such an approach would reveal 

the diversity, especially the subspecies-level diversity, of the human gut microbiome. 

This is essential to study the relationship between these fine-scale genetic structures and 

human health. 

Here, we introduce Microbe-seq, a method to obtain single microbe genomes at high 

throughput by droplet microfluidics. We develop an experimental workflow that 

incorporates cell encapsulation, lysis, WGA, tagmentation,44 and barcoding inside 

droplets which can be manipulated as reaction chambers at kilohertz speed, thereby 

achieving high throughput. We validate Microbe-seq by profiling 5497 single-amplified 

genomes (SAGs) from a mock bacterial community consisting of four bacterial species. 

Our method achieves a genome coverage that is about half of that using the microwell-

based approaches but with only 1% of the sequencing depth. 45 We then apply Microbe-

seq to seven different stool samples from one healthy human subject and acquire 21,914 
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SAGs. Via automated iterative grouping of SAGs that share overlapping sequence 

signatures, we achieve 93 species-level genome assemblies, including 15 novel species. 

Comparing these genomes from the same human subject, we analyze HGT patterns 

between species and the result matches those from cultured isolates. These SAGs also 

allow us to track the evolutionary dynamics of the crAssphage46-47 population at a single-

phage level.  

 

2.2 Microbe-seq setup  

The overall Microbe-seq process is similar to a typical single microbe library preparation 

method.15-16 However, droplets, instead of well plates, are used as reaction chambers. In 

this process, microbes are first isolated by co-encapsulating them with lysis reagents into 

droplets. After lysis, genetic materials from each microbe are released but confined inside 

each droplet. Then, the genome from each microbe is amplified by MDA. These 

amplified genomes are fragmented and tagged by common adapters. Next, the genetic 

materials are labeled with a barcode unique to this microbe by polymerase chain reaction 

(PCR). These barcodes are DNA sequences similarly synthesized by split pool synthesis 

as previously reported.7, 48 After barcoding, the genetic materials from each microbe are 

labeled so droplets can be chemically broken, the single microbe genomes are pooled and 

sequenced together (Figure 2 - 1).  
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The first step of Microbe-seq is to isolate microbes from each other and co-encapsulate 

them with lysis reagents via a co-flow device (Figure 2 - 2). In our experiments, the 

number of droplets made at this step is at least 10 times more than the number of 

microbes. As a result, more than 95% droplets containing microbes have a single microbe 

in each of them. After droplet making, microbial cells are lysed, and their genetic 

materials are released but confined inside each droplet. 

 

 

 

Microbial  
community 

Lyse MDA 

Tagment Barcode Pool Library preparation, 
sequencing and data 

analysis 

cell 1 
cell 2 
cell 3 
cell 4 

Encapsulate 

Figure 2 - 1 Schematic of Microbe-seq for high-throughput, single-microbe whole-
genome sequencing 
Microbes are isolated and encapsulated with lysis reagents into droplets with a co-flow 
microfluidics device. After lysis, MDA reagents are added into each droplet with a 
merger device and single genome in each individual droplet is amplified. Then, 
transposomes are added into each droplet to fragment amplified genomic materials and 
add adapters to both ends. In the end, PCR reagents and a bead with millions of primers 
containing sequence unique to this bead are added to each droplet. Genomic materials 
are labeled with these primers by PCR. After this labeling, droplets are broken, and 
single cell libraries are pooled together for typical further library preparation and 
sequencing. 
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After lysis, MDA reagents are added into each droplet with a droplet merging device10, 49 

to amplify microbial genomes. A droplet merging device is composed of 3 modules: 

sample droplet re-injection, reagent droplet making, and droplet merging (Figure 2 - 3). 

At the sample droplet re-injection module, droplets containing samples from previous 

steps are re-injected into the device. At the reagent droplet making module, a droplet 

maker is used to make droplets containing reagents to be added into sample droplets. 

Frequency of sample droplet re-injection and reagent droplet making are synchronized, 

and droplet pairs are formed in the main channel. Each droplet pair is consisting of a 

sample droplet and a reagent droplet. These droplet pairs are merged at droplet merging 

module under high frequency alternating current electric field and reagents are added into 

each droplet. We adjust the concentration of MDA reagents so that each genome is 

amplified ~100 times. 

A B Microbes Lysis reagents 

Figure 2 - 2 Co-flow device to co-encapsulate microbes with lysis reagents. 
(A) Design of the coflow device. 
(B) Image showing droplet making process. 
Scale bar: 50um 
This device is used to isolate and encapsulate microbes together lysis reagents. The co-
flow device has 2 inlets for aqueous internal phases which are lysis reagents and microbe 
suspension. These 2 streams meet right before drops are made to avoid cross 
contamination caused by lysed cells.  
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After genome amplification with MDA, product size is ~10kb so it is necessary to 

fragment them to be used as PCR templates. We do this by adding tn5 transposomes into 

each droplet with another droplet merging device (Figure 2 - 4). Tn5 transpoposmes 

fragment amplified genomes and tag DNA fragments with common adapters as PCR 

handles, which are used to label genetic materials from each droplet. This is done by 

adding PCR reagents together with barcoding beads via a droplet merging device (Figure 

2 - 5). Each barcoding bead has millions of primers with the same sequence, which is 

from a 36864-diversity sequence library. This barcoding bead library is prepared by a 

two-step split pool synthesis process and the total sequence variety can be increased if 

A 

B 

C 

Figure 2 - 3 Droplet merger device to add MDA reagents into each sample droplet.  
(A) Design of the droplet merger device.  
(B) Image of the region where reinjected droplets meet with reagent droplets.  
(C) Image of droplet merging module. 
Scale bars: 50um 
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needed. These primers are covalently bonded to each bead by photo-cleavable spacers. 

After adding PCR reagents and barcoding bead into each droplet, these primers are 

released by UV light and PCR is performed to label genetic materials inside each droplet. 

Some droplets are merged at this PCR step which causes cross-contamination. We use a 

droplet size filter device 50 (Figure 2 - 6) to remove most of these merged droplets.  

 

 

 

 

A 

B 

C 

Figure 2 - 4 Droplet merger device to add transposomes into each sample droplet.  
(A) Design of the droplet merger device. 
(B) Image of the region where reinjected droplets meet with reagent droplets. 
(C) Image of droplet merging module.  
Scale bars: 50um 
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A B 

C 
D 

Figure 2 - 5 Droplet merger device to add PCR reagent and bead into each droplet.  
(A) Design of the droplet merger device. 
(B) Image of the module to make reagent droplet which contains a bead in each droplet. 
(C) Image of the region where reinjected droplets meet with reagent droplets. 
(D) Image of droplet merging module.  
Scale bars: 50um 
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After genetic materials are labeled, droplets are divided into subsets of less than 3000 

SAGs in each of them. With current barcoding pool diversity, more than 95% of cells are 

labeled with unique barcodes. These droplet subsets are broken and genetic materials 

within each subset are pooled together. Sequencing adapters together with a sample index 

are added through PCR and subsets with different indexes are mixed for sequencing. 

A 

B C 

Figure 2 - 6 Droplet filter device to remove larger droplets from the emulsion. 
 (A) Design of the droplet filter device.  
(B) Image of the inlet of the device, larger droplets cannot pass post array and flow 
directly to waste collection.  
(C) Image of the outlet of the device, regular-sized droplets pass post assay and are 
collected for next library preparation and sequencing steps.  
Scale bars: 100um 
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Altogether, tens of thousands of single-cell libraries can be prepared in one experiment in 

3 days and sequenced together. After sequencing, reads are grouped by index and 

barcode sequence and sequencing reads for each SAG are recovered. 

 

2.3 Validate Microbe-seq with mock bacterial community 

We assess Microbe-seq with a mock microbial community consisting of four bacterial 

species, Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, and Bacillus 

subtilis. With Microbe-seq, four subsets of single microbe libraries are prepared and 

sequenced. A total of 181 Million 150bp × 2 paired-end raw reads are generated which 

are grouped into 5497 SAGs each containing 7K -100K paired-end reads (Figure 2 - 7). 
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To validate that these SAGs are representing single microbes, we map reads from each 

SAG to reference genomes of these 4 bacterial species. 51 On average, 97±2% reads from 

each SAG are mapped to reference genomes (Figure 2 - 8), showing good library and 

sequencing quality. 

 

A B 

D C 

Figure 2 - 7 Histograms of read number counts per barcode for the four subsets of single 
microbe mock samples.  
Note that the y axis is read counts coming from each bin rather than barcode counts from 
each bin. Barcodes with reads fall inside dashed lines are kept. Numbers of SAGs kept in 
sample A to D are 800, 1224, 1748 and 1725, respectively 
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A purity score defined as the number of reads aligned to the most mapped genome over 

the number of all reads that mapped to any of these four genomes is used to assess 

whether these SAGs are at single-cell resolution. If a SAG is a mixture of two or more 

bacterial cells, reads from this SAG would be aligned to more than one genome, leading 

to a purity score of less than one. The purity scores of these 5497 SAGs are calculated 

and plotted (Figure 2 - 9), their distribution is very right-skewed towards one, showing 

good single-cell resolution. In our work, we attribute a SAG with a purity score higher 

than 0.95 to be clean and representing a single cell. With this cutoff, 4612 (84%) SAGs 

are clean in this mock sample. This fraction of clean cells is less than the 90% theoretical 

Figure 2 - 8 Histograms of aligned reads per barcodes. 
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value. This excess contamination is possibly caused by cross-contamination between 

droplets, especially at the PCR step where droplet merging can happen. 

 

We assign microbe identity to clean SAGs by the genome where the majority reads are 

aligned to and compare library metrics between species. Average reads for these four 

species are close to each other, ranging from 20K to 35K for each species (Table 2 - 1). 

Genome coverage for each SAG, defined as genome covered at least 1X by this single 

cell, is calculated. The average genome coverage rate is 8 – 26% for these four species 

from a single SAG (Table 2 - 1, Figure 2 - 10), representing a 10 to 100-fold increase 

compare to a report of high throughput single-cell sequencing for microbes.52 This 

genome coverage rate is comparable to results from well-plate-based experiments with a 

similar enzymatic protocol. However, the read number per cell in our experiment is less 

than 1% of the read number from the well-plate method.45 This saves significant 

Figure 2 - 9 Distribution of purity of 5497 SAGs 
The purity of most SAGs falls into the right most bar, showing good 
single cell resolution. The inset plot is number of SAGs in each bin 
with a logarithmic scale at y axis.  
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sequencing capacity and makes it feasible to sequence tens of thousands of single 

microbe whole genomes with one sequencing run.  

 

 

 

Table 2 - 1 Summary of read number, genome coverage and recovered genome for mock 
species 

Species read number (K) 

genome coverage 

(Kb) 

recovered genome 

(Kb) 

E. coli 21 ± 14 409 ± 369 113 ± 132 

S. aureus 35 ± 17 717 ± 365 283 ± 185 

B. subtilis 28 ± 16 715 ± 463 214 ± 172 

K. pneumoinae 20 ± 11 499 ± 313 127 ± 90 
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Single-cell MDA is thought to introduce a lot of bias in coverage depth at different 

locations of the genome.43 We randomly pick cells from each species and check their 

genome coverage variation. Genome coverage depth varies along the genome of every 

single cell. A lot of regions have coverage depth tens of times more than average 

coverage while other regions are not covered (Figure 2 - 12, Figure 2 - 11, Figure 2 - 14, 

and Figure 2 - 13). To test whether this coverage depth bias is random, we combine all 

cells of each species and check their genome coverage (Figure 2 - 15). Genome coverage 

shows good uniformity for all species, indicating that although MDA is biased, this bias 

itself is stochastic 43. The only regions that are significantly over-amplified are plasmid 

regions of the genome (Figure 2 - 15), this is possibly caused by multiple copies of the 

plasmid in every single microbe.  

Figure 2 - 10 Violin plot of single-cell genome coverage for different cell species 
Numbers above boxes are cell numbers for each species. 
E. c. means E. coli, S. a. means S. aureus, K. p. means K. pneumoniae and S. a. 
means B. subtilis. 
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A B 

C D 

Figure 2 - 11 Relative coverage plots within 100bp windows of the genomes of 4 
random picked S. aureus SAGs, note that the y-axis is not the same for all cells. 

A B 

C D 

Figure 2 - 12 Relative coverage plots within 100bp windows of the genomes of 4 
random picked E. coli SAGs, note that the y-axis is not the same for all cells. 
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A B 

C D 

Figure 2 - 14 Relative coverage plots within 100bp windows of the genomes of 4 
random picked B. subtilis SAGs, note that the y-axis is not the same for all cells. 

A B 

C D 

Figure 2 - 13 Relative coverage plots within 100bp windows of the genomes of 4 
random picked K. pneumoniae SAGs, note that the y-axis is not the same for all 
cells. 
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The MDA step of Microbe-seq generates multiple copies of single microbe genomes and 

allows de novo assembly from a single microbe. This is particularly important if the 

reference genome is not available. We assemble genomes 53 from every single cell and 

compare their assembled genome sizes (Table 2 - 1, Figure 2 - 16). The average genome 

recovery rate, defined as assembled genome size over reference genome size, is 2 – 10% 

for these four species from every single microbe, representing a small fraction of the 

whole genome. However, the high throughput manner of Microbe-seq allows the co-

assembly of single cells from the same species. We randomly co-assemble multiple 

single cells from the same species and assess their genome size. The assembled genome 

A B 

C D 

Figure 2 - 15 Relative genome coverage within 100bp windows of each species. 
(A) E. Coli. (B) S. aureus. (C) B. subtilis. (D) K.pneumoniae. 
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size increases quickly as we use more SAGs for assembly until a complete genome is 

assembled (Figure 2 - 17). On average, 20 single cells are enough to assemble a complete 

2.8Mb genome for S. aureus while 60 single cells are needed to assemble a complete 

5.4Mb genome for K. pneumoniae.  

 

 

 

 

 

Figure 2 - 16 Violin plot of assembled genome size from every single cell for 
different cell species. 
Numbers above boxes are cell numbers for each species. E. c. means E. coli, S. a. 
means S. aureus, K. p. means K. pneumoniae and B. s. means B. subtilis. 
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2.4 Apply Microbe-seq to the study of the human gut microbiome 

We apply Microbe-seq to the study of the human gut microbe. Samples are from a 

healthy human subject and these samples are well characterized by both metagenomics as 

well as culture-based approach. Thus, we can compare results between different methods 

and have a seven different stool samples from one healthy human subject and assess 

advantages and limitations of Microbe-seq. We apply Microbe-seq to seven samples from 

the donor and in total acquired 21,914 SAGs. 

Figure 2 - 17 Fraction of recovered genome as a function of the number of cells 
used for genome assembly. 
Specific cell number of single cells from each species are randomly picked for 
genome assembly. 20 samplings are done for each cell number. Error bars denote 
standard deviation. Note that markers are slightly offset on x-axis for better 
visualization. 
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2.4.1 Microbe-seq captures microbial diversities in the human gut microbiome 

samples 

To assess whether Microbe-seq is biased or only applicable toward specific microbial 

species, we sample 5000 reads from each SAG in a sample and compare these combined 

reads to metagenome results. Sequencing results from both methods are first classified as 

taxonomy IDs 54 before they are compared. Most taxonomy IDs appear in metagenome 

results are also found in Microbe-seq data. These overlapping taxonomy IDs occupy 

more than 99% of reads in all seven samples. We further compare the abundance of 

taxonomy IDs in Microbe-seq and standard metagenome (Figure 2 - 18). The abundance 

of taxonomy IDs is similar to each other in both datasets. However, overall, abundances 

of Firmicutes in Microbe-seq are higher compare to metagenome while abundances of 

Bacteroidetes in Microbe-seq are lower. This is possibly caused by the lysis protocols 

used in these two methods. In Microbe-seq, we use enzymatic lysis thus gram-positive 

bacteria are effectively lysed while alkaline extraction, which is more efficient for gram-

negative bacteria, is used in the metagenome approach. 
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To assess the diversity within Microbe-seq results, we compare the tetranucleotide 

frequency (TNF), which is believed to be related to microbial phylogeny,55-56 of these 

21914 SAGs. Dimension reduction t-SNE57 plot (Figure 2 - 19) of these TNF features 

reveals tens of SAG clusters, further confirming the diversity captured by Microbe-seq. 

We label SAGs in the plot with different colors based on their identities at the order level 

Figure 2 - 18 Microbe-seq captures microbial diversities in the human gut 
microbiome sample. 
Comparison of the taxonomy ID diversity of human gut microbiome from 
Microbe-seq and metagenomics methods. Most IDs appear in both Microbe-seq 
and shotgun metagenomic data. Overall ID abundance is similar in both methods, 
however, Microbe-seq is biased for Firmicutes and slightly biased against 
Bacteroidetes. This is likely caused by the enzymatic lysis used in Microbe-seq 
which is more effective for gram positive bacteria.  
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58. Most SAGs in each cluster in the plot is from the same order, indicating that genetic 

feature can be used to classify these SAGs. 

 

 

2.4.2 High-quality genomes are assembled from Microbe-seq  

A critical first step in the analysis of the human gut microbiome is to assemble genomes 

at the species level. With Microbe-seq, each SAG represents a fraction of the genome. To 

Figure 2 - 19 T-SNE dimension reduction plot of 21914 SAGs based on 
tetranucleotide frequency (TNF) of their reads. 
It demonstrates the diversity captured by Microbe-seq. Each dot represents a 
SAG. Dots are colored by identity of SAGs which are assigned by Kaiju 
alignment to 'non-redundant’ (nr) database at order level. Similar cells have 
similar TNF features and are closer in the plot. 
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acquire complete genomes, we develop a computational pipeline that identifies SAGs 

from the same species and co-assemble them to get high-quality genomes (Figure 2 - 20).  

 

The first step in this pipeline is to group SAGs by their genetic features iteratively. In the 

starting round, each SAG is treated as a bin. We assemble genomes from each bin,53 

extract and compare their genome hash sketches.59 As shown in Figure 2 - 19, similar 

species have similar genetic features. Distance between these genetic features is used to 

group bins into larger bins. This process iterates until we have bins that are composed of 

multiple species, this can be revealed by the contamination of their genome assemblies 

estimated by CheckM.60 In our case, this takes four iterations and we group 21914 SAGs 

into 364 bins. 

Figure 2 - 20  Schematic of the genome assembly process from Microbe-seq results.  
We start with 21914 single cells, each as a bin. Their assembled genomes are compared 
by Sourmash which captures their genome Kmer features so similar bins can be 
combined. This process iterates until bins with more than one species appears. This take 4 
iterations with our dataset. To further divide some bins which have similar species, each 
single cell is aligned to assembled contigs within a bin. This mapping information is used 
to further group cells into different bins. Genome assembly are further performed on 
these divided clusters. Contamination contigs are removed by mapping information. In 
the end, bins from same species are combined to produce 93 assembled genomes.  
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The second step is to split each bin by alignment patterns of SAGs. In this step, we align 

each SAG to the assembled genome in each bin. The read count from each SAG to each 

contig of the assembled genome is used to cluster contigs and cells into subgroups. Since 

most cells in each bin are representing single cells, they should align to contigs of the 

same species. In this way, not only similar species are separated, but also SAGs 

representing multiple cells are identified and removed. With our dataset, 402 bins are 

obtained after this step. 

We further group bins by comparing average nucleotide identity (ANI) of assembled 

genomes. Bins with more than 95% ANI are combined into species-level groups. Overall, 

we acquire a total of 93 genome assemblies from this subject. Among which 50 are high 

quality assemblies (>90% completeness and <5% contamination), 25 are medium quality 

assemblies (>50% completeness and <10% contamination) (Figure 2 - 21).  

 

 

 

Figure 2 - 21 Genome quality estimation by checkM.  
Among 93 assembled genomes, 50 are high quality assemblies (>90% 
completeness and <5% contamination), 25 are medium quality assemblies (>50% 
completeness and <10% contamination).  
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2.4.3 Horizontal Gene Transfer revealed by Microbe-seq 

Horizontal gene transfer (HGT), or lateral gene transfer (LGT) is the movement of 

genetic material between organisms that are not from parents to offspring. HGT is often 

closely related to the spread of antibiotic resistance and pathogenicity.61 It has also been 

shown that HGT is widespread in the evolution of bacteria especially those associated 

human.62 As a result, HGT contributes a lot to the accessory genomes of bacteria which 

leads to subspecies level diversity. 

We study recent HGT between 50 species with high quality genomes with a previous 

reported method.35 In brief, genome sequences in different species that are more than 

99.98% similar and longer than 5000bp are used as recent HGT events. We compare 

HGT genome size between different species. It can be clearly seen that species fall into 

phylum Bacteroidetes tends to have HGT events while those falls into phylum Firmicutes 

rarely have HGT. Another feature is that we only detect HGT within the same phylum, 

this is consistent with previous report that HGT happens more in phylogenetically close 

species (Figure 2 - 22).62-63 
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2.5 Conclusion and discussion 

Here we introduce Microbe-seq, a platform to acquire single-microbe genomes at high 

throughput. With this method, microbes can be isolated, lysed, tagmented and barcoded 

in droplets as reaction chambers at kilohertz rate. We demonstrated the high throughput 

and single-microbe resolution features of this method by applying it to samples from 

human gut microbiome.  

Figure 2 - 22 Horizontal gene transfer (HGT) between 50 species with high quality 
assembled genomes. 
Genomes are sorted so that Firmicutes are closer in the top right corner and Bacteroidetes 
are following them. The other genomes cannot be assigned a species level reference in 
RefSeq database or belong to other phylums. 
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The next step for the application of Microbe-seq could be to apply it to more specific 

human gut microbiome samples for comparative analysis. Some of these examples are 

microbial communities from patients and healthy donors, or samples from people before 

and after antibiotic treatments. With Microbe-seq, we can obtain human gut microbiome 

information at much high resolution and throughput than before. This can give us better 

understanding between human gut microbiome and health states and potentially insights 

of therapeutic treatments. 

Microbe-seq is not limited to the study of the human gut microbiome. There is no 

limitation from the platform that prevent people from applying it to other microbial 

systems. This method is suitable to the study of any microbial communities that are 

diverse, especially at subspecies level, such as ocean and soil microbiomes.  

This method is still suffering from some limitations. First is that genome coverage and 

recovered genome are only a small portion of the whole genome for most microbial 

species. We think a possible reason is that MDA enzyme phi29 has exonuclease activity 

which degrades the single copy DNA at the beginning step of MDA.64 Possible ways to 

solve this problem includes using other amplification enzymes or mutated versions of 

phi29 which might limit its exonuclease function.  

Another limitation of the method is that more than 15% of SAGs are representing more 

than one cell. Although high-throughput data with computational methods can get rid of 

this part of SAGs, it remains to be a confounding factor for some analysis. A major 

source of this contamination is droplet merging at PCR step, this is because surfactants 

are less stable at higher temperature. It might be necessary to find more stable surfactants 

for this PCR step. 
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Although there are some limitations to the method, Microbe-seq can provide 

unprecedented number of genomes at single-microbe resolution. These data can be used 

to reveal fine genetic features at subspecies level and allows comparative analysis. We 

hope Microbe-seq enables such studies in more microbial communities. 

2.6 Materials and Methods 

Microfluidic device fabrication 

Designs of microfluidic devices are printed as photomasks with 10um resolution 

(CAD/Art Services, Inc.). Microfluidic devices are fabricated as previous reported.65 In 

brief, device designs are transferred to Si wafer with SU8 photoresist positive relief by 

photolithography. This positive relief serves as a master for replica molding where 

polydimethylsiloxane (PDMS) (Sylgard 184) is casted and cured. These PDMS replicas 

are peeled off master, sealed with glass slides (Corning, 2947) and rendered hydrophobic 

by flowing Aquapel (PGW Auto Glass, LLC) in the channel. Excess Aquapel are 

removed by flowing compressed air and baking at 65 ºC overnight. 

Microbe suspension preparation 

Microbes are washed in 1ml 1X PBS for 3 times before they are resuspended in 1X PBS 

with 15% (v/v) Optiprep density gradient medium (Sigma-Aldrich D1556). Final 

concentration of microbes is 4-40 million/mL, corresponding to 1% to 10% droplets 

containing microbes after co-flow droplet making. 

Lysis reagent  

80 uL lysis mix is prepared for each experiment. The components for this reagent are: 10 

uL green buffer (Kit Prep Gem, VWR, 76218-660), 1 uL lysozyme (Kit Prep Gem, 
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VWR, 76218-660), 1 uL zygem (Kit Prep Gem, VWR, 76218-660), 1 uL lysostaphin (1 

mg/ml in 20 mM sodium acetate, pH 4.5, Sigma, L7386), 2 uL 20 mg/mL bovine serum 

albumin (BSA, B14, Thermofisher), 2 uL 10% tween-20 (diluted from Tween-20, Sigma-

Aldrich, P9416-50mL), 1 uL 100uM random hexamer with last two 3’ end bases 

phosphorothioated (ordered from IDT), and 62 uL water. 

MDA reagent  

100 uL MDA mix is prepared for each experiment. Components are: 16 uL 10X phi29 

DNA Polymerase Buffer (Lucigen, 30221-1), 0.5-2 uL 100uM random hexamer with last 

two 3’ end bases phosphorothioated (ordered from IDT). 0.8-3.2 uL 25 mM dNTPs 

(Thermo Fisher, R1121), 8 uL phi29 DNA Polymerase (Lucigen, 30221-1), 2 uL 20 

mg/mL bovine serum albumin (BSA, B14, Thermofisher), and water accordingly to make 

it 100 uL. 

If it is needed to stain DNA products to check droplet cross contamination, 5 uL 

Evagreen (Biotium, 31000-T) is added in place of 5 uL of water to stain DNA inside 

droplets. 

Nextera reagent  

90 uL Nextera mix is prepared for each experiment. Components are: 60 uL TD Tagment 

DNA Buffer (Illumina, 15027866), 12 uL TDE1 Tagment DNA Enzyme (Illumina, 

15027865), 1.8 uL 20 mg/mL bovine serum albumin (BSA, B14, Thermofisher), 1.8 uL 

10% tween-20 (diluted from Tween-20, Sigma-Aldrich, P9416-50mL), and 14.4 uL 

water. 

PCR reagent  
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240 uL PCR mix is prepared for each experiment. Components are: 136 uL water, 68 uL 

5X Phusion HF detergent-free Buffer (F520L, Thermo Fisher), 8 µl 10 mM dNTPs 

(diluted from 25 mM dNTP mix, Thermo Fisher, R1121), 16 µl 10 µM Reverse Nextera 

short primer (5’ GTCTCGTGGGCTCGGAGATGT 3’, ordered from IDT), 4 µl Phusion 

High-Fidelity DNA Polymerase (F530L, Thermo Fisher), 4 µl 20 mg/mL bovine serum 

albumin (BSA, B14, Thermofisher), 4 µl 10% tween-20 (diluted from Tween-20, Sigma-

Aldrich, P9416-50mL) 

Bead synthesis 

Beads used for barcoding are synthesized in a similar way as previous reported.7, 48 

However, 96-diversity barcode pool is used for the first strand and 384 diversity barcode 

pool is used. Diameter of droplet for bead is 30 µm instead of 60-65 µm. After synthesis, 

a full barcode sequence can prime with Nextera adapter read 1 sequence which can be 

used as forward primer in PCR with Nextera processed DNA materials as template. 

Bead preparation for experiments 

200 ul beads are washed with 1 mL bead wash buffer (10mM pH 8.0 Tris-HCl, 0.1 mM 

EDTA and 0.1% (v/v) Tween-20 in water) for 3 times. After the final wash, a total of 500 

uL aqueous phase is kept and other supernatants are removed. Then 300 uL water and 

200 uL 5X Phusion HF detergent-free Buffer (F520L, Thermo Fisher) are added into this 

solution. Next, beads are vortexed and kept at RT for 1 min. Then they are centrifuged, 

and supernatants are removed. This beads in 1X Phusion Buffer is ready to use for PCR 

barcoding. 

Analyze similarity between assemblies with fastANI 
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FastANI with default parameters are used to compare assembly similarity. Including 

within Microbe-seq assembled genomes. Search against RefSeq database and against 

cultured isolate database. 

When comparing assembled genomes with closest RefSeq or cultured isolate genomes, 

fragment length of 100bp is used to achieve higher resolution. 

One thing to note is that “am_0171_0078_e3_final.scaffolds.fasta" is assigned an ANI 

value of 97.1% as the closest assembly from isolate to assembly "338_0” with only 

88/766 overlapping regions. This might be a software bug, instead, 

“am_0111_0080_g6_final.scaffolds.fasta” with 679/766 overlapping regions has a score 

of 95.8%. The later assembly is used as the closest genome from isolates to genome 

“338_0” from Microbe-seq for later analysis. 

Co-assembly of genomes 

After group bins by genetic signatures and split bins by alignment, a total of 398 genomes 

are obtained. We use checkM to assess quality of assembled genomes. Genomes with 

ANI larger than 95% are grouped as species level bins. Species level bins with at least 1 

medium quality assembly (>50% completeness and <10% contamination) but don’t have 

high quality assemblies (>90% completeness and <5% contamination) are further 

checked and cleaned. 

An assembly score of completeness – 5* contamination is used to assess genomes and the 

genome assembly with best score are chosen for each species level bin for later analysis. 

In total 93 species bins are acquired; 50 bins are high quality; 25 bins are medium 

quality. 
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We search closest reference genomes for all high and medium quality assembled 

genomes against RefSeq database with fastANI at default parameters. To be more 

conservative when calling for a novel species, we use 90% as the cutoff, with this criteria, 

16 novel species are identified. 9 are high quality and 7 and medium quality. 

Horizontal gene transfer (HGT) detection  

We use BLAST with parameters “-outfmt 6 -perc_identity 99” to align each high-quality 

genome to all other high-quality genomes. Only blocks of larger than 5000 bp with more 

than 99.98% identity are used for later analysis. 
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Chapter 3 Single-cell transcriptomics analysis of BK virus 

(BKV) infected primary human cells 

3.1 Introduction 

BK virus (BKV) is a common polyomavirus with a prevalence of 70-90% of human 

population.66-67  The infection of BKV is usually lifelong and harmless in most people. 

However, in immunosuppressed individuals, such as patients for kidney, bone marrow or 

multiple organ transplantation, BKV can be activated and develop a robust productive 

infection. This can lead to serious diseases such as renal dysfunction and graft loss.68-70 

Till now, we don’t have effective antiviral drugs to treat people against BKV. To develop 

new therapeutic treatments, it becomes crucial for us to fully understand the BKV-host 

interaction during infection and reactivation process. 

Primary RPTE (Renal proximal tubular epithelial) cells are isolated from normal human 

kidneys and have been widely used to study many aspects of BKV infection from entry to 

viral replication and release.71-72 BKV undergoes productive infection in RPTE, which 

leads to progressive cytopathic effects (CPE). Destruction of cell monolayer occurs over 

a period of about 14 days, during which approximately 40 infectious progeny per cell are 

release.73 

Previous microarray and RNA-seq studies have revealed that BKV infection results in 

extensive changes in host gene expression particularly in the pathways involved in cell 

proliferation including DNA synthesis and DNA damage response.74-75 However, 

analyses at the bulk level provide information on the average changes of cellular 

transcriptome from a heterogenous pool of BKV inoculated cells undergoing either 
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abortive (no or low levels of viral gene expression) or productive (high levels of viral 

gene expression) infection, thus are likely to mask unique phenotype in specific 

subpopulations of cells. 

 

3.2 Results and discussion 

3.2.1 Viral gene expression varies greatly among BKV inoculated cells 

Primary human renal proximal tubular epithelial cells have been widely used as an in 

vitro model for investigating BKV productive infection. Although BKV infection 

eventually led to complete destruction of the cell monolayer in about 10 days, results 

from immunofluorescence staining showed that expression of viral proteins varied greatly 

among cells even when viral entry was synchronized by incubating cells and the 

inoculate at 4°C during the initial inoculation (Figure 3 - 1). This observation suggests 

that the interactions between virus and host cells are heterogenous across the entire 

population of the inoculated cells and the transcriptional states of the cells may play 
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important roles in determining the outcome of the infection, i.e. productive or 

abortive/restricted infection. 

 

Single cell transcriptomics has the power to analyze cellular transcriptomes with a single 

cell resolution. In order to identify cellular genes critical for limiting BKV infection, we 

turned to single cell transcriptomics to examine cellular gene expression profiles in 

restricted versus productively infected cells. We utilized inDrop, a microfluidics-based 

platform for single cell transcriptomics. The experimental procedures, data processing 

BKV MOI=5  
DAPI 

Tag 

Mock 
DAPI 

Tag 

DAPI DAPI 

LT LT 

BKV MOI=1 Mock 

1dpp, 2dpi 4dpp, 2dpi 

Figure 3 - 1 BKV inoculated RPTE express viral proteins at various level 

Figure 3 - 2 Experimental procedure and analysis pipeline of single-cell transcriptomics 
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and analysis pipeline for SCT are described in the Materials and Methods and 

summarized in a flow diagram (Figure 3 - 2). Briefly, mock or BKV-inoculated RPTE 

were collected at 2 or 5dpi as single cell suspension. The individual cells were sorted and 

encapsulated into droplets that contained lysis buffer and RT (reverse transcription) 

reagents. After RT reaction, the droplets were pooled for library preparation. The 

libraries were sequenced using Illumina Nextseq platform.  

Examination of viral early and late gene expression at 2 and 5dpi showed that only a 

fraction of cells contained transcripts from ER (Early region) and LR (Late region) at a 

relatively high level (Figure 3 - 3). The late transcripts were expressed at much higher 

levels than that of the early transcripts at both time points. The difference between late 

and early gene expression levels is consistent with findings from the previous bulk RNA-

seq. In contrast to cells at 2dpi, cells at 5dpi contained a smaller population (Figure 3 - 3, 

A 
2dpi 

2199 filtered % ER of total % LR of total 

B 
5dpi 

% ER of total % LR of total 
2205 filtered 

Figure 3 - 3 Variations in levels of viral transcripts 
It shows number of cells in the plots for y-axis. 
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38% at 2dpi; 28% at 5dpi) with both early and late transcripts but a larger population 

(19% at 2dpi; 34% at 5dpi) with no viral transcripts.  

The Gini coefficient, a value from 0 (perfect equality) to 1 (perfect inequality) 

representing statistical distribution among a given population, was calculated to better 

quantify the distribution of viral transcripts among BKV inoculated cells. Indeed, the 

high Gini coefficient ranging from 0.76 (Figure 3 - 4 a, early transcripts at 2dpi) to 0.89 

(late transcripts at 5dpi) confirmed that BKV gene expression across the inoculated 

population was extremely uneven. In addition, BKV inoculated cells were sorted into 

four groups based on the contents of viral late transcripts in individual cells (0, <=1, 10 

and 100% VP1 groups), only about 30% of inoculated cells (the <=10% and <=100% 

groups combined) expressed viral late transcripts at high levels at both time points 

(Figure 3 - 4 b). In other words, about 30% of cells contained viral transcripts greater 

than 1% of the total read counts of an individual cell. This verifies, again, that only a 

fraction of inoculated cells achieved high levels of viral genes expression.  

 

Abortively 

 

Productively 

 

B A 

Figure 3 - 4 Infection variation of BKV infected cells revealed by SCT 
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Taken together, variations of viral gene expression among BKV inoculated cells occurred 

at both the RNA and the protein levels. We considered the 0% VP1 group cells (cells 

with 0 counts of late transcript) to be restricted/abortively infected, whereas the cells in 

the <=100% VP1 group (cells in which over 10% of total transcripts were derived from 

BKV late region) were deemed to be productively infected. 

3.2.2 BKV infection reprogram cellular gene expression 

Before examining effects of BKV infection on cellular gene expression, we first 

characterized the transcriptomic profiles of the mock RPTE culture. Seurat PCA analysis 

on mock inoculated RPTE revealed multiple cell subpopulations, i.e. clusters (Figure 3 - 

5 A), characterized by their distinct transcriptional profiles represented as cluster marker 

genes, as well as widespread expression of known renal proximal tubular epithelial cell 

markers (Figure 3 - 5B). 

 

Mock 2dpi A B 

Figure 3 - 5 Seurat PCA analysis on mock RPTE 
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Proliferating cells appeared to be concentrated in cluster 2, which consisted of cells in 

either S or G2/M phase (Figure 3 - 6A). Regression of cell cycle genes from the analysis 

led to the collapse of cluster 2 , i.e. these proliferating cells no longer formed a distinctive 

cluster but were sorted into other clusters (Figure 3 - 6B). 

 

 

CC regressed (colored by cell cycle phase) 
A 

B 

Figure 3 - 6 Cluster of cells before and after cell cycle (CC) genes are regressed 
out of mock samples 2 dpi. 
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In contrast to cells at 2dpi, mock inoculated RPTE at 5dpi contained a much smaller 

proliferation cluster that could also be collapsed by regression of cell cycle genes (Figure 

3 - 7). 

 

The above analyses indicated that the total population of RPTE culture consists of 

multiple subpopulations with distinct transcriptomic profiles. These results verified the 

sensitivity and the single cell resolution of scRNA-seq, as well as the power and 

reliability of the computational tools facilitating the interpretation of the single cell data.  

We then computationally mixed the sequencing data from mock and BKV inoculated 

RPTE and performed Seurat PCA analysis on the mixture in order to determine cellular 

responses to BKV infection in comparison to the mock inoculated cells at the 

transcriptomic level. Results from this analysis confirmed that only a fraction of BKV 

inoculated cells expressed viral genes at high levels at both time points (Figure 3 - 8). 

Moreover, although mock and BKV inoculated cells at 2dpi partially overlapped based 

CC regressed (colored by cell cycle phase) 

A 

Figure 3 - 7 Cluster of cells before and after cell cycle (CC) genes are regressed 
out of mock samples 5 dpi. 
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on similar gene expression profiles, especially between mock and BKV inoculated cells 

with little or no viral gene expression, the mock and BKV inoculated cells at 5dpi were 

almost completely separated (Figure 3 - 8). The observation that Even BKV inoculated 

cells with no viral reads were well separated from the mock cells at 5dpi indicate that the 

virus was able to reprogram cellular transcriptomes more extensively at the later time 

point. Comparisons of cellular gene expression patterns between productively infected 

cells that expressed viral genes at high levels and BKV restricted cells containing few or 

no viral transcripts will provide important implications on the antiviral responses 

mounted by RPTE. 

 

 

2dpi 

5dpi B 

A ER 

ER 

LR 

LR 

Figure 3 - 8 BKV infection reprograms cellular gene expression 
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3.2.3 Candidate BKV restrictive genes 

Next we attempted to uncover cellular genes responsible for restricting BKV infection in 

RPTE. As mentioned in the previous section, we considered the 0% VP1 group cells 

(cells with 0 counts of late transcript) to be restricted/abortively infected, whereas the 

cells in the <=100% VP1 group (cells in which over 10% of total transcripts were derived 

from BKV late region) were deemed to be productively infected. To identify specific 

changes in cellular genome associated with BKV restriction versus productive infection, 

markers of each VP1 group were identified using Seurat and VP1 covary genes were 

determined using Monocle. Group marker genes were identified by comparing cells in 

each VP1 group to the mock cells (100 cells from each VP1 group against 100 randomly 

selected mock cells). VP1 covary genes were determined based on the correlation 

between the abundance of cellular genes and the amounts of viral late transcripts.  

Although the number of productively infected cells did not increase from 2 to 5dpi 

(Figure 3 - 3, Figure 3 - 4B), BKV inoculated cells underwent more extensive changes in 

their cellular transcriptome at the later time point (Figure 3 - 8). Expression levels of the 

top VP1 covary genes in BKV restricted cells were similar to that of mock at 2dpi (Figure 

3 - 9, left panel, 84 genes with PVA<=1E-5). In contrast, VP1 covary genes at 5dpi 

(Figure 3 - 9, right panel, 82 genes with PVA<=1E-15) showed levels of many of these 

genes, especially genes in groups IV and V differed dramatically between mock and the 

restricted cells (0 and <=1% VP1 groups of the BKV inoculated cells).  
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Out of 326 and 750 covary genes (PVA <= 0.01) for 2 and 5dpi, respectively, a set of 173 

genes were commonly regulated between both time points (Figure 3 - 10). That leaves 

roughly 50% of the 2dpi and over 75% of the 5dpi covary genes to be specific to their 

corresponding time point. Both the common and time point specific covary genes are 

functionally diverse. The common covary genes had functions in translation, 

cytoskeleton, signaling, proliferation, gene expression and metabolism. Covary genes in 

the cell adhesion process appeared to be unique to 2dpi time point. Whereas a greater 

5dpi 
Mock 0% <1%  <10% <100%  Mock          0%         <1%       <10%     <100%   BKV 

2dpi 

Figure 3 - 9 VP1 covary genes 
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number of covary genes unique to 5dpi included additional genes in all the above 

processes besides genes involved in chromatin organization and protein degradation. 

 

Genes involved in immunity and inflammatory response play critical roles in cellular 

defense against viral infection. Monocle identified 11 and 15 VP1 covary genes with 

immune functions for 2 and 5dpi, respectively (Figure 3 - 11). Most of them were 

downregulated in productively infected cells in contrast to restricted cells, suggesting 

their potential roles in limiting productive infection.  

 

 

 

 

 

Figure 3 - 10 Functions of covary genes 
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Only three, ETS1, NFKBIZ and SPP1 are common between the two time points. The 

transcription factor ETS1 can directly control expression of cytokines and chemokines. In 

contrast to mock cells, the RNA level of ETS1 was induced in restricted cells but not in 

productively infected cells (Figure 3 - 11and Figure 3 - 12, ETS1 panels). NFKBIZ is an 

NF-κB inhibitor that suppresses the transcriptional activation activities of the NF-κB 

family transcription factor within the cell nucleus. The RNA levels of both NFKBIZ and 

SPP1 in BKV inoculated cells were lower than that of mock. But their downregulations 

were more severe in productively infected cells than that of the restricted cells (Figure 3 - 

Figure 3 - 11 covary genes with immune functions for 2 (A) and 5dpi (B), 
respectively. 
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11and Figure 3 - 12, NFKBIZ and SPP1 panels). Note the changes in these 3 genes were 

more prominent at the later time point. Previous results from bulk RNA-seq indicated that 

BKV infection in RPTE did not result in IFN (interferon) response.76 Transcriptomic 

analysis at the single cell level agree with the bulk RNA-seq results, but revealed changes 

in few specific ISGs (interferon stimulated genes) in BKV inoculated cells compared to 

the mock. IFITM3 is a covary gene at 2dpi and IFITM2 and TRIM25 are covary genes at 

5dpi. All 3 ISGs were downregulated in productively infected cells in contrast to 

restricted cells. Both IFITM2 and IFITM3 are IFN induced transmembrane proteins that 

inhibit viral entry. TRIM25 is a E3 ubiquitin/ISG15 ligase that mediates ubiquitination of 

DDX58/RIGI. No previous reports have linked BKV infection to any of the 3 ISGs. In 

summary, VP1 covary gene analysis using Monocle identified several immune genes as 

candidates for future investigations. 
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3.2.4 Potential BKV restrictive states 

The pseudotime analysis is part of the Monocle algorithm and can map the 

trajectory/temporal dynamics of transcriptomic states across a population of individual 

cells. The pseudotime analysis of combined mock and BKV inoculated cells at 2dpi 

separated the mixed population into 5 states and ordered these states along the 

pseudotime scale (Figure 3 - 13A). The pseudotime trajectory represents the path along 

which the transcriptional landscape transitions from one state to the next. S1 (State 1, 

Figure 3 - 13A) is placed at the beginning of pseudotime. S1 ends at branch point 2, 

where cells split into 2 states, S2 and S5. S5 appears to be an end state that does not 

A 

B 

C 

Figure 3 - 12 Gene expression level of Mock (A) and BKV infected cells (B and C) 
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undergo further transition. Whereas S2 transitions into S3 and S4 at branch point 1. The 

end of pseudotime is placed on the tip of S4 away from branch point 2.  

 

In order to determine the composition of cell subpopulations within the pseudotime 

states, we mapped individual cells from mock and BKV inoculated samples into their 

corresponding pseudotime states. BKV inoculated cells spread through all 5 states as 

Figure 3 - 13 Pseudotime analysis of combined mock and 2dpi samples. 

S1 

S2 

S3 

S4 

S5 

A 

B 
C 

Component 1 
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shown by the percentages of BKV inoculated cells in each state summarized in Figure 3 - 

13B. Cells containing high levels of viral transcripts (<=100% VP1 group cells) were 

mostly concentrated in S3 (Figure 3 - 13C). S2 is a transitional state that gives rise to S3 

and S4 at branch point 1. While S3 contains the majority of productively infected cells; 

S4 is composed of much fewer productively infected cells (Figure 3 - 13A and C). The 

split between S3 that contains productively infected cells and S4 at branch point 1, 

together with the fact that S4 is an end state without further transition suggest that S4 

constitutes a transcriptional state restrictive to BKV productive infection. In addition, S5, 

an end state that contains no productively infected cells, is likely another BKV restrictive 

state (Figure 3 - 13A and Figure 3 - 13C).  

Pseudotime analysis on mock and BKV inoculated cells at 5dpi also determined 5 states, 

each of which was dominated by over 80% of either mock or BKV inoculated cells 

(Figure 3 - 14 A and B). In other words, mock and BKV inoculated cells at 5dpi were 

more dramatically separated into distinct transcriptional states than that at 2dpi. This 

observation is in good agreement with the Seurat PCA analysis described above (Fig. 2). 

States 1 and 5 contained mostly mock cells (Figure 3 - 14 B). While states 2, 3 and 4 

were composed of mostly BKV inoculated cells (Figure 3 - 14 B). Similar to 2dpi results, 

2 branch points and 3 end states (S3, S4 and S5) were identified for cells at 5dpi. Most of 

the productively infected cells with high levels of viral transcripts and cell proliferation 

genes expression belonged in S3 (Figure 3 - 14 C). The result that S4 is an end state with 

very few productively infected cells suggest that it is potentially a BKV restrictive state. 

The third end state, S5 is not considered as a BKV restrictive state due to its lack of BKV 

inoculated cells. In conclusion, the Monocle pseudotime analyses identified potential 
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specific BKV restrictive transcriptional states as end states containing BKV inoculated 

cells but lacking productively infected cells.  

 

3.3 Materials and methods 

BKV Infection 

Primary human RPTE were purchased from Lonza. Cells were maintained according to 

manufacturer’s instructions using growth media provided by Lonza. For infection, cells 

B 

S1 

S2 

S3 

S4 

S5 

A 

C 

Figure 3 - 14 Pseudotime analysis of combined mock and 5dpi samples 
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were plated in 6-well plates at the density of 150,000 cells/well the day before 

inoculation. All BKV infection for scRNA-seq were performed following the 

synchronized entry protocol74 at the MOI of 5. Briefly, cells were precooled at 4°C for 15 

minutes before the growth media was removed and the inoculate containing viral stock in 

complete growth media was added. The inoculate and the cells were incubated at 4°C for 

1 hour with occasional gentle rocking. After the incubation, the inoculate was removed 

and fresh growth media were added to the wells. The plates were then placed into cell 

culture incubator until the cells were ready to be harvested for microfluidics sorting and 

the subsequent scRNA-seq experiments. Mock infections were carried out along with the 

inoculation except that the mock inoculated cells were not exposed to any virus. 

For immunofluorescence, RPTE were plated on coverslips in 12-well plates at the density 

of 70,000 cells/well the day before inoculation. Infections were carried out following the 

same protocol described above. The coverslips were fixed with 4% formaldehyde and 

stained using the mouse monoclonal antibody against BKV large T antigen, Pab416 

(dilution 1 to 100), or goat anti-T polyclonal antibodies followed by staining with goat 

anti-mouse-Alexa 488 or chicken anti-goat FITC secondary antibodies. Details for 

staining and antibodies were described previously.76 

Library preparation and sequencing 

Mock and BKV inoculated cells were collected after trypsinization and individual cells 

were encapsulated into hydrogel beads. Barcoding of single cells and preparation of 

sequencing libraries were performed following previous reported inDrop protocols. 7, 77 

In short, single cell transcriptomes were first barcoded by reverse-transcription in 



57 
 

droplets. Then emulsions were split into fractions containing less than 4000 cells for 

inDrop library preparation using INDROP™ SINGLE-CELL RNA SEQ KIT from 1Cell-

Bio. This library preparation process included the following six steps: (i) Enzymatic 

cleanup of excess primers, primer dimers and hairpins; (ii) second strand synthesis; (iii) 

amplification by in vitro-transcription; (iv) fragmentation of amplified RNA; (v) reverse 

transcription; (vi) PCR amplification of libraries. At the last PCR step, each library is 

indexed with a unique primer. Libraries are then pooled together and sequenced on a 

Nextseq Illumina platform with a configuration of 36bp on read 1, 6bp on index read and 

50bp on read 2. 

Computational analysis of scRNA-seq 

We perform three types of analyses on scRNA-seq data of virus-infected cells.  

The PCA based workflow in Seurat78 is used to determine cell clusters within an 

individual sample. Principal component analysis (PCA) is performed on a set of variable 

genes determined from the data. Then using the PCA result, Seurat uses a k-nearest 

neighbor analysis to connects cells with similar gene expression patterns. Clustering of 

cells is performed with standard techniques to iteratively group cells together 79-80. 

The outputs of this workflow are described below. 

Cluster markers: Differentially regulated genes for each cluster compared to all other 

cells. For any specific gene to be a marker of a cluster, it must be expressed in at least 

10% of the cells of the cluster and the absolute value of its natural log fold change must 

be >= 0.25. 

Process Heatmaps: 
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Definition 

First, the average expression of each marker gene for each cluster is calculated. Then 

each set of gene expression values are transformed into z-scores. The z-scores are 

displayed as a heatmap for each process. Since each row is normalized to itself, we 

cannot compare expression between different genes across columns. Thus, a red color for 

one gene does not indicate that its expression is higher than that of another gene colored 

in blue. 

Process Enrichment plot: Comparison of marker genes grouped by biological process. 

The size of the circles is proportional to the number of marker genes in each process. The 

color of each circle corresponds to the hypergeometric p value. 

In order to identify similar clusters of cells across SCT experiments, we used scmap 

which attempts to find the closest match for a cell in one experiment to the clusters of 

another SCT experiment. The output is displayed as a Sankey diagram. 81 

The Seurat CCA alignment workflow is used to analyze scRNA-Seq data 78. This method 

uses canonical correlation analysis (CCA), which identifies shared gene expression 

patterns across datasets 82. CCA has been used for the analysis of multi-modal genomic 

data to integrate the results of bulk RNA-Seq and DNA copy number 83. The alignment 

process corrects for sources of heterogeneity found in scRNA-Seq measurements and 

handles changes in cellular subpopulation frequency and gene expression scale 

differences across conditions. Because of this, it can integrate diverse types of single cell 

data (10X, Indrops, Drop-seq, etc.). The alignment process identifies individual cells that 

do not align well to the overall model and these unique subpopulations of cells can be 
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marked for later analysis. In the end, the alignment method: 1) determines shifts in the 

proportions of conserved cell clusters (frequently described as cell-types or cell-states) 

and, 2) identifies differentially expressed genes in each cell-type/state – across the 

datasets. Clustering of cells is performed with standard techniques to group cells together 

iteratively 79-80. 

Seurat calculates three marker gene tables, from which expression heatmaps by process 

and process enrichment plots are generated. Outputs of this workflow are described 

below.  

1) Regular cluster markers – calculated as described in the PCA cluster marker section 

2) Conserved markers. These are markers that are common between both Mock and BKV 

in each cluster. Two sets of markers are first calculated: one for the 1st sample (i.e. 

Mock) and one for the 2nd sample (i.e. BKV). These markers are calculated by ignoring 

all the cells for the other sample. For instance, if calculating for Mock, all the BKV cells 

are removed and then markers are calculated using the same algorithm as for the regular 

cluster markers. Then, the two sets of markers (Mock and BKV) are intersected by 

cluster. Only the intersecting genes are preserved and become the conserved markers. 

Since the intersection is done at the gene symbol level, there is the possibility that, within 

the same cluster, one gene would be upregulated in one sample and downregulated in the 

other. 

3) Differential markers.  These are markers that are differentially regulated between the 

Mock and BKV cells in a specific cluster. This calculation is analogous to a bulk RNA-

seq experiment with many replicates. Each replicate is an individual cell within a 
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particular sample and cluster. The expression of each gene is compared across the cells in 

each sample (Mock vs BKV, or RPTE1 vs RPTE2) in a cluster, one set of differentially 

regulated genes is calculated for each cluster. 

4) Heatmaps by process for BKV and Mock. First, the average expression of each marker 

gene for each cluster is calculated, then each set of gene expression values is transformed 

into z-scores. The z-scores are displayed as a heatmap for each biological process. Since 

each row is normalized to itself, a comparison of expression across genes is not feasible. 

A red color for one gene does not mean that its expression is higher than another gene 

labeled with blue. Heatmaps are generated for the regular and conserved markers. 

5) Process Enrichment plot. Marker genes are grouped by process. The size of the circles 

is proportional to the number of marker genes in each process. The color of each circle 

corresponds to the hypergeometric p value. Plots can be generated for any of the three 

marker gene tables described above. 

Grouping by VP1 expression is used to identify genes regulated by viral infection. BKV 

cells are placed into 4 VP1 groups based on the proportion of cellular mRNA 

corresponding to the late viral region (VP1): 0% VP1, <=1% VP1, <=10% VP1 and 

<=100% VP1. Then, 100 cells from each VP1 group are selected at random and 100 

Mock cells are selected to match the same Mock cluster proportions. Using these cells, 

two analyses are performed. 

1) Determination of VP1 group markers compared to Mock cells (output: Excel marker 

file). Then, using these markers, heatmaps by process and process enrichment plots are 

generated (see above for description of how those are calculated). 
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2) Determine co-varying genes based on the value of % VP1 expression per cell. Output 

is an Excel file containing all genes in the scRNAseq experiment and a p value for each 

gene. A lower p-value indicates a stronger co-variance with VP1. A heatmap is generated 

showing the expression of each significant co-varying gene across Mock cells and the 4 

VP1 groups. 
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Chapter 4 Tandem emulsification for high-throughput 

production of double emulsions 

4.1 Introduction 

Double emulsions are drops within drops, such as water-in-oil-in-water (WOW) 

emulsions. Such emulsions have a broad range of applications including encapsulation of 

active ingredients for pharmaceuticals,84 food additives85 and enhanced oil recovery.86 

For many of these applications, it is important to produce double emulsions of core-shell 

geometry with controlled shell thickness and narrow size distribution. Compared to other 

commonly used methods like tandem membrane emulsification87 and phase separation of 

single emulsions,88 microfluidic methods offer an exquisite control on drop formation1 

allowing for the production of core-shell structures with well-defined features. Double 

emulsions can be formed in microfluidic devices by various methods, such as through the 

controlled splitting of a coaxial two-phase jet in glass capillary89 or in lithography based 

microfluidic devices.90-91 However, for microfluidic methods, the production rate is low. 

To exploit the superior properties of double emulsions produced by microfluidic devices, 

it is essential to improve their production throughputs to make more significant 

quantities. 

Some microfluidic methods are inherently not scalable; for example, glass capillary 

devices require tapering and manual alignment of individual capillaries, which is a slow 

process with little reproducibility, since each as-produced device is unique. The only 

strategy devised so far is to parallelize microfluidic drop makers to increase the 

throughput; production rates of single emulsions up to 1000 ml/h are achieved for flow 
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focusing92 and 150 ml/h for millipede (step-emulsification) devices.93 Lithography based 

microfluidic devices are straightforward to parallelize because of their “copy and paste” 

manner.94 To parallelize such microfluidic devices, one can integrate many identical 

dropmakers in a single chip and connect the inlets for the dispersed and continuous 

phases, as well as the outlet for the as-produced emulsions via shared distribution and 

collection channels.95-97 As such, through careful design it is possible to have many 

dropmakers operating in parallel without hydrodynamic interactions between individual 

dropmakers, thus allowing for scalable production of uniform emulsions. However, to 

form double emulsions, it is critical for the microfluidic device to have spatially 

controlled wettability: the first junction should wet the shell phase while the second 

junction should wet the outer phase. Although this can be accomplished for single nozzle 

devices through methods such as flow confinement, these methods cannot be 

reproducibly applied for parallelized devices, since for successful surface modification, 

all parallelized junctions should be properly treated. Thus, given the difficulty of 

achieving spatially controlled wettability in parallel devices, it is challenging to robustly 

scale-up production rates of double emulsions. This problem can be circumvented for 

example by producing only oil-in-oil-in-water (OOW) double emulsions98 as this does 

not require spatially controlled wettability. Another method is to use a non-planar design 

which has a change in height at the location of drop break-up.99 However, for these 

methods, flow rates of continuous phase or material selection are critically limited. As 

such, to robustly scale up the production of core-shell double emulsions, it is critical to 

devise an approach to overcome the limitations posed by the difficulty of obtaining 

spatially segregated wettability in parallelized dropmakers. 
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Here, we describe an approach for the mass production of water-in-oil-in-water core shell 

double emulsions that solves the problem of robustly parallelizing microfluidic devices 

through the use of tandem emulsification to achieve spatially segregated wettability. In 

tandem emulsification, we directly reinject emulsions made from the first device into the 

second one to produce double emulsions,100-102 with the surface of each device 

appropriately functionalized before the devices are connected. As the modification of a 

whole device is facile and allows for uniformity throughout all channels, with tandem 

emulsification, many drop makers can be parallelized into one set of devices thus vastly 

increase the production rate of single-core double emulsions. This method can be applied 

to both flow focusing devices103 and millipede (step emulsification) devices,104 and over 

90% of the emulsions obtained by both methods are single-core monodisperse double 

emulsion drops. Tandem emulsification maintains exquisite control over drop formation 

for double emulsions with both mechanisms, shell thickness of single-core double 

emulsions can be controlled and volume fractions as high as 66% can be obtained. 

Double emulsion volume fraction is defined as the volume of double emulsions produced 

divided by the total volume of all dispersed and continuous phases used. Our methods 

provide a scalable, robust approach for the production of double emulsions with 

controlled parameters. 

4.2 Tandem emulsification setup 

We demonstrate the use of tandem emulsification by both flow-focusing and millipede 

polydimethylsiloxane (PDMS) microfluidic devices fabricated by soft lithography. A set 

of tandem emulsification devices consists of two devices whose surfaces are modified 

separately before connecting them. Each device has two inlets and one outlet: the outlet 
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of the first device is directly connected to the inlet for the dispersed phase in the second 

device, so that in total only three pumps are required for the tandem emulsification setup, 

as shown by the scheme in Figure 4 - 1 a to f.  

 

We first consider a set of flow-focusing devices as presented in Figure 4 - 1a: in the first 

flow focusing103 device, we form monodisperse water-in-oil (WO) single-emulsions with 

a coefficient of variation (CV) of drop diameter < 0.05 as magnified in Figure 4 - 1b. We 

operate the first device in the dripping regime to achieve better control over emulsion 

Figure 4 - 1 Sketch of the tandem operation.  
Sketch of the tandem operation of two a), c) flow focusing and b), d) millipede (step-
emulsification) devices in series with a magnification of the droplet generation at the first 
junctions in a), b) and evolution of the encapsulation of a droplet by a) flow focusing 
highlighted in blue and b) step emulsification highlighted in red. 
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formation because in this range, drop diameter varies steadily with flow rates thus it is 

easier to control drop size, as shown in Figure 4 - 2. The single emulsions formed in the 

first device are continuously transferred to the second device, where water-in-oil drops 

are encapsulated by the continuous aqueous phase resulting in WOW double emulsions, 

the temporal evolution of this process is shown in Figure 4 - 1c. The same dropmaker 

design is used for first and second devices, however, the surface functionalization 

changes due to the necessary contact angle condition for drop formation. The outer phase 

needs to have a lower contact angle than the inner phase at the location in the device of 

de-wetting and drop break-up. For example, to generate WOW drops, the channels of the 

first device are hydrophobic and oil wets the walls for WO drop formation while the 

second device is rendered hydrophilic and the continuous water phase wets the walls to 

generate WOW drops. 
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A critical parameter is the ability to control the core number of the drops produced. The 

core number relates to the as produced double emulsion core and shell sizes, which is 

determined by the flow rates ratio of inner and middle phases. In flow focusing devices, 

drop diameter highly depends on the flow rates of disperse and continuous phases 

because the break-up is governed by two competing forces: the viscous shear force of the 

continuous phase stretching the liquid thread downstream and the surface tension holding 

Figure 4 - 2 Effect of flow rate on the droplet diameter. 
A fixed ratio of inner to outer flow rate of one is used. The broken lines are drawn as 
guides to the eye. 
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it together.105 Thus, we find that as the ratio of inner phase flow rate to middle phase flow 

rate increases in the first device, we obtain larger drops, as shown in Figure 4 - 3. 

We study core number and flow rates relationship with a set of identical flow focusing 

devices. A flow rate of inner and middle phase to be both qi = qm = 800 ul/h was used 

while we change the outer phase flow rate qo. The fraction of single core double 

emulsions is high when the flow rate is between 800 < qo < 1200 ul/h. Multi-core double 

emulsions are generated for qo < 800 ul/h. In this case, the outer phase flow is too weak to 

trigger the drop break-up on time to encapsulate only a single core. However, in the other 

extreme for qo > 1200 ul/h only every other drop formed in the second device contains a 

drop, since drop break-up frequency is higher than the frequency at which the drops reach 

Figure 4 - 3 Investigation of inner droplet diameter as a function 
of the ratio between the inner and the middle flow rate for flow-
focusing devices. 
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the tip of the nozzle. At an outer phase flow rate of 1200 ul/h, we obtain a 95% yield of 

WOW single core double emulsions. These results are shown in Figure 4 - 4a.  

 

We also fix the flow rate of the outer phase and vary the ratio of inner to middle phase 

flow rates. At a flow rate ratio of inner to middle phase around 1, we obtain the highest 

portion of single-core double emulsions for most of the outer phase flow rates tested as 

shown in Figure 4 - 5. 

 

 

 

 

Figure 4 - 4 The fraction of no-, single- and two-plus-core double emulsions as a 
function of flow rates. 
The fraction of no-, single- and two-plus-core double emulsions as a function of a) the 
outer flow rate for flow focusing and b) the ratio of inner to middle flow rate for a 
millipede device. The ideal working range with the highest fraction of single-core 
double emulsions is highlighted. The broken lines are drawn as guides to the eye. 
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Another important parameter of the single-core double emulsions is the average shell 

thickness, x, which is half of the difference between inner and outer diameter. We change 

the shell thickness of the core-shell double emulsions produced by changing the channel 

height of the 1st flow focusing device while keeping the 2nd device height constant. By 

increasing the channel height of the first device, H1, from 20 um to 50 um and 100 um, 

the inner drop diameter di and double emulsion diameter do both change, the shell 

thickness of resulting double emulsions decreases from 22 um to 3 um, corresponding to 

a relative shell thickness, x/r, decrease from 60% to 5%, with r being the droplet radius. 

Figure 4 - 5 Investigation of the fraction of monodisperse 
double emulsions as a function of the ratio between the inner 
and the middle flow rate for flow-focusing devices. 
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This is shown in Figure 4 - 6a. One thing interesting here is that increasing the channel 

height from 50 um to 100 um does not increase the inner diameter in the double 

emulsions. This is because the large drops formed in the first device are split into several 

smaller drops during re-encapsulation to form double emulsions in the second device, 

similar to the operation of ultra-thin shell formation in glass-capillary106 or non-planar 

lithography-based devices.107 The double-emulsion drop diameter is set by the outer 

water flow rate and is chosen to maximize the fraction of single-core double emulsions. 

For the 20-um height device the maximum fraction of single core drops achieved is only 

about 40%, while it is over 95% for the 50 um and 100 um height device. The theoretical 

flow rate ratio by mass balance to obtain single core double emulsions with do = 70 um 

and di = 30 um is qm = 17qi. Nevertheless, even operating close to the theoretically ideal 

flow rate ratio results in a large fraction of single emulsions at ~ 40% and multi-core 

double emulsions ~ 20%. This occurs because it is very challenging to control the re-

injecting frequency and spacing between drops if the flow rate ratio of qm >> qi, and as 

such the encapsulation statistics under such dilute conditions converges to a Poisson 

distribution. 

We also applied tandem emulsification with millipede devices104 as shown in Figure 4 - 

1d, similar to the setups applied to flow focusing tandem emulsification. Uniform single 

emulsions are produced in the first millipede device in dripping regime, as shown in 

Figure 4 - 1e, and are re-injected into the second millipede device with different surface 

functionalization. The temporal evolution of the encapsulation of a water-in-oil drop into 

the continuous water phase resulting in WOW emulsions is shown in Figure 4 - 1e. 
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In millipede devices, a triangular reservoir is added to the end of each nozzle, this 

reservoir slows down the fluid flow, and establishes quasi-static conditions, so the drop 

size in the dripping regime depends on device geometry and properties of continuous and 

disperse phases rather than flow rates of inner or middle phases.108-110 As a result, drop 

diameter of double emulsions and core size of single core double emulsions are 

determined by channel height of the second and first millipede devices, respectively. 

Figure 4 - 6 Shell thickness, x, control with flow focusing and millipede devices.  
a) Control of the relative shell thickness, x/r, by changing the channel height H1 of the 
flow focusing droplet maker in the first device and keeping the channel height H2 in 
the second device constant. The shell-thickness depends on the diameter of the inner di 
and outer droplet do. Above images show double emulsions produced with different 
core size with tandem flow focusing devices. b) Control of the shell thickness by 
changing the height h1 of the high aspect ratio nozzle in the first device and keeping the 
channel height h2 in the second device constant. Increasing the nozzle height results in 
larger di while do remains constant, hence decreasing the shell thickness. The broken 
lines are drawn as guides to the eye. Above images show double emulsions produced 
with different core size with tandem millipede devices. The black dashed vertical line 
highlights the condition with equal channel heights in the first and second device. 
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Thus, with a specific set of millipede tandem emulsification devices, to maximize the 

percentage of single core double emulsion drops in produced emulsions, the ideal flow 

rate ratio of inner to middle phase flow rates equals to the volume ratio between core and 

shell materials of as produced single-core double emulsions. With two millipede devices 

having the same channel height h = 20 um, the as produced WOW single core double 

emulsions are about 100um in diameter with a core diameter around 70 um, which 

corresponds to a 1 to 2 core to shell material ratio. We vary the ratio of qi and qm to 

optimize the fraction of single core double emulsions obtained. The maximum percentage 

of single core double emulsion is achieved at a ratio of qi : qm = 1 : 2 which is in good 

accord with the calculated value. At this ratio, over 90% of formed drops are single-core 

double emulsions. Multi-core double emulsions are attained for a ratio of qi : qm ≥ 1. For 

the ratio of qi : qm < 0.5, the frequency of re-injected water drops is too low compared to 

pinch-off frequency in the second millipede device. Consequently, every other drop is an 

oil-in-water drop. These results are shown in Figure 4 - 4b. The formation of single- and 

double-core double emulsions by step-emulsification in a controlled manner. 

Shell thickness control in tandem millipede devices is straightforward as we can simply 

change device height to change the core and double emulsion diameter. We demonstrate 

shell thickness control in tandem millipede devices by keeping the channel height of the 

second device the same while changing the channel height of the first device from 10 um 

to 25 um. The do remains nearly constant around 90 um, while di matches the empirical 

relation reasonably well. As a result, shell thickness varies from 26 um to 3 um, 

corresponding to a decrease in relative shell thickness from 0.58 to 0.07, as shown in 

Figure 4 - 6b. 
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4.3 Device parallelization of tandem emulsification 

We parallelize both flow-focusing and millipede drop makers in a 2D array to scale up 

their production levels. Only a single inlet is required for each of the inner, middle and 

outer phases to feed the drop makers, and the product is collected from a single outlet. 

The dimensions of the dropmakers used to generate WO drops in the first device and the 

dropmakers to generate WOW double emulsions in the second device are identical. The 

inner phase in the first device or single emulsions in the second device enter through the 

inlet and are evenly distributed by bifurcations to the individual nozzles in the flow-

focusing devices. Thus, the number of nozzles is by design always a power of two. Here, 

the bifurcations are crucial, since for flow-focusing, drop breakup is governed by the 

shear exerted by the continuous phase on the dispersed phase, and as such, a uniform 

distribution of the dispersed and continuous phases among drop makers in the 

parallelized device is necessary for achieving uniform production rates and sizes across 

all nozzles. The distribution channels of the outer phase are a mirror image of that of the 

inner phase, but with one additional bifurcation to pinch-off the inner phase flow 

symmetrically from two sides. We also add an additional layer which connects all outlets 

of the first layer to one large channel to form a single outlet.13 Such a collection or 

distribution channel95, 111-112 is an elegant way to reduce the number of connections and 

pumps, although requires through-holes in the first layer and an additional bonding step. 

This design is shown in Figure 4 - 7a. 

 

 



75 
 

 

 

In contrast to parallelized flow-focusing devices, in millipede devices there is less need 

for even distribution of dispersed and continuous phases to each channel, and as such we 

circumvent the need to use bifurcations to evenly feed each drop maker. Thus, millipede 

Figure 4 - 7 Scale-up production of double emulsions.  
a) Flow focusing devices are copied and pasted in a row with a single feed for the 
continuous and dispersed phase. An additional PDMS layer is bonded on top of the 
device to connect all outlets by one channel to collect all droplets and lead them through 
a single tubing to a vial. b) Step-emulsification nozzles are arranged along a straight 
distribution channel in the first parallelized device. In the re-injection device, the nozzles 
are radially distributed around the inlet to achieve a homogenous encapsulation. c) Flow 
focusing devices (FFD) have an order of magnitude higher flow-rate per nozzle than 
millipede devices. The maximum throughput scales linearly with the nozzle number for 
both methods. d) However, the throughput per device volume or specific throughput 
increases faster for millipede than flow focusing as the millipede devices can be arranged 
more economically. The broken lines are drawn as guides to the eye. 
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drop makers can be more closely packed. A linear arrangement of drop makers is most 

economical in terms of space and commonly applied for single emulsion generation.113 

However, if we re-inject single emulsion drops into a millipede device with linear 

arrangement, re-injected drops accumulate towards the end of the linear inner-phase 

distribution channel. The volume fraction of single-emulsion drops is between 10-20% 

close to the device inlet and increases to almost 80% for the nozzles furthest away from 

the inlet as shown in Figure 4 - 8 a-b. Thus, with a linear configuration, nozzles closer to 

the inlet produce a high fraction of oil drops with no core while nozzles further away 

from the inlet produce multi-core double emulsions. Thus, to achieve a homogeneous 

distribution among drop makers compared to a linear device, we arrange the drop makers 

in a circular device so that they are radially distributed around the inlet,110, 114 as shown in 

Figure 4 - 7 b. In circular devices, drops are re-injected with nearly the same rate into 

each dropmaker, as shown in Figure 4 - 8 a-c. 
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We also investigate the production rate, which is the sum of inner and middle phase flow 

rates, for the parallelized devices. The production rates scale almost linearly with the 

number of nozzles for the investigated range for both parallelized flow focusing and 

Figure 4 - 8 Volume fraction of emulsions in each nozzle. 
Volume fraction of emulsions in each nozzle as a function to the 
normalized distance to inlet a) and corresponding images for straight b) 
and circular c) devices. 
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millipede devices, as shown by the blue squares and red circles for parallelized flow 

focusing and millipede devices, respectively, in Figure 4 - 7 c. The production rates 

decrease with increasing viscosity of inner or middle phase in flow focusing115 and 

millipede devices.116 The lower throughput can be partially compensated in flow focusing 

devices by increasing the continuous phase viscosity.115 On the contrary, in millipede 

devices the throughput still decreases with increasing viscosity of the continuous 

phase.116 Nevertheless, we expect the production rate to increase further by increasing the 

number of nozzles in a device, for example by 3D parallelization using several layers of 

flow focusing92, 112 or millipede devices. Another important figure of merit for scaled-up 

production of double emulsions is the specific production rate, which is the production 

rate per volume of the device, as it is key for assessing the performance of parallelized 

dropmakers. For millipede devices, initially, as the number of nozzles increases, specific 

production rate increases almost linearly. This occurs because common regions such as 

inlets, outlets, distribution channels and the reinjection reservoir dominate device volume 

when there are not many nozzles, and as such, adding additional nozzles only slightly 

increases total device volume. By contrast, for parallel flow focusing devices, specific 

production rate does not change much as we pack more nozzles, because total device 

volumes of parallelized flow focusing devices scale almost linearly with the number of 

nozzles. This occurs because the incorporation of additional nozzles in parallel flow 

focusing devices requires adding bifurcating channels for the distribution of the dispersed 

and continuous phases to each nozzle. Despite the low production rate per nozzle, 

millipede devices have a higher specific production rate than flow focusing devices for 

the range investigated due to their denser packing of nozzles. The specific production 
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rate, measured as double emulsion production rate in liter per hour per liter of device 

volume, as a function of nozzle number is shown in Figure 4 - 7d. 

4.4 Conclusion 

We use tandem emulsification to achieve robust segregated wettability in parallelized 

microfluidic devices for the scaled-up production of single-core WOW double emulsions. 

We demonstrate tandem emulsification in parallelized flow focusing and millipede 

devices for the production of double emulsions with controlled shell thicknesses. We 

achieve production rates of about 60 mL/h for 32 parallelized flow focusing devices 

which corresponds to a frequency of 630 droplets per second and nozzle, while for 

tandem millipede devices, we achieve production rates of 20 mL/h using a device with 

200 parallelized nozzles which equals a frequency of 80 droplets per second and nozzle. 

The production rates obtained are comparable to those previously reported for WOW 

double emulsions produced using parallelized dropmakers. However, tandem 

emulsification allows for easy device fabrication and convenient segregated surface 

modification thus double emulsions with high volume fraction can be produced in a well-

controlled manner. Additionally, this method is applicable to a wide range of core and 

shell materials, and as such can be used to scalably produce a diverse array of 

microcapsules. While we have demonstrated the scaled-up production of WOW double 

emulsions using tandem emulsification, this method can easily be applied to produce 

OWO double emulsions by reversing the wettabilities of the first and second devices. 

Furthermore, we can also produce higher order emulsions, such as triple emulsions, by 

re-injecting as-produced WOW or OWO double emulsions into a third device for re-
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encapsulation. Our approach provides a general route for the scaled-up production of 

complex emulsions with well-controlled structural parameters. 

 

4.5 Materials and methods 

The microfluidic devices are fabricated with PDMS (Dow Corning Sylgard 184, MI) 

using conventional soft-lithography with negative photoresist (SU8, Microchem, MA).94 

We apply two layers of photoresist and two UV exposure steps to produce a step in 

channel height for millipede devices.117 The thickness of the second layer is five to ten 

times the height of the first layer. The transparency mask for the second exposure is 

aligned with the first layer using a mask aligner (ABM, CA). The PDMS channels are 

closed by bonding the PDMS to glass using oxygen plasma (Plasma Etch, PE 50-HF, 

NV) for 12 s at 30 W. The surface of the first device is rendered hydrophobic by flushing 

all channels with a solution of 2 vol% Trichloro(1H,1H,2H,2H-perfluorooctyl)silane 

(Sigma-Aldrich, MO) dissolved in fluorinated oil (Novec 7500, 3M, MN). The second 

device is immersed in DI water right after plasma bonding to conserve its hydrophilic 

surface properties and used within a few hours after bonding. For parallel flow-focusing 

devices, the additional layer containing the collection channel is bonded to the PDMS 

layer containing dropmakers using oxygen plasma for 30 s at 80 W. 

The liquid phases are injected into the device through polyethylene tubing (PE/5, 

Scientific Commodities Inc., AZ) using pumps (Harvard Apparatus, MA). We use DI 

water for the inner phase with a viscosity of  = 0.89 mPas, fluorinated oil (Novec 7500, 

3M, MN) with 1 wt% surfactant (PEGylated Krytox, RAN Biotechnologies, MA) and  
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= 1.41 mPas for the middle phase, and DI water with 1 vol% Triton X-100 (Sigma-

Aldrich, MO) with  = 1.01 mPas for the outer phase. The viscosities are measured with 

a rheometer using a double gap concentric cylinder (MCR 501, Anton Paar, Austria). 

Images and movies are acquired with an inverted microscope (Leica, Germany) using 5x 

and 10x objectives and a high-speed camera (Phantom V9, Vision Research, NJ). The 

drop sizes are analyzed with ImageJ software. We measure the interfacial tension using 

the pendant drop method on a home built tensiometer. 
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