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Abstract 

Identification of rare cells or molecules from a mixture population is important in biology such as 

identification of rare cancer cells or nucleic acid in early stage cancer diagnosis. Recent advances 

in droplet-based microfluidics and hydrogel barcoded microsphere to capture all the mRNA 

molecules in each cell in a single step enables scientists to identify cells based on their whole 

transcriptome information. However, due to the large number of sequencing reads required to 

cover the whole transcriptome, this limits the number of cells processed in one sequencing run. 

We address this problem by using a stepwise approach by first encapsulating single cell and lysis 

buffer together in a water-in-oil picoliter droplet, then amplifying only the target DNA/RNA 

molecule of interest in each droplet, pico-inject hydrogel barcoded microsphere into each droplet 

to tag the amplicons prior to next generation sequencing. We demonstrated the use of this 

technology by applying it to study how single tumor cells evolves over time at the nuclei RNA 

level by targeting multiple mutation sites. This will provide doctors a tool to examine multiple 

mutation information from a large amount of cell population, identify rare cancer cells and can 

provide unprecedented information to assist doctors in drug administration. In addition, we also 

demonstrated the broad use of this approach and developed a stepwise workflow to identify single 
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Microsatellite DNA molecules with high fidelity, enabling identification of minor contributors in 

a mixture DNA sample. We demonstrated the power of this technology by applying this to a five-

person mixture DNA sample, with the lowest person contributing less than 0.5% DNA in the 

mixture. This technology will be a powerful tool for applications that require accurate 

identification of rare molecules among high background noise, such as in forensics, paternity 

testing and microsatellite instability in early stage cancer diagnosis.   
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Chapter 1:  

Single-cell sequencing leads a new era of profiling 

transcriptomic landscape 

 

Understanding the complexity of biological systems requires a comprehensive analysis of 

their cell populations. Ideally, this should be done at the single cell level, because bulk analysis of 

the full population obscured many critical details due to artifacts introduced by averaging. 

However, this has been technically challenging due to the cumbersome procedure, low throughput, 

and high costs of performing analysis on a single-cell basis. Excitingly, technical improvements 

in single-cell RNA sequencing are making it economically practical to profile the transcriptomics 

of large populations of cells at the single-cell level, and have yielded numerous results that address 

important biological and medical questions. Further development of the technology and data 

analysis will significantly benefit the biomedical field by unraveling the function of individual 

cells in their microenvironments and modeling their transcriptional dynamics. 

 

1.1 Introduction 

Traditional bulk RNA sequencing for studying cell transcriptomics measures the mean 

values from millions of cells. It is very difficult to accurately determine differentially expressed 

genes, except on an averaged basis. Nevertheless, this method has had great impact on biomedical 

research1, diagnostics2,  and therapeutics3. However, even greater impact demands information at 
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the level of individual cells, still collected over the full population of cells. Single-cell RNA 

sequencing (scRNA-seq) overcomes the averaging artifacts of bulk analysis by providing the 

expression profile of individual cells, and thus allows the analysis of the internal cell-to-cell 

differences and interactions within a biological system4, 5. For example, through gene clustering 

analyses of scRNA-seq, different cell subpopulations can be resolved, thereby enabling 

characterization of a heterogeneous system6. Similarly, if scRNA-seq on a large number of single 

cells is possible, rare cell types that perform important functions can be identified7, providing 

valuable insights for diagnostics and treatment. These representative examples, and many others, 

pose the urgency of developing scRNA-seq technology.  

The early implementations of scRNA-seq illustrated the power and potential of data at a 

single-cell level; however, they were technically challenging due to cumbersome procedures, low 

throughput and high costs. Excitingly, ongoing technical improvements of scRNA-seq have made 

it much more robust and economically practical to profile single-cell transcriptomics at the full 

population level. These studies have yielded numerous sets of data that address many biological 

and medical questions. In this review, we first describe the scRNA-seq methods and then discuss 

the technical platforms that have been developed to implement them. We discuss the advantages 

and limitations of the methods, with a focus on high-throughput scRNA-seq. 

1.2 Fundamental development of scRNA-seq methodology 

1.2.1 Smart-Seq and Smart-Seq2 

Smart-Seq, Switching Mechanism at 50 End of RNA Template, is a milestone in the 

development of scRNA-seq technology, contributing to the analysis of cell types existing in rare 

quantities in a heterogeneous population that are both biologically and clinically important8, 9. As 
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first developed, cells are individually isolated in distinct wells. Each cell is, and then reverse-

transcribed into first-strand cDNA with tailed oligo(dT) using moloney murine leukemia virus 

reverse transcriptase. This also has a terminal transferase thereby adding a few nontemplated C 

nucleotides to the 30 end of the cDNA when the reverse transcription (RT) reaction reaches the 50 

end of an RNA molecule. With the presence of a template switching oligo (TSO), tailed rGrGrG, 

moloney murine leukemia virus reverse transcriptase switches templates and continues synthesis 

of second strand cDNA. The resulting full-length double-stranded cDNA is preamplified with the 

tail sequence on both ends, followed by construction of an Illumina sequencing library using either 

Illumina’s shearing-ligation protocol or Epicentre’s Nextera Tn5 transposon protocol. Smart-Seq 

is a full-length mRNA sequencing method, and is thus highly informative for identifying candidate 

biomarkers, single nucleotide polymorphisms and mutations. 

With a few crucial technical modifications, Smart-Seq2 exhibits significant 

improvements10. Replacing the last guanylate at the TSO 30 end with a locked nucleic acid (LNA) 

doubles the cDNA yield obtained with the TSO in Smart-Seq due to the increased thermal stability 

of LNA:DNA base pairs. The presence of the methyl group donor betaine in combination with 

higher MgCl2 concentrations increases the cDNA yield by a factor of between 2 and 4. Adding 

deoxyribonucleoside triphosphates before the RNA denaturation rather than in the RT master mix 

increases the average length of the pre-amplified cDNA by 370 nt, presumably through mechanism 

that stabilizes the hybridization of RNA to the oligo(dT) primer. Removing bead purification step 

after first-stand cDNA synthesis combined with utilizing KAPA HiFi HotStart DNA polymerase 

during preamplification effectively avoids losing material with the promise of providing a good 

amplification efficacy, and more powerfully, the resulting average cDNA length is 450 nt greater. 

Thus, Smart-Seq2 has improved both the yield and the length of cDNA libraries generated from 
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individual cells. These methods to generate single-cell transcriptome libraries use off-the-shelf 

reagents, making them accessible for most labs. As a result, they have been widely used. 

1.2.2 CEL-Seq and CEL-Seq2 

CEL-Seq, Cell Expression by Linear Amplification and Sequencing, relies on linear 

amplification11. The initial implementation was again done using cells in individual wells of a plate. 

After each cell is lysed, a tailed oligo(dT) is used to prime RT. From the 50 end to the 30 end, the 

sequence of the tailed oligo(dT) is T7 promoter, partial Illumina 50 adapter, cell barcode, and 

polyT stretch. The second-strand cDNA is then synthesized to generate a double-stranded cDNA 

containing a T7 promoter. The cDNA are pooled and an in vitro transcription reaction is initiated 

to achieve linear amplification of cDNA. The amplified RNA (aRNA) generated are fragmented 

to a size distribution suitable for sequencing, and then the Illumina 30 adaptor is added through 

ligation and reverse transcribing to DNA. Finally, the 30 -most fragments that contain both 

Illumina adaptors and a barcode are selectively amplified. The resultant amplicons undergo 

pairedend sequencing, where the first read recovers the barcode, and the second identifies the 

mRNA transcript. CEL-Seq gives more reproducible, linear, and sensitive results than a PCR-

based amplification method12. Compared to Smart-Seq, CEL-Seq adds the barcode at an earlier 

stage, decreasing the hands-on work; however, it is only used for 30 -end sequencing. A modified 

version of CEL-Seq, CEL-Seq213 adds a unique molecular identifier (UMI) upstream of the 

barcode to distinguish between PCR duplicates and transcript abundance in RNA scRNA-seq; this 

significantly improves the accuracy14-16. Then, the application of the Super-Script® II Double-

Stranded cDNA Synthesis Kit combined with a shortening of the CEL-Seq primer provides great 

improvement in RT efficiency, thereby increasing the sensitivity yielding better detection of both 

transcripts and genes. Furthermore, the methods for dsDNA and aRNA clean-up are changed from 
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a column to beads. Finally, instead of using low-efficiency ligation during the conversion of aRNA 

to a library compatible with Illumina sequencing, CEL-Seq2 inserts the Illumina adaptor directly 

at the RT step as a 50 -tail attached to a random hexamer. Collectively, twice as many transcripts 

per cell and 30% more genes are determined by CEL-Seq2 as compared to the original CEL-Seq 

protocol. Similar to Smart-Seq, CEL-Seq uses off-the-shelf reagents to generate single-cell 

transcriptome libraries making it accessible to most labs in a 96-well plate platform. 

1.3 Further development of scRNA-seq 

1.3.1 SCRB-Seq 

SCRB-Seq, Single Cell RNA Barcoding and Sequencing, is built on Smart-Seq, but only performs 

30 end sequencing, and is specifically optimized for profiling mRNA from a large number of cells 

using minimal reagents, reagent handling and sequencing reads per cell. It is particularly suitable 

for discovery of the major patterns of transcriptomics across heterogeneous populations17. In brief, 

single cells are first sorted into a 384-well plate with a fluorescence-activated cell sorter. The 

synthesis of cDNA is then primed using RT primers that are composed of partial Illumina adapters, 

well-specific barcodes, UMIs, and polyT stretches. The resultant cDNA from all cells is pooled, 

amplified, and prepared for sequencing using a modified transposon-based fragmentation 

approach that enriches for 30 ends. In the first study, SCRB-Seq libraries from 44 microplates 

were sequenced yielding single-cell results from 12,832 cells17. SCRB-Seq is a complementary to 

protocols that are optimized for deep, full-length transcriptome coverage, such as Smart-Seq. The 

main limitation of SCRB-Seq is its potential for further scale up. 
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1.3.2 MARS-Seq 

MARS-Seq, Massively Parallel RNA Single-Cell Sequencing, is built on CEL-Seq, but it is 

optimized for developing an automated workflow to analyze transcriptomics of thousands of cells, 

such that throughput and reproducibility are well promised18. In this method, the RT primer 

includes a T7 promoter, a partial Illumina adapter, a cell barcode, a UMI, and a polyT stretch. 

Single cells are first sorted into 384-well plates with a fluorescence-activated cell sorter, and 

subsequently, automated processing for library preparation is done mostly on pooled and labeled 

material, leading to a dramatic increase in throughput and reproducibility. In the first study, a total 

of 1536 cells were sequenced and 200 to 1500 distinct RNA molecules from each cell were 

unambiguously defined. With the progress of technology, MARS-Seq has been replaced by 

emerging high-throughput scRNA-seq methods. 
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Figure 1.1 Different approaches of barcoding mRNA molecules in single cells using 
droplet-based microfluidics. (A) High-throughput single-cell labeling (Hi-SCL)19. Droplets 
containing cells are merged with droplets containing free barcoded primers. Then, the barcoded 
primers pair with mRNA molecules released from cells and start priming reverse transcription. 
(B) Indexing Droplets (inDrop)20. Cells are encapsulated into drops with deformable hydrogel 
microparticles, followed by photo-releasing of barcodes into solution and perform reverse 
transcription inside. (C) Drop-Seq21. Cells are encapsulated into drops with hard microparticles, 
where the mRNA molecules are captured onto microparticles. 
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1.4 Breakthrough of high-through scRNA-seq 

The large number of early experiments and techniques clearly demonstrates that single-cell 

sequencing provides significant new information that is of great value in biology and medical 

applications. However, these methods are all cumbersome and difficult to perform, since they are 

all accomplished by isolating single cells in wells; this also limits the number of cells that can be 

probed, and hence limits the size of the population that can be explored. Further progress requires 

a means to increase the throughput of cells probed, while still exploiting the basic sample 

preparation techniques already developed. This problem is ideally suited to the use of microfluidics 

technology to improve the throughput. The first commercial system was developed by Fluidigm. 

It produced the C1 Single Cell Auto Prep system, which revolutionized single-cell sequencing22. 

The basic platform is based enables the capture of up to 96 cells in individual microfluidic wells, 

followed by an automated procedure to implement the Smart-Seq or CEL-Seq2 process on each 

cell captured in the chip. The only hands-on work is to prepare single-cell suspension and load 

into the C1 microfluidic chip. While the system can probe up to 96 cells, they are loaded randomly 

into the chip that typically yields considerably fewer cells than full capacity; moreover, only a 

small number of cells are actually captured, making the system inefficient in cell use, and not 

suitable for the study of limited populations of cells. Furthermore, the cost of the chip and operation 

of the system remains high. Subsequently, Fluidigm improved the performance of the C1 by 

introducing a chip that increases the throughput to up to 800 cells, however, further scaled up 

would be very challenging23, 24. The greatest increase in throughput for scRNA-seq has come from 

the development of drop-based microfluidic methods. The first of these is Hi-SCL (High-

Throughput Single-Cell Labeling)19, which was followed by inDrop (indexing Droplets) and Drop-

Seq20, 21. These methods are all based on compartmentalization of an individual cell, and a unique 
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cell barcode, into a uniform, nanoliter water-in-oil droplet created by drop-based microfluidic 

techniques. These droplets significantly reduce the volume in which each cell in enclosed, 

particularly in comparison to the microliter volume commonly used with traditional well-based 

methods. The droplets reduce the volume by at least 3 orders of magnitude. Moreover, they can be 

generated at rates approaching thousands of droplets per second25. Furthermore, the inDrop 

technique very efficiently probes virtually all cells, and is hence suitable for populations of rare 

cells, where each cell must be utilized. Both inDrop and Drop-Seq have a very large capacity, and 

are capable of barcoding millions of cells with only microliter-level reagent in just a few hours. 

They are ultimately limited by the bandwidth of the sequencing used. In addition, the cost of 

droplet-based scRNA-seq is much lower than other scRNA-seq methods, facilitating studies of a 

large number of single-cell transcriptomics23, 24, 26. In these methods, the key technology to label 

of individual cell is to combine a barcoded droplet or a barcoded particle with each cell. In Hi-

SCL, barcoded droplets are generated using a single microfluidic chip with 96 parallel drop-

makers. Repeating this procedure multiple times can produce a larger number of different barcoded 

droplets. Then the droplets containing lysed cells are merged with the barcode drops and RT mix 

on a microfluidic-merging device19. The main limitation of Hi-SCL is that it is difficult to scale 

the size of the barcode library. To overcome this limitation, inDrop uses hydrogel microparticles 

as carriers of barcodes. Each hydrogel particle has 109 identical primers consisting of a T7 

promoter, a partial Illumina adapter, drop- and therefore cell-specific barcodes, a synthesis adaptor, 

a UMI and a polyT stretch. The library construction basically follows that of CEL-Seq. A 

commonly used pool size of barcodes is 384384 (147,456) barcodes; this can be readily increased 

by performing more split-and-pool cycles20 to increase the length of the beadspecific barcode. By 

comparison, Drop-Seq uses a hard microparticle that contains 108 identical primers consisting of 



10 
 

a partial Illumina adapter, a cell-specific barcode, a UMI, and a polyT stretch. The Smart-Seq 

protocol is used to prepare the library with the exception of sequencing the RNA only at the 30 

end. Its current pool size of barcodes is 412 (16,777,216), which is generally sufficient for most 

applications21. 

Another difference between these 2 methods is that the flow of hydrogel particles in Drop-

Seq can be synchronized because their deformability allows close packing and regular loading into 

each drop as it is formed to achieve close to 100% droplet occupancy of hydrogels26; therefore, 

even when the cells are diluted to ensure that the vast majority of drops have at most one cell, 

every drop that contains a cell will also contain a barcoded particle. This feature is particularly 

valuable when the number of cells is limited, and each cell is highly valuable. By contrast, the hard 

particles used in Drop-Seq cannot be close-packed and therefore, to ensure at most a single barcode 

in each drop, the particles must be highly diluted so that the majority of drops do not have any 

particles. Thus, the percentage of drops containing both a cell and a barcoded particle is much less 

than inDrop due to the doublePoisson distribution, as shown in Fig. 1. Moreover, because of these 

Poisson statistics, most cells are in drops that do not contain a particle, meaning that they will not 

be included in the analysis. Thus, Drop-Seq is only suitable for experiments with an abundance of 

cells allowing most of them to not be analyzed. Ultimately, the choice of method for scRNA-seq 

depends on the requirement of a specific project. Recently, more scRNA-seq methods have been 

developed using the droplet microfluidic platform. For example, sNuc-seq, Single Nucleus RNA-

seq, was developed to massively profile transcriptomics of single nuclei for samples that cannot 

be dissociated into intact single cells27. Here, the sensitivity, efficiency and uniformity of 

classification of cell types were demonstrated by profiling 39,111 nuclei from mouse and human 

brain samples27. Another interesting area where droplet technology is being applied is to the study 
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of the ultraheterogeneity of immune system, including both profiling of transcriptomics of immune 

cells and their immune repertoires6, 28-32. Currently, there are several commercially available 

droplet-based scRNA-seq platforms. The most widely used is the Chromium Single Cell Gene 

Expression system from 10 genomics33, which is based on a drop loading system similar to that of 

inDrop, in that deformable hydrogel barcode beads are used. In addition, the inDropTM System 

from 1CellBio34 reproduces the inDrop method directly, while the Droplet encapsulation system 

from Dolomite Microfluidics31 and the Nadia Instrument from Dolomite Bio35 both use the Drop-

Seq method. The availability of all these technologies and platforms ensures that scRNA-seq will 

have a large impact on biomedical research to revolutionize therapies for cancer and autoimmune 

diseases. 

1.5 Summary and Outlook 

Single-cell RNA-seq has become a well-established and widely used technology. Its 

sensitivity, accuracy, and throughput have improved significantly, while its costs have decreased 

substantially. Combining single-cell transcriptomic data with temporal information36, spatial 

information37, 38, genomic sequencing data39, 40, and epigenomic sequencing data41 provides ever 

more precise transcriptional dynamics, helping elucidate the mechanisms underlying gene 

regulation, and key regulator genes, while exploring heterogeneous cell populations. These 

advances in single-cell sequencing technology enable systematic charting of the cell atlas, to define 

all human cell types in terms of distinctive molecular transcriptomic profiles and to correlate this 

information with conventional cell locations and morphology, thereby providing a framework for 

understanding cellular dysregulation in a variety of human diseases42-45. 

Here, we have addressed main scRNA-seq methods and their developmental history. Given 

the requirement of analyzing more and more cells, the cost of instruments, reagents, consumables, 
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labor, and sequencing remains high. Therefore, scRNA-seq methods must be carefully chosen 

based on the specific application. Optimization of the protocol, including the efficiency of 

capturing and converting mRNA transcripts into cDNA molecules, the precision of quantification 

of mRNA, and various features across different types of cells is essential. Further development of 

technology and data analytics will benefit the biomedical field and help unravel the function of 

individual cells in their individual microenvironments and model their transcriptional dynamics. 

Finally, new discoveries from scRNA-seq must still be validated due to potential bias in the 

profiling of transcriptomics and due to possible computational errors. However, the rapid 

development of the field ensures that it will continue to advance and have major impact on biology 

and medical applications. 
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Chapter 2:  

Single Cell Targeted Sequencing using high-throughput droplet-

based microfluidics 

 

2.1 Introduction 

Mutations are permanent alterations in DNA, and can potentially impair regular function 

of a cell, resulting in abnormal cell growth and eventually tumorigenesis46-48. Targeted drug 

therapy involves sequencing of a patient’s tumor to classify tumors according to their mutations, 

followed by treatment with drugs known to block growth and spread of the tumor based on their 

mutation profile49, 50. Unfortunately, some tumor cells may develop resistance mutations, resulting 

in a heterogenous cell population that can escape drug control51-53. Further, recent studies reveal 

that individual drug resistant cancer cells can develop multiple mutations, which can cooperatively 

limit drug response or promote tumor metastasis54, 55. Thus, early detection of multiple mutations 

in rare cancer cells after drug treatment will enable early administration of a new drug or drug 

combinations to combat these cells. In addition, recent work has shown that rare cells with multiple 

drug resistance mutations are present before drug treatment56. These cells can survive the 

therapeutic challenge and cause cancer relapse. Extremely sensitive mutation detection might 

identify these rare cells and guide selection of appropriate initial drug or drug combination 

treatments. However, to obtain a good representation of the whole tumor heterogeneity, many cells 

need to be examined. The standard method of genetic analysis, using plate-based multiplex 

Polymerase Chain Reaction (PCR) assays, requires sequential processing of numerous multi-well 

plates and becomes cost-prohibitive due to high reagent costs and expensive liquid handling 
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instruments. Another platform features valve-based microfluidics57. Cells are trapped in an isolated 

nanoliter chamber on a microfluidics device, while PCR reagents and oligonucleotides are added 

to each individual chamber automatically. This automated platform requires minimal user hands-

on time. In addition, this platform, using nanoliter volume reaction chambers, can reduce reagent 

costs by ~100 fold compared to plate-based assays. Nevertheless, throughput is still limited to only 

96 cells per day and the device is optimized for only one cell type range resulting in potential bias 

of cell representation during cell capture. Therefore, a rapid and inexpensive strategy to identify 

multiple mutations at the single cell level for a large number of cells is still required.  

In this paper, we introduce high throughput Targeted Sequencing (Target-Seq) method 

using microfluidics droplet barcoding to efficiently analyze a large number of patient cells at the 

single nuclei/single cell level. Using a combination of microfluidics steps, we encapsulate single 

nuclei or cells of any size in picoliter droplets, lyse the cells, simultaneously amplify multiple 

nucleic acid targets of interest, and molecularly barcode the amplified targets in each droplet by 

pico-injecting hydrogel barcoded beads with ~90% efficiency. This allows us to amplify and 

barcode any target of interest, including both genomic DNA and RNA, in a workflow that 

processes >10,000 cells in a few hours. After next-generation sequencing, reads are clustered based 

on their cell barcode sequence to allow single-cell bioinformatic analysis. We applied Target-seq 

to genetically profile ~7,000 Non-Small Cell Lung Cancer (NSCLC) cells from patient pleural 

effusion samples.  
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2.2 Method: 

2.2.1 Target-Seq Workflow: 

Target-Seq allows high-throughput mutation profiling of individual patient-derived cells. 

We encapsulate individual nuclei into droplets and perform targeted PCR/RT-PCR to amplify 

regions of interest and append Universal Capture Sequence (UCS) to each amplicon. We then 

inject Barcoded Hydrogel Microspheres (BHMs), each carrying many copies of a single barcode 

sequence that is unique to that microsphere, into droplets, one per droplet. A second in-droplet 

PCR step adds these barcodes to amplicons of interest and sequencing library is generated from 

these barcoded amplicons (Figure 2.1a). Sequencing reads are then clustered into single cells 

based on their unique barcode sequence (Figure 2.1b), and VAF (variable allele frequency) can 

be determined. We also use Target-Seq to analyze the relative frequency of mRNA transcribed 

from multiple alleles of interest, for which we introduce the term Variant RNA Frequency 

(VRF). VRF analysis may be more robust than VAF, because each cell will have many RNA 

molecules transcribed from each allele. 
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Figure 2.1 Target-Seq workflow overall workflow. Biopsy samples are lysed, and live nuclei are sorted 
using FACS. Nuclei are then co-encapsulated with lysis buffer into picoliter droplet for lysis. After lysis 
and heat inactivation, PCR reagent and primer are pico-injected into each droplet for 1st droplet PCR. 
Then, a second device is used to pico-inject barcoded beads with PCR reagent into each droplet for 2nd 
droplet PCR. We then break droplets and prepare for sequencing. Sequencing reads can be clustered into 
single cells based on their unique barcode sequence.  
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A common challenge in single cell experiments is that it is often difficult to dissociate 

biological samples, especially tissue specimens, into single cells. For example, even though 

TrypLE can be utilized for single cell dissociation via enzymatic digestion, many cells remain 

attached. FACS can be used to exclude these aggregates and reduce cross-contamination issues, 

but cell-loss can be significant and some cell types within the sample may be dramatically 

misrepresented. More aggressive dissociation reagents, for example trypsin, can be used, but we 

found this to cause a high degree of cell loss due to cell lysis. We lyse the cell membranes, stain 

nuclei with DAPI, and use Fluorescent Activated Cell Sorting (FACs) to isolate intact single 

nuclei. This established method produces a high yield of intact nuclei58.  

We use a microfluidic device that combines two aqueous streams, one containing isolated 

nuclei and the second containing 2x lysis buffer and proteinase, immediately upstream of a 

droplet-making junction to eliminate nuclei cross-contamination (Figure 2.2a). This device 

generates mono-disperse ~50um diameter droplets at a rate of ~4kHz, producing~2.5million 

drops in 10 minutes with a final emulsion volume of ~100ul. We load cells at a rate of one cell 

per ~100 droplets. This simplifies droplet handling and minimizes the possibility of more than 

one nuclei per droplet, thus reducing cross-nuclei contamination. This compatibility with low 

number of input nuclei is advantageous when working with clinical samples, for which cell 

number are limited.  
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Figure 2.2 Microfluidics and molecular biology workflow (a) Single nuclei and lysis buffer 
are co-encapsulated into droplets. Collected droplets are lysed and heat inactivated at 95 Celcius 
degrees. (b) Droplets containing lysed cells will be re-injected into the second device and PCR 
reagent and primers are injected into each droplet and perform 1st droplet PCR. (c) Droplets will 
then be re-injected back into a microfluidics device where Hydrogel barcoded Beads and PCR 
Reagent are injected into each droplet and perform 2nd droplet PCR after UV to cleave the primer 
off from the beads.  
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After cell lysis, droplets are incubated at 95°C for 10 minutes to heat-inactivate 

proteinase prior to amplification. We next flow the droplets into a pico-injection microfluidic 

device, where they are uniformly spaced by addition of an oil/surfactant mixture. PCR reagents, 

forward primers containing Nextera adapter sequences, and reverse primers containing the UCS 

are then added to each droplet via pico-injection. (Figure 2.2b). We collect the resulting droplets 

into a PCR tube and thermo-cycle to amplify the target regions for each cell.  

A key feature of this method is its compatibility with isolated nuclei, as well as individual 

cells, and the detailed discussion of below highlights this use of Target-Seq.After amplification, 

we flow droplets into a second pico-injection microfluidics device, where they are uniformly 

spaced by addition of an oil/surfactant mixture. Barcoded Hydrogel Microspheres, PCR reagents 

and reverse primers containing Nextera Adapter sequence are then added to each droplet via 

pico-injection. This step is highly efficient: BHWs are deformable, allowing them to be closely 

packed in the microfluidics channel and uniformly spaced by PCR reagent and Nextera Adapter 

primer mixture; and we synchronize the droplet flow rate with that of the BHW so that one BHW 

is added to every droplet with a ~90% efficiency. We collect collect picoinjected droplets into a 

PCR tube and we release the barcode DNA sequences from BHW by exposing droplets to UV 

for 4 minutes. Finally, we thermo-cycle droplets to add barcodes to targeted amplicons. After 

thermocycling, we remove the bottom oil layer and add perfluorooctanol (PFO) to destabilize the 

droplets. After a brief centrifugation to separate the aqueous and oil phases, we collect the 

aqueous phase by pipette and purify the nucleic acids. We prepare these samples for Next 

Generation Sequencing by performing PCR with Nextera i5 and i7 sample indexing primers. 

Sequencing reads are filtered by quality, separated into single cells by barcode and further 

analyzed.  
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2.3 Results 

2.3.1 Validation of Target-seq on nuclear RNA using two different cell lines.  

Single cell whole transcriptome sequencing is a powerful tool to discover novel cell 

subpopulations within a heterogeneous pool. However, in whole-transcriptome approaches, 

abundant transcripts occupy the vast majority of sequencing reads, and low-abundance genes 

may not be detected.  Target-Seq allows focuses sequencing capacity solely on transcripts of 

interest, enabling analysis of a much larger number of cells.  This technique does not allow 

accurate transcript quantification and is thus most advantageous in applications when 

identification of specific rare transcripts from many cells is required, for example in searches for 

cells expressing mutant genes within mixed cell population.  

To validate both accuracy and sensitivity of Target-Seq, we applied it to samples 

containing defined mixtures of nuclei from two patient-derived cell lines, cell line MGH 3255 

with T790WT on EGFR Exon 20 and L858R on EGFR Exon 21, and cell line MGH 707 with 

T790M and L858WT. Barcoded cDNA was amplified and then sequenced on an Illumina Miseq 

using 150bp paired end sequencing. We filtered reads based on sequence quality, grouped them 

by barcode sequence, and determined the variant reads frequency (VRF) of both T790 and L858 

for each individual cell.   
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Figure 2.3. Target-Seq applied to several samples (a) H3255 cell line (b) MGH 707 cells (c) 
1:1 mixture between H3255 and MGH707 cells (d) A 1:1000 mixture sample between H3255 
and MGH707 cells 

To measure the accuracy of Target-seq on sequencing targeted region in a single cell, we 

prepared samples containing cell line MGH 3255 and MGH 707 at , respectively,  100%:0%, 

0%:100%, 50%:50%, 75%:25%, and 90%:10% and measured their VRF on nucleus RNA EGFR 

Exon 20-21.  

Target-Seq analysis of MGH 3255 cells revealed 0% VRF at the T790 locus and 50% to 

100% VRF at the L858R locus. Single cell analysis from MGH 707 shows no VRF on L858 

position, as expected. Interestingly, our single cell analysis of the T790M mutation reveals that 

this cell line contains two distinct cell populations, one showing >70% VRF (MGH707-High) 

and the other <10% VRF (MGH707-Low) at T790M (Figure 2.3b).  

To obtain accurate Target-Seq data from complex cell mixtures, it is essential that a given 

Target-Seq barcode be associated with only one cell.  Barcodes containing a mixed profile can 
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result from two cells encapsulated in the same droplet, or from being encapsulated with separate 

gels that bear the same set of barcodes.   

To ensure that our drop-making method generates few doublets, we performed single cell 

analysis of MGH 3255 and MGH707 cells mixed at 50%:50% ratio. We can classify ~55% cells 

as MGH 3255, ~25% cells as MGH707-H, and ~20% cells as MGH707-L (Figure 2.3c). This 

total of ~99.5% cells identified as either MGH 3255 or MGH 707 indicates a doublet rate of only 

~0.5%. This compares favorably to doublet rates of 2.3% and 30%, respectively, reported for 

FACS and the commercial microfluidics platform Fluidigm C. This already very low ~0.5% 

doublet rate can be further reduced by either increasing the dilution factor or increasing barcode 

complexity.  

We then used data from the MGH 3255/MGH707 50%/50% sample to assess the 

cumulative effect of potential sources of error such as mRNA escape from nuclei during drop 

making, sequencing base-calling errors, and errors introduced during PCR. For each classified 

cell, we express accuracy as the ratio of expected reads/total reads for a given locus. We 

observed a high purity score of ~99%, which suggests that nuclei remain intact throughout 

encapsulation and further confirms that most barcode groups represent single cells.  

To measure the sensitivity of Target-seq, i.e., the ability to detect rare mutant cells, we 

analyzed an ~10,000 nuclei sample containing ~99.9% MGH707 and ~0.1% MGH 3255. 

Droplets were generated to have ~one nuclei/hundred droplets to minimize doublets, and we 

used BHWs with ~1 million barcode complexity. Sequencing and barcode clustering revealed 

9571 cells.  Using the sequence at the L858 and T790 loci, 9562 cells clustered as MGH707 and 

9 as MGH 3255 (Figure 2.3d). Thus, Target-Seq was able to detect individual MGH 3255 cells 

present at only ~0.08% of the whole population. 
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2.3.2 3D clonal evolution - T790M Drug resistance distribution of patient cells via Lung Cancer 

clonal evolution 

Allele frequency analysis of cancer patient cells can reveal the presence of drug-

resistance mutations, but standard clinical tests, performed in bulk, often lack the required 

sensitivity for early detection. Further, a highly sensitive method to monitor allele frequency 

during treatment can reveal a sudden increase in frequency of a resistance allele, which can be 

used to tailor drug therapy as the cancer evolves.  

 

Figure 2.4 3D clonal evolution of one patient sample at different time points. Before 2nd 
generation chemotherapy revealed that there are 92.2% of cells containing both mutations, while 
at relapse, there are 99.1% of cells containing both mutations.  
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To examine the effect of anti-cancer treatment on individual tumor cells, we applied 

Target-seq to analyze the T790 and L858 loci in a patient’s biopsies taken before and after drug 

administration (Figure 2.4). This patient was diagnosed with NSCLC with an L858R mutation in 

Exon 21 and was treated with the 1st generation tyrosine kinase inhibitor (TKI) erlotinib, which 

targets EGFR exon 19 deletion and exon 21 L858R mutations. The patient’s tumor responded to 

the treatment, but later developed a de novo T790M mutation in Exon 20, which is known to 

confer resistance to erlotinib. The patient was subsequently treated with a 3rd generation EGFR 

TKI rociletinib that overcame resistance driven by T790M, until a second relapse after ~9 

months. Target-Seq analysis of tumor cells taken immediately prior to rociletinib administration 

revealed that 5100 out of 5532 cells (92.2%) had developed a T790M mutation, consistent with 

their resistance to erlotinib. Within this population, cells produced, on average, ~96% T790M 

transcripts and 4.1% T790WT transcripts; 87% of the cells produced >95% T790M RNA (Figure 

2.4).  

The patient responded to rociletinib but experienced a relapse at ~9 months. Interestingly, 

the vast majority of the cancerous cells analyzed after the relapse (1209/1219; 99.1%) had the 

T790M mutation, indicating that rociletinib resistance was due another, not-yet-identified, 

mutation.  Within this population, cells produced, on average, ~91% T790M transcripts and 9% 

T790WT transcripts; 70% of the cells produced >95% T790M RNA.  

To visualize this, we plotted 3D clonal evolution vs time, providing information on clonal 

distribution as well as single cell VRF distribution (Figure 2.4). Target-seq’s ability to sequence 

target regions in a large number of cells and its 3D clonal evolution visualization can provide 

doctors unprecedented insight on how tumor respond to chemotherapy at the single cell level.  
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2.4 Discussion  

Target-Seq provides a rapid and cost-effective strategy to simultaneously analyze the 

sequence of multiple gDNAs or RNAs of interest for a large number of individual cells. The 

most commonly used methods, such as 96 or 384 plate-based multiplex Polymerase Chain 

Reaction (PCR) assays, are time-consuming and have high reagent costs when processing large 

numbers of cells.  

Target-Seq uses high-throughput pico-liter droplets as reaction compartments to barcode 

either gDNA or RNA of interest from individual cells; a sequence-ready library can be prepared 

within 1 day with minimal reagent costs. Target-Seq may be particularly useful in in cancer 

treatment: frequent and in-depth monitoring of patient tumors may enable early detection of 

resistant clones, enabling doctors rapidly adjust drug or drug combination accordingly. 

In addition, because VRF measures RNA transcribed from each allele within a cell, it 

may reveal important information about allele-usage. This may maybe extremely powerful in 

studies of clonal evolution in response to drug treatment; for example, a mutant allele may confer 

resistance to a drug, but some activity from the wild-type gene might also be required for cell 

survival. This type of analysis is not possible with VAF analysis performed on genomic DNA.  

A droplet-based method to barcode whole genome information, which could potentially 

be applied to targeted sequencing describes simultaneously analyze the sequence of multiple 

gDNAs or RNAs of interest for a large number of individual cells. 

Another technique for droplet-based single-cell sequencing has been described. In this 

method, SiC-Seq, drops containing single cells are merged with barcoding drops, which contain 

barcoding DNA amplified from a single template via droplet digital PCR (ddPCR). This method 
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to generate barcode-containing droplets, while economical, results in a population of barcoding 

droplets in which only ~10% contain barcodes. As a result, only ~10% input cells receive 

barcodes during droplet merging. which may limit the method’s attractiveness for some clinical 

applications. The commercial entity Mission bio expanded on this work, using hydrogels to 

deliver barcodes to droplets; though not directly mentioned by the authors, this presumably 

eliminates inefficiencies59. Both reports use gDNA as input; and it remains technically 

challenging to reliably amplify both DNA alleles from individual cells. In addition, because VRF 

measures RNA transcribed from each allele within a cell, it may reveal important information 

about allele-usage. This may be extremely powerful in studies of clonal evolution in response to 

drug treatment; for example, a mutant allele may confer resistance to a drug, but some activity 

from the wild-type gene might also be required for cell survival. This type of analysis is not 

possible with VAF analysis performed on genomic DNA.  

The genotype-directed use of EGFR TKIs in EGFR-mutant lung cancer patients has 

fundamentally changed the fate of the disease and led to better outcomes and quality of life for 

patients. However, even tumors that initially respond will acquire resistance after about one year, 

typically mediated by the acquisition of one or several gatekeeper mutations such as T790M.   

Genetic identification of a cancer’s acquired gatekeeping mutations will reveal the 

mechanism of TKI-resistance and will inform subsequence second-round treatments. We applied 

Target-Seq to clinical samples from a NSCLC patient who had relapsed after treatment with the 

1st generation TKI erlotinib, finding 92% of the L858R mutant cells had acquired the T790M 

mutation, known to confer resistance to erlotinib.  The patient responded well to subsequent 

treatment with 3rd generation EGFR TKI that targets T790M, until relapse at month nine. Target-

Seq analysis of biopsies taken after relapse revealed that although percentage of cells 
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showing >95% rociletinib-responsive T790M RNA decreased from 87% to 70%, % of the cells 

to have the T790M+ mutation increased from 92% to 99%, suggesting a resistance mechanism 

independent of direct EGFR inhibition60, 61. Therefore, monitoring single cell “gatekeeping” 

resistance mutation such as T790 will enable a powerful new avenue in patient’s tumor 

surveillance in the clinic. 

Although we only applied Target-Seq to EGFR Exon 20 and 21 in this paper, Target-Seq 

is not limited to the number of targets per cell. Multiple panels of primers can be designed and 

tested for optimal primer performance. Target-Seq can also be expanded to simultaneous 

amplification of hundreds of genes or RNAs at the single cell level for a large number of cancer 

cells using previously reported primers62. Target-Seq, with the ability to introduce barcode after 

droplet generation, can also be applied to solve many microbial questions such as the study of 

bacterial antibiotics resistance mechanism, and host-pathogen interaction. Target-Seq enables 

profiling of multiple targets simultaneously including both gDNA and RNA, regardless of their 

origin, either from cell or introduced from outside. This capability with its great potential will 

make the promise of precision medicine a reality for more patients and benefit the whole biology 

and clinical communities for many new discoveries ahead.   

 

 

 

 

 



28 
 

Chapter 3:  

High fidelity single molecule sequencing using high-throughput 

droplet-based microfluidics 

 

Next generation sequencing (NGS) coupled with PCR-based enrichment of informative 

DNA loci has enabled the high-throughput profiling of minor variants in heterogeneous DNA 

samples in numerous fields, including genomic oncology, microbial ecology, and human forensics. 

However, both PCR and NGS are error prone, generating artifact sequences that preclude 

discrimination of true minor variants from spurious content below artifact-specific proportion 

thresholds. Here, we describe a novel methodology called High-Fidelity Sequencing (HiFi-Seq) to 

address this problem. HiFi-Seq exploits drop-based microfluidics to first isolate single DNA 

templates for PCR, then uses a microfluidic injection device to introduce beads that label each 

template’s PCR products with a unique barcode prior to NGS. After algorithmically forming the 

consensus sequence per barcode, we obtain a set of sequences for all single templates that are 

error-free with high confidence. When applied to loci containing microsatellite short tandem repeat 

(STR) sequences, which generate artifacts at very high rates (~10%) due to strand-slippage (stutter) 

during PCR, HiFiSeq reduces minor variant detection thresholds > 100 fold, while reducing error 

sequences ~1000-fold compared to sequence clustering without barcoding, with < 0.0007 false 

sequences retained per template analyzed. Here we apply HiFi-Seq to mixtures of human DNA 

typed at STR loci used for human forensic identification and demonstrate high-confidence 

detection of minor-contributor alleles at < 0.01 DNA fraction by NGS - a major breakthrough in 
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this field. The method is applicable to the diverse fields where PCR is used to selectively enrich 

informative loci prior to NGS for analysis of minor constituent genomes in heterogeneous DNA. 

3.1 Introduction  

Accurate profiling of minor variants in heterogeneous DNA populations is essential in 

diverse fields to address the difficult problem of detecting low-level informative mutations. 

Example challenging domains include clinical virology, where the presence of minor mutant 

viruses may be a harbinger of emerging anti-viral drug resistance63, 64, cancer screening, where 

detecting mutated oncogenes may signal tumor formation65-67, and human forensics where many 

individuals may have touched an object at a crime scene68-70. Traditional methods for analyzing 

low abundance DNA from heterogeneous samples requires an initial amplification step, usually 

PCR. Samples are can then prepared for single molecule sequencing by labor-intensive cloning 

the PCR amplicon into bacteria and sequencing individual colonies, making this method low 

throughput and costly71. Alternatively, the PCR products can be sequenced using a massively 

parallel Next Generation Sequencing (NGS) format such as Illumina, in which individual DNA 

strands are immobilized and sequenced in situ on a flow cell. Both of these methods suffer from a 

variety of PCR artifacts introduced during the initial amplification. Misincorporation errors, due 

to imperfect polymerase fidelity, are unavoidable and can be indistinguishable from the minor 

variant allelic content of interest. PCR error is particularly severe when the variants of interest 

include short tandem repeats (STRs) which comprise adjacent repeating n-mers. Here, PCR stutter, 

in which an extending strand disengages from the template and misaligns during re-annealing, is 

greatly facilitated by the local self-similarity of the repeats72. These result in a large amount of 

artifacts and background noise, which is challenging for identifying minor contributor at low 

concentrations such as in early detection of cancer-related Microsatellite Instabilities (MSIs) and 
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identification of multiple suspects in forensics. Therefore, an efficient method to reduce or 

eliminate these errors will greatly improve the accuracy and sensitivity of using PCR with NGS to 

identify STRs present at low abundance in mixed DNA samples.   

Here we present a High-Fidelity Sequencing (HiFi-Seq) method that uses single-molecule 

in-droplet PCR and barcoding to greatly improve the sensitivity and accuracy of STR profiling. 

We encapsulate single DNA molecules and PCR reagents in pico-liter droplets and then 

simultaneously amplify target molecules using droplet PCR. We then use highly efficient pico-

injection to add Barcoded Hydrogel Microspheres to each droplet and perform a second in-droplet 

PCR to append barcoding sequences to amplified targets. After next-generation sequencing, reads 

are clustered based on their barcode sequence to allow single-molecule bioinformatic analysis to 

identify error-free sequences of each single DNA template (Figure 3.1). HiFi-Seq reduces 

sequence errors introduced by PCR stutter and polymerase infidelity by ~1,000 fold compared to 

sequencing without droplet PCR and barcoding, with < 0.0007 false sequences retained per 

template analyzed. This increases minor STR detection thresholds by ~100 fold. We successfully 

identified all contributors in a five-person mixture sample and a three-person mock gun touch 

sample using HiFi-Seq. Using this efficient HiFi-Seq workflow, we can generate a sequencing-

ready barcoded library from >10,000 molecules in a few hours. Thus, HiFi-Seq is a sensitive, 

accurate, and high-throughput method to identify minor variants in heterogeneous DNA 

populations.  
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Figure 3.1 HiFi-Seq overall workflow. Single DNA molecules are encapsulated into droplet 
and perform 1st droplet PCR. Then hydrogel barcoded beads are then pico-injected into each 
droplet along with PCR reagent and perform 2nd droplet PCR. We then break droplets and 
prepare for next generation sequencing and bioinformatics processing based on the barcode 
sequence.  

 

3.2 Methods 

3.2.1 Overall Workflow 

The key innovation of HiFi-Seq is genetically barcoding each amplicon that arises from 

the PCR of single DNA template molecules. These barcodes are used to algorithmically form a 

consensus sequence for amplicons associated with each barcode, thus dramatically reducing the 

contribution of artifact sequences. This allows the determination of the correct sequence of each 

initial single template (Figure 3.1). 

To perform HiFi-Seq, we use a microfluidic device to encapsulate single templates (at to 

≤ 0.1 template per drop to ensure no droplets have >1 template) and PCR reagents into ~50 pL 

water-in-oil droplets (Figure 3.2) and then perform in-drop PCR (1st PCR). To facilitate 
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barcoding in subsequent steps, the forward primers contain a universal sequence at their 5’ ends 

(Figure 3.3).   

 

Figure 3.2 Single molecule encapsulation using microfluidics device. DNA template, PCR 
primer and PCR reagent are co-encapsulated together into droplet.  

 

Figure 3.3 Droplet PCR of target region in droplet. Forward primer contains Nextera 
adapter sequence, Reverse Primer contains a Universal Capture Sequence that can also be found 
on the Hydrogel Barcoded Beads.  

We then use a microfluidic pico-injection device to add a single barcoding gel to each 

droplet. This can be accomplished with very high efficiency (>0.8) because the compressible 

barcoding are monodisperse and can be delivered at regular intervals (Figure 3.4). Following the 

gel pico-injection, the drops are collected and subjected to a 2nd PCR, which appends the barcode 

to the amplicons from the 1st PCR round through annealing of the barcode’s universal sequence to 

the 1st round amplicon universal sequence tails (Figure 3.5). Following this 2nd PCR, droplets 
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contain barcoded amplicons derived from individual templates. Finally, the drop contents are 

prepared into an NGS library. Adaptor sequences and multiplexing index sequences are appended 

to 2nd PCR amplicons by first breaking the drop emulsion to release the amplicons into a common 

pool. The supernatants of each sample are then subjected to a 3rd PCR according to add Nextera 

adaptor sequences for the Illumina platform. 

 

 

Figure 3.4 Picoinjection of Barcoded Hydrogel Microsphere and PCR mixture into each 
droplet. Droplets are re-injected back into the device and Hydrogel Barcoded Beads and 
PCR reagents are added to each droplet under the influence of electrodes.  

 

Figure 3.5 Droplet PCR amplification to tag amplicon with barcode sequence. Hydrogel 
Barcoded Beads contain a photo-cleavable spacer as well as a Universal Capture Sequence. 
The photo-cleavable spacer can release DNA barcode sequence under UV and the Universal 
Capture Sequence is used to capture the amplicons from the previous step.  
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Following NGS of the barcoded amplicons, we use our bioinformatic to remove the four 

main sources of sequence error generated during amplification and sequencing: PCR-Stutter, PCR-

mediated Recombination, PCR Base Misincorporation, and NGS Base Calling Errors.  Our 

bioinformatic pipeline consists of four quantitative criteria: I) Minimum reads per barcode; II) 

Elimination of doublets, i.e., two input DNA molecules sharing the same barcode; III) Elimination 

of ambiguity due to uncharacteristic STR forward stutter profile; and IV) Elimination of reads with 

high PCR error. Although approximately 40% of positive barcodes are removed during the process, 

the false positive rate is dramatically reduced to ~0.066%. We then collect the barcodes surviving 

these four criteria and arrive at consensus sequences for the original DNA templates, from which 

we determine the number of short tandem repeats.  

3.2.2. Pre-amplification of target genes in drops (1st PCR).  

We mixed the gDNA template with PCR mixture and encapsulated them into 25 um water-

in-oil drops using a flow-focusing microfluidics device driven by vacuum and then performed in-

drop PCR amplification (Figure 3.2, Figure 3.3). The 100 µL PCR mixture contained 50 µL of 2 

× FastStart PCR master (Roche, Indianapolis, IN), 0.4 µg/µL BSA, 0.4 % Tween 20, five pairs of 

gene specific primers for the five STR loci at different concentrations, and a quantity of gDNA 

diluted to achieve 0.1 templates per drop per locus. On the forward primer, we add the same 

universal primer as that on the barcode of the hydrogel beads. On the reverse primer, we add a 

reverse Nextera adapter sequence. The thermocycling condition for the drops is 95 °C for 4 min, 

30 cycles of 95 °C for 30 s, 56 °C for 15 s, and 72 °C for 40s, followed by 72 °C for 5 min. 

3.2.3 Injection of barcoded beads and amplification reagent (for 2nd PCR).  

We used a microfluidics picoinjector to inject barcoded beads and PCR reagents into the 

drops containing amplicons from the 1st PCR. This device has four inlets. The two at the upstream 
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are for the drops containing PCR amplicons and spacing oil, and the other two at the downstream 

end are for the injection of the beads and PCR reagents. We flowed the drops into the device and 

space the drops into a single profile using HFE 7500 oil with 2 % w/w surfactant. In the 

downstream of the device, we injected barcoded beads and PCR reagents to the drops passing 

through by electro-coalescence. The device electrodes were connected to a high voltage TREK 

2210 amplifier (TREK, Lockport, NY) that supplied an oscillating 100 V sine wave at a frequency 

of 25 kHz. The flow rates used to inject the drops were chosen to ensure that one barcode gel fuses 

with one gDNA-bearing drop. The flow rate of the PCR cocktail was chosen to ensure that the 

buffer is added at ~1:1 ratio upon coalescence. This process is shown in Figure 3.4. Typical flow 

rates fulfilling these requirements are 300 µL/hr for the oil, 60 µL/hr for the barcode primer-drops 

and 30 µL/hr for the PCR cocktail. The PCR mixture contains 100 µL of 2 × FastStart PCR master 

(Roche, Indianapolis, IN), 0.4 µg/µL BSA, 0.4 % Tween 20 and 0.5 µM of reverse Nextera XT 

adapter primer. Drops were collected and UV light is applied to release the barcodes from the 

beads followed by thermocycling. The thermocycling condition for the drops is 95 °C for 4 min, 

25 cycles of 95 °C for 30 s, 56 °C for 15 s, and 72 °C for 40s, followed by 72 °C for 5 min.  

3.2.4 Library preparation and deep sequencing.  

To break the emulsion we added 25 µL of 1H,1H,2H,2H-perfluoro-1-octanol (PFO; 

Sigma-Aldrich, St. Louis, MO) and gently centrifuged to separate the phases, with PCR products 

existing in the liquid phase. We purified the PCR products using AMPure XP Beads (Beckman 

Coulter, Indianapolis, IN) and eluted them into 10 µL of 0.1M Tris-HCl. We then amplified the 

purified PCR products with the primer pairs in a Nextera Index kit (Illumina, San Diego, CA). 

Each Nextera primer pair contains unique indices, which allows for pooling and sequencing 

multiple samples in a single run. The PCR products were purified again using beads and quantified 
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using Invitrogen™ Qubit™ Fluorometer (Thermo Fisher Scientific, Waltham, MA) and 

Bioanalyzer (Agilent Technologies, Santa Clara, CA). We adjusted the amplicon concentrations 

according to protocols for the MiSeq System (Illumina). Sequencing was performed using a 

paired-end protocol. 

3.2.5 Sequencer read data processing and barcode clustering. 

Sequences were grouped by locus by matching the amplification primers. Barcodes for 

each read were then further grouped by barcode into barcode-specific files for subsequent 

processing by the bioinformatics pipeline described in Appendix A. 

3.2.6 Read clustering by STR number.  

To minimize the chance of generating a false chimeric sequence, the distribution of 

sequence lengths was tested to verify that like-barcoded sequences were unambiguously generated 

from a single template. The consensus allele length is the most frequently observed allele length 

for a given barcode. The number of reads for both one repeat length shorter and longer than the 

consensus must not exceed user specified thresholds. These thresholds are selected based on the 

observed limits of stutter for traditional (drop-free) amplification. Barcodes that do not pass the 

sequence distribution tests are excluded from further analysis. 

3.3 Results 

3.3.1 HiFi-Seq analysis of a single individual’s DNA at two loci  

To initially demonstrate HiFi-Seq, we used HiFi-Seq to prepare barcoded DNA from an 

individual heterozygous at the loci D5S818 and D12S391 (Figure 3.6, True Repeats) and we then 

analyzed the sequencing reads with and without use of the barcodes. We found that on average, 

87% (1264/1452) of the unique sequence clusters per locus are artifact sequences when barcodes 
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are ignored (Figure 3.6, No Barcodes; note log-scale on Y-axis). We then analyzed the same data 

by clustering reads by barcodes and determined the true allele sequence as well as the artifact 

sequences. After eliminating all non-allele sequence, all reads could be mapped to two True Alleles 

at each locus (Figure 3.6, HiFi-Seq). 

 

 

Figure 3.6. Single person DNA result at loci D5S818 and D12S391 analyzed using Bulk-
PCR-No Barcode method and HiFi-Seq method 

 

3.3.2 HiFi-Seq Analysis of a 5 Human Contributor DNA Mixture Sample 

We then applied HiFi-Seq to a 5-person sample prepared by mixing DNA extracted from 

5 different individuals at the ratios 50, 30, 18, 1.5, and 0.5%. The amplification included primers 

targeting five of the thirteen loci used by the FBI for forensic analysis. We performed 20 technical 

replicates, each targeting ~500 DNA templates per locus. We analyzed the sequence data with and 

without use of the barcodes. When reads were clustered without barcodes, we found sequences at 

locus FGA with STR repeat numbers that did not exist in any of the input DNA samples. Notably, 

reads with repeat numbers of 18, 20, and 22, which are not true repeat lengths in any of the input 
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samples, were more frequent than reads with 26 and 28 repeats, which are the true repeat number 

for samples 17113 and 17246, which comprise 1.5 and 0.5% of the total input DNA, respectively 

(Figure 3.7, “Without Barcodes” panel).  In contrast, when we clustered these reads with the 

barcodes, we were able to filter out all reads resulting from stutter PCR, PCR substitution errors, 

and chimeric PCR products. On average, for each of the 20 replicates, 301 barcodes passed the 

pipeline criteria, and on average 5 and 3 barcodes, respectively, were associated with the minor 

contributor samples 17113 and 17246 (Figure 3.7, “HiFi-Seq” panel).  Thus, HifFi-Seq barcoding 

and bioinformatic analysis allowed accurate identification of a sample comprising only 0.5% of 

the total input DNA.  

 

 

Figure 3.7 Five Person Mixture sample STR result at loci FGA using both “without 
barcodes” and “HiFi-Seq” methods 
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Due to sampling, allele detection in mixtures at the low average barcode counts is 

stochastic and expected to approximately obey Poisson counting statistics. For example, for the 

~300 barcodes passing our criteria at locus FGA we observe the minor alleles in only 15/20 

technical replicates for Person ID 17113 (1.5% total input DNA) and 7/20 for Person ID 17246 

(0.5% total input DNA). Stochasticity was also observed at the other four loci genotypes for the 

5-person mixture. Allele-specific detection rates or “drop-out” rates are likely to be observed due 

to varying efficiency of amplification of alleles of different lengths. For example, allele 25 at locus 

D12 for Person ID 17113 was not detected in any of the 20 replicates analyses of the mixture.  

The very high sensitivity and specificity of HiFi-Seq can enable discrimination between 

alleles differing only by a single SNP at parts per thousand level without any false positives. In the 

previously described five-person mixed sample, contributor DNA 17246 is heterozygous at locus 

D16S539. One allele has 14 STRs while the other has 9 STRs and, unique among all DNAs in the 

mixed sample, a single SNP just outside of the repeats. Using HiFi-Seq, we detect this SNP and 

can correctly assign when contributor 17246 comprises only 0.5% of total DNA. This detection 

threshold is well below the high-confidence detection threshold achieved with analyses not using 

barcodes, in which the 17246 DNA must comprise at least 2% of total input DNA. This 

discrimination of the isoalleles at high sensitivity illustrates the broad utility of the HiFiSeq method 

for applications beyond STRs analysis where SNP variant alleles are informative in detecting and 

characterizing low level constituent genomes of interest such as early detection of diabetes, heart 

diseases and cancer. 

3.3.3 Detection/Exclusion Analysis Using HiFiSeq Analysis of STR Loci 

To demonstrate use of HiFiSeq in an end-to-end analysis using mixture DNA collected 

from realistic surfaces, we constructed a mock specimen: a 3-person “touch DNA” specimen 
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collected from a handled gun. For this sample, three people handled a handgun for varying lengths 

of time, thus leaving different amount of DNA on the gun. (Table 3.1) 

In this case, both alleles for Person 2 (minor handler) would have been undetectable 

without use of barcodes, due to PCR stutter generating 16-repeat and 18-repeat products from the 

17-repeat Person 3 DNA. Using HiFi-Seq, we can identify all three people. In this experiment, 

neither minor contributor gun handler suspects could have be excluded as having contributed to 

DNA at locus vWA. (Figure 3.8) 

Table 3.1 True allele repeats and length of time touching the gun for the gun touch sample 

Suspect  True Allele Repeats Length of time touching the gun 

1 17 & 17 Longest 

2 20 & 20 Short 

3 16 & 18 Shortest 

 

 

Figure 3.8 Histogram of gun touch DNA mixture sample at loci vWA 
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3.4 Discussion 

Illumina-format NGS has significantly advanced minor-variant analysis of heterogeneous 

DNA populations. Ideally, total extracted DNA can be directly sequenced, thus avoiding errors 

related to PCR amplification of DNA of interest. However, this is generally not feasible because 

the sequences of interest are rare and the bulk of NGS reads will be irrelevant DNA. Hybridization-

based enrichment methods are often employed; however, enrichment is generally low-yield and 

time consuming.  

As a consequence, high throughput, low-cost minor-variant studies of heterogeneous 

samples have utilized PCR enrichment coupled with NGS. However, this limits sensitivity since 

PCR introduces spurious sequences, which are indistinguishable from the true minor variants 

present in the sample. This is especially true for STRs, where PCR stutter is extensive. The 

proportion thresholds required to reduce false alarm calls of sequence artifacts as variants with 

high confidence also eliminate minor variant sequences of interest. We found thresholds ~2-5 % 

are required to eliminate false minor variant SNPs from PCR base mis-incorporation errors. Values 

of ~1% are needed to eliminate false SNPs due to the base calling error rates of the sequencers73, 

while for other error sources, such as PCR stutter of STRs, this threshold can be up to 30-fold 

higher74. DuplexSeq (Illumina), a method to genetically-tag both ends of templates by ligating a 

barcode to double-stranded input DNA prior to PCR amplification, was recently introduced to 

address this issue73, 75. These barcodes allow identification and informatic elimination of the 

chimeric products formation between templates during PCR. However, library prep is complex 

and, because the barcodes are appended to all available DNA fragments, most of the sequencing 

reads identify irrelevant DNA. Further, the ligation step used in DuplexSeq is a low efficiency step, 

which limits its utility for low input DNA samples, such as in most forensic cases 
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Single molecule sequencers such as PacBio RS II and the Oxford Nanopore MinION are 

promising, as they do not require sample amplification and thus may address minor-variant 

characterization problems in the future, but they currently have unacceptably high error-rates and 

are low throughput76. 

HiFi-Seq performs single-template targeted PCR and barcoding in microfluidic droplets, 

prior to library preparation and sequencing. The barcoding enables informatic removal of sequence 

errors due to base misincorporation, stutter, and chimera formation during PCR. This significantly 

improves the accuracy NGS-based minor variant analysis.  For our STR analysis of complex 

mixtures, the false positive rate is reduced by ~1000 fold, while the threshold for high-confidence 

minor-allele detection is reduced ~100 fold. In forensic applications, this will enable analysis of 

samples that previously would have been disregarded due to the high complexity and PCR noise.  

HiFi-Seq can also be applied to many other applications requiring high fidelity single 

molecule identification such as in early detection of microsatellite repeats in colorectal cancer and 

paternity testing. In colorectal cancer, mutations in genes such as MLH1, MSH2 or MSH6 result 

in malfunction of DNA repair function, leading to DNA synthesis errors in highly repetitive 

regions, a condition known as Microsatellite Instability (MSI). MSI is associated with many types 

of cancer. In colorectal cancer, survival is correlated with MSI level, making MSI measurement 

crucial in CRC prognosis and drug treatment. However, when patient DNA samples are amplified 

using standard PCR, authentic MSI signatures cannot be distinguished from stutter products from 

amplified non-mutant alleles, making early detection difficult. HiFi-Seq overcomes these 

problems and can potentially be used for accurate MSI analysis in clinical settings for early 

detection and timely therapeutic treatment.  
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We have also demonstrate that HiFi-Seq can detect rare single nucleotide polymorphisms 

(SNPs), comprising <0.5% within the sample. Thus, HiFi-seq can be a powerful tool for early 

detection of cancer-marker SNPs and the method can be developed for non-invasive pre-natal 

testing for genetic diseases.  

HiFiSeq of heterogeneous DNA provides high-confidence detection and characterization 

of minor genetic variants, revealing mixture structures previously obscured by amplification and 

sequencing errors. The method readily integrates into standard NGS workflows and can become 

new gold-standard for processing multiple contributor heterogeneous DNA specimens. While the 

power of the method has been demonstrated in the forensic DNA context, where high-efficiency 

of sequence recovery is paramount due to the limited quantity of available DNA, the method is 

broadly applicable to any heterogeneous DNA sample where PCR is required to selectively 

amplify and enrich genomic loci of interest prior to NGS analysis. 
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Chapter 4:  

A mix-and-read drop-based in vitro two-hybrid method for screening 

high-affinity peptide binders 

 

Drop-based microfluidics provide a stable linkage between phenotype and genotype and have 

recently become a novel tool for high throughput screening. However, use of drop-based 

microfluidics for screening high-affinity peptide binders has not been demonstrated due to the lack 

of a sensitive functional assay that can detect single DNA molecules in drops. To address this 

sensitivity issue, we introduced in vitro two-hybrid system (IVT2H) into microfluidic drops and 

developed a streamlined mix-and-read drop-IVT2H method to screen a random DNA library. 

Drop-IVT2H was based on the correlation between the binding affinity of two interacting protein 

domains and transcriptional activation of a fluorescent reporter. A DNA library encoding potential 

peptide binders was encapsulated with IVT2H such that single DNA molecules were distributed 

in individual drops. We validated drop-IVT2H by screening a three-random-residue library 

derived from a high-affinity MDM2 inhibitor PMI. The current drop-IVT2H platform is ideally 

suited for affinity screening of small-to-medium-sized libraries (103-107). It can obtain hits within 

a single day while consuming minimal amounts of reagents. Drop-IVT2H simplifies and 

accelerates the drop-based microfluidics workflow for screening random DNA libraries, and 

represents a novel alternative method for protein engineering and in vitro directed protein 

evolution. 
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4.1 Introduction 

Protein-protein interactions (PPIs) regulate cellular physiology by influencing interactome 

networks. Between 40,000 and 200,000 PPIs have been predicted to exist within the human 

interactome, and their malfunction is one of the fundamental causes of human diseases77, 78. One 

promising therapeutic strategy involves the use of peptide drugs with high target-specific affinities 

to regulate certain PPIs79. Compared with protein and small-molecule drugs, therapeutic peptides 

offer the advantages of better cell penetration, less immunogenicity and greater specificity80, 81. 

More than 60 synthetic therapeutic peptides have recently reached pharmaceutical markets82. For 

example, Degarelix (Firmagon), a gonadotrophin-releasing hormone receptor blocker, has been 

shown effective for the treatment of men with advanced hormone-sensitive prostate cancer83.  

Currently, molecular display represents the most widely used high-throughput techniques for 

screening high-affinity peptide binders. Taking the advantage of living cells’ ability to express a 

DNA library and display the protein or peptide products on their surfaces, in vivo display systems 

utilize phage, bacterium and yeast to establish a physical link between the binding affinity to a 

target molecule (phenotype) and the DNA sequence (genotype) of the displayed molecule. 

However, such in vivo systems often suffer from serious drawbacks, such as low transformation 

efficiency, expression bias, toxicity of fusion proteins and interference of other surface proteins 

during selection84-86. In comparison, cell-free display systems, such as ribosome and mRNA 

display, contain only the essential elements for protein expression and thus provide an in vitro 

solution to address some of these issues. However, cell-free display systems also have their own 

drawbacks. For instance, in the ribosome display method, potential protein or peptide binders are 

expressed from a DNA library and through ribosomes form a linkage with their coding mRNAs87, 

88. The binders with high affinities towards a target are selected through "biopanning", a series of 
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washing and amplification cycles. Such selection conditions can destabilize the mRNA-binder 

complex. The mRNA display method improves the stability by establishing a covalent linkage 

between the binder and its coding mRNA. Nevertheless, the RNA-binder complexes are inherently 

unstable which can severely restricts the screening conditions89, 90. Moreover, the selection of high-

affinity binders using biopanning in both ribosome and mRNA display methods can be biased by 

the dissociation kinetics of the binder to the target molecule. A recently reported bead display 

method circumvents some of these drawbacks by displaying binder-DNA conjugates on 

monoclonal beads, which are subsequently screened using flow cytometer91-93. It is unclear 

whether the binding to the target molecule is affected by the attachment of the binder to a large 

heterogeneous bead surface. Recently, drop-based microfluidics has been demonstrated to be a 

novel tool for high throughput screening. It generates a stable linkage between phenotype and 

genotype by partitioning single cells into picoliter drops and allows fluorescence-activated drop 

sorting (FADS)94, 95. However, the use of such drop-based microfluidic method to screen high-

affinity binders has never been shown, largely due to the fact that there is no functional assay 

sensitive enough to detect single DNA molecules in drops.  

Here we combined drop-based microfluidics with our recently developed in vitro two-hybrid 

system (IVT2H) – an in vitro assay for detection of protein-protein interaction96, and 

demonstrated a simple and cost-effective screening platform, which we named “drop-IVT2H”. 

We encapsulated single DNA molecules of a peptide library in picoliter drops with the IVT2H 

reagents containing plasmids expressing the target protein. Drops were incubated off-chip to 

allow the expression of both binder and target proteins. The binding of a high-affinity binder to 

the target protein activated the GFP expression in situ, resulting in highly fluorescent drops 

(bright drops). These bright drops were isolated by the FADS device and the high-affinity 
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binders were subsequently identified by DNA sequencing. We demonstrate that this mix-and-

read drop-IVT2H has allowed successful enrichment of high-affinity peptide binders in a p53-

MDM2 binding model. 

4.2 Methods 

4.2.1 IVT2H reagents and DNA constructs.    

IVT2H reagents are described previously96-98. Briefly, IVT2H contained 144 nM purified 

E. coli RNA polymerase core enzyme, 1.2 µM purified recombinant E. coli IHF, 0.8 units/µl 

murine RNase inhibitor, the PURExpress reconstituted protein synthesis system, 0.2 ng/µl (45 pM) 

plasmid DNA expressing σ54, 4.4 nM linear reporter DNA expressing GFP and 0.2 ng/µl (60 pM) 

plasmid DNA expressing hybrid fusion protein AD-MDM2, in which the activation domain (AD, 

residues 1-296) of PspF was fused to the full-length human MDM2 protein. The genes for the 

wild-type p53 peptide (p53p, residues 17-26: ETFSDLWKLLPE) and the peptide inhibitor (PMI: 

TSFAEYWNLLSP) were synthesized and fused to the N-terminus of the DNA binding domain 

Cro (DB). The linear DNA constructs expressing p53p-DB, PMI-DB or the PMI library-DB were 

used in drop-based microfluidics experiments. 

4.2.2 Construction of the full-length PMI Library.    

The PMI library was constructed by randomizing the hydrophobic triad, FWL of the PMI 

sequence (underlined: TSFAEYWNLLSP)99, 100. The DNA fragments containing T7 promoter and 

the randomized PMI sequences were assembled from four overlapping oligonucleotides (fw1, fw2, 

rv1 and rv2). MNN codon (antisense codon, M=A, C and N=A, T, G, C) was introduced in rv2 to 

replace each of FWL residues with 20 amino acids. The primer fw2 and rv2 were modified with 

5' phosphorylation (Integrated DNA Technologies). Equal molar amounts of the oligonucleotides 
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were annealed in NEB buffer 3 by gradually cooling the primer mixtures from 95°C to 23°C. T4 

DNA polymerase and T4 DNA ligase were added to perform gap filling in the presence of 200 µM 

dNTP at 23°C for 30 min followed by heat inactivation at 75°C for 20 min in the presence of 10 

mM EDTA. The resulting DNA fragments were fused to the DNA fragments containing DB and 

T7 terminator by overlapping PCR. The random full-length PMI DNA library should contain 

20x20x20=8000 PMI variants. The actual frequencies of PMI variants were determined by deep-

sequencing analysis. 

4.2.3 Microfluidic Device Fabrication.    

We fabricated polydimethylsiloxane (PDMS) microfluidic devices using standard soft 

lithographic methods. The microfluidic channel walls were rendered hydrophobic by treating them 

with Aquapel (PPG)101. To fabricate the device for sorting experiments, we filled the designed 

channels with Indalloy 19 (51In, 32.5 Bi, 16.5 Sn; 0.020 inch diameter), a low melting point metal 

alloy (Indium Corporation). We made electrical connections using eight-pin terminal blocks 

(Phoenix Contact)102. The microfluidic setup and design are shown in Figure 4.1.  
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Figure 4.1 The microfluidic device setup and design. (A) the photo image of the dropmaking 
and collection setup; (b) a schematic diagram of the drop-making device design; (C) a schematic 
diagram of the re-injection and sorting design. 
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4.2.4 Drop encapsulation and off-chip incubation.   

Linear DNA fragments expressing p53p-DB, PMI-DB, FSL-DB, FWR-DB (0.5 ng/µl) or the 

PMI library (1 ng/µl) were freshly diluted and added to the IVT2H reagents (25 µl) such that the 

final concentration of the binder templates was 10.8 fg/µl (8 fM). The solution was kept on ice to 

minimize transcription and translation before encapsulation into drops. A microfluidic device 

containing a flow-focusing junction with a cross section of 15x15 µm2 was used to encapsulate 

this solution into ~3 million monodisperse drops with diameter of 24 µm (7.2 picoliter) in HFE-

7500 fluorinated oil (3M), containing 1% (w/w) Krytox-PEG diblock co-polymer surfactant (RAN 

Biotech)103, 104. These 24 µm drops formed a cylindrical shape after the flow-focusing junction 

with a cross section of only 15x15 µm2. The drops had a larger diameter than that of the channel 

and were squeezed between the walls of the channel.  

Rather than driving the flow using syringe pumps, we applied a house vacuum (-0.4 PSI) 

(Model 4172K12, McMaster-Carr Supply Company, Elmhurst, IL) at the outlet of the device to 

suck the reagents that were placed directly into the inlets through the microfluidic channels. The 

applied vacuum was not electrically controlled. Rather, the house vacuum was connected to the 

microfluidic drop maker through a vacuum regulator valve, which regulates the vacuum applied 

to the device. Simply by opening the valve and keeping the vacuum at a consistent value, we were 

able to generate monodispersed drops at a stable frequency. This vacuum-driven setup is robust, 

easy-to-use and low-cost. In addition, there are no initial transients in drop-size and no dead 

volumes of reagents, which are often seen inside the syringe, tubing and device in the pump-driven 

setup. These benefits make the vacuum-driven setup very suitable for encapsulation of a small 

volume of reagents for expensive biological assays. A recently published paper has described the 

detailed application of this setup and its advantages105. 
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The generated water-in-oil emulsion was collected in a PCR tube directly, covered with 

mineral oil and incubated at 37 °C for 6 hr. This drop-making procedure is schematically shown 

in Figure 4.1A; the typical drop generation rate was about several thousand drops/sec.  

4.2.5 FADS and drop collection.   

To detect and isolate bright drops containing PMI or high-affinity MDM2 binders, we used 

FADS as described previously106. The incubated drops were re-injected into a microfluidic sorter 

at a flow rate of 20 µL/h and evenly spaced by HFE-7500 oil with surfactant flowing at a rate of 

180 µL/h. During this drop re-injection phase, we used pumps to push drops and oil with surfactant 

individually. Since drops and oil with surfactant are injected at different rates, only the pump 

system allows such controls in flow rates. We set the flow rates of 20 µL/h and 180 µL/h for two 

micro-liter constant-flow-rate syringe pumps to push the drops and spacing oil with surfactant into 

the microfluidic sorting device, respectively. The actual flow rates inside the microfluidic channels 

may be slightly different but have not been measured. Similar flow rate settings for drop sorting 

have been used in previous publications95, 107, 108.  

The microfluidic device for Fluorescence Activated Drop Sorting (FADS) comprises a re-

injection inlet that introduces drops and an oil inlet that spaces drops. The channels from these 

inlets intersect at a spacing junction, which is followed by a Y-shaped sorting junction connected 

to a sorting channel and a waste channel. The sorting channel is designed to have a higher fluidic 

resistance than the waste channel. As a result, all drops flow into the waste channel when sorting 

is not activated. We recorded the drop fluorescence as they passed through the detection region 

onto which a laser was aligned and their fluorescence was focused onto a photomultiplier tube 

(Hamamatsu). A custom computer LabView program running on a real-time field-programmable 

gate array card (National Instruments) digitized the photomultiplier tube signal. All drops were 
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gated based on detector pulse width to exclude outliers, such as merged or split drops. When the 

fluorescence intensity of the drop was above a set threshold, the sorting electric field was turned 

on, resulting in a dielectrophoretic force that moved drops toward the sorting channel.  

For no template, p53p-DB and PMI-DB, we examined ~100,000 drops. For the PMI library, 

we examined ~ 1,000,000 drops. For PMI-DB, we isolated five bright drops. To prevent 

evaporation and facilitate liquid handling for downstream processing of a small number of sorted 

drops, we preloaded the collection tip with 30µl of carrier drops containing ddH2O. These five 

bright drops were mixed with 30µl of carrier drops and distributed into 30 wells of a well-plate to 

ensure separation of individual bright drops. For the PMI library, we collected 13 bright drops 

together. As the quality control, we also collect 32,000 dark drops. 

4.2.6 RT-PCR amplification of binder templates in sorted drops.   

We broke the drop emulsion by adding 20% of 1H,1H,2H,2H-perfluorooctanol (PFO) 

(Alfa Aesar) followed by vortex and centrifugation. To prepare the samples distributed in 30 wells 

for Sanger sequencing, we added 5µl of ddH2O to each well in order to facilitate transfer of the 

aqueous phase into 25µL of the single-step RT-PCR cocktail. This cocktail contained 1 µL of 

OneStep RT-PCR Enzyme Mix with 1× buffer (Qiagen), 400 µM dNTPs, and 0.25 µM forward 

and reverse primers. To prepare the samples from the PMI library for deep sequencing, we directly 

transfered the aqueous phase into the RT-PCR cocktail. Thermocycling conditions were 50 °C for 

30 min, 95 °C for 10 min, 35 cycles of 95 °C for 30 s, 58 °C for 30 s, and 72 °C for 40 s, followed 

by 72 °C for 5 min. The PCR products were run on a 2% agarose gel and purified using GenElute™ 

Gel Extraction Kit (Sigma), either sent out for Sanger sequencing or processed for Deep 

sequencing. 
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4.2.7 Deep Sequencing and data analyses.   

Illumina-specific adaptor sequences were attached to the 5'- and 3'-ends of the PCR 

fragments in two consecutive steps of PCR according to the manufacturer's instructions. The 

sequencing condition was set to a read length of 56 base-pairs that covered the PMI peptide 

sequence region. Sequencing was run on an Illumina Genome Analyzer II (GAII) platform at the 

sequencing core facility at NEB. To analyse the sequencing data, we first removed Illumina adapter 

sequence and low quality bases (Q<20) from the 3’ end of the raw reads by Cutadapt109. Each read 

was scanned for constant regions and the random mutated codons were extracted based on 

sequence syntax by custom perl script. The extracted DNA codons were translated to amino acid 

sequence using custom perl script. Next the peptide diversity at each mutagenesis position as well 

as the genotype (DNA sequence) diversity corresponding to each phenotype (peptide) was 

analysed using R software. 

4.3 Results and Discussion 

4.3.1 The principle and strategy of the drop-IVT2H screening method 

The drop-IVT2H screening method (Figure 4.2) is based on the IVT2H system developed 

for the detection of protein-protein interactions in a bulk solution96. IVT2H contains a minimal set 

of components necessary for transcription activation and protein translation. IVT2H is designed to 

express two fusion proteins containing a bait and a prey, respectively. In the event of a high-affinity 

binding between the bait and the prey, the expression of a fluorescence reporter such as GFP is 

activated, resulting a detectable signal. This well-controlled in vitro system avoids the 

complications associated with the classic yeast two-hybrid (Y2H) system, such as efflux pumps, 

failure in transporting both fusion proteins to nucleus110-114, and high false positive rates (estimated 
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to be from 44% to 91%) due to the intracellular complexity115. However, unlike other in vitro 

methods, such as ribosome and mRNA display, there is no mechanism in IVT2H to link the 

genotype with the phenotype. Therefore, IVT2H is not suitable for screening a random DNA 

library. High throughput screening of individual binders using IVT2H in plate-based assay format 

would lead to prohibitive costs in the experimental reagents and other consumables.  
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Figure 4.2 A schematic workflow for screening high-affinity binders using drop-based in 
vitro two-hybrid method (drop-IVT2H).  (A) Single DNA templates and IVT2H reagents were 
encapsulated in drops on a microfluidic chip by applying vacuum to generate monodisperse drops. 
The binder DNA template was distributed as single copy in drops based on Poisson statistics. Each 
drop contained multiple copies of the reporter and target DNA templates. Drops were then 
collected for off-chip incubation. Inset, the IVT2H reaction during off-chip incubation. PMI-DB 
and AD-MDM2 were expressed from the binder and target templates, respectively. PMI-DB bound 
the upstream activation sequence (UAS) on the reporter DNA. The interaction of PMI and MDM2 
recruited AD to the promoter-bound RNA polymerase (RNAP) and activated the expression of the 
reporter gene, producing the fluorescent GFP. (B) After incubation, drops were re-injected into a 
fluorescence-activated drop sorting device (FADS). Co-flowing spacing oil ensured equal 
separation of drops. Both bright and dark drops were isolated and collected in separate tubes for 
RT-PCR followed by Sanger or deep sequencing.  

(A) 

(B) 
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Drop-based microfluidics have dramatically impacted high throughput screening methods by 

decreasing the assay volume from microliter to picoliter and at the same increasing the assay speed 

by orders of magnitude. For instance, using drop-based microfluidics, one can perform 108 assays 

in drops in a single day at a cost of a few dollars. In stark contrast, even with the state-of-art high-

throughput robotic instruments, it would take ~2 years at a cost of ~15 million dollars to perform 

the same number of assays in microtiter plates94. To enable the IVT2H method for high-throughput 

screening at reasonable costs, we compartmentalize single DNA molecules into picoliter drops 

with the IVT2H reagents. This not only creates a genotype-phenotype linkage between the high-

affinity binder and its fluorescence signal, but also allows high throughput screening and sorting116-

118 (Figure 4.2). By using drops, the volume for each IVT2H assay decreases from microliter to 

picoliter and thus the cost for each assay decreases by six orders of magnitude. Simultaneously, 

the effective concentration of a single DNA in a picoliter is significantly higher than that in a bulk 

solution. The lowest concentration for a binder template in bulk IVT2H was previously found to 

be 2 pM96. The concentration of a single DNA in a picoliter drop is equivalent to 1 pM, which may 

be sufficient for detection. In addition, the on-line compartmentalization procedure is very fast at 

4000 drops per second, and highly automatic, which dramatically minimize the usage of 

consumable materials. In spite of these advantages of drop-based microfluidics, single DNA 

templates in drops often produce too few proteins in cell-free systems to be effectively assayed. 

To date this has only been possible for one template encoding a green fluorescent protein119. A 

current solution is to amplify single DNA templates using in-drop PCR, followed by drop-fusion 

to add reagents for protein synthesis and enzymatic assays. However, such multi-step procedure 

significantly complicates the workflow118. By adapting IVT2H to drop-based microfluidics, we 
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showed that we were able to perform a one-pot reaction for screening high-affinity binders at the 

single-DNA level.  

4.3.2 Detection of a known high-affinity peptide binder at the single-DNA level 

To demonstrate the detection of a single DNA template in drop-IVT2H, we used a synthetic 

duodecimal peptide known as PMI as a model. Discovered by phage display, PMI binds to MDM2 

with high affinity, thereby inhibiting the interaction of human p53 and MDM2 protein99. We fused 

PMI (binder) to the DNA binding domain (DB) to create the binder DNA template PMI-DB, and 

fused MDM2 (binding target) to the activation domain (AD) to create the target DNA template 

AD-MDM2. After expression of the hybrid fusion proteins from these templates, binding of PMI 

to MDM2 recruited AD to the promoter-bound RNA polymerase, thereby activating the reporter 

GFP expression (Figure 4.3A inlet). We have previously demonstrate that in bulk IVT2H, PMI 

(Kd for MDM2=3.2 nM) resulted in higher fluorescence than the wild-type p53 peptide (p53p, Kd 

for MDM2=46 nM)96, which is consistent with the higher affinity of PMI compared to p5399.    
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Figure 4.3. Fluorescence images of drops after off-chip incubation. (a) PMI at λ = 0.33 DNA 
per drop, (b) PMI at λ = 0.1 DNA per drop, (c) p53p at λ = 0.1 DNA per drop, and (d) no binder 
template. Scale bars are100 µm. 

 

To allow the detection of a binder at the single template level, we Poisson loaded the binder 

template, p53p-DB or PMI-DB DNA, with IVT2H expressing AD-MDM2 in drops. We observed 

that only PMI-DB DNA template showed some bright drops (with noticeably higher fluorescence 

than that of the majority of drops), while p53p-DB DNA template showed drops with a similar 

low fluorescence as that of no binder template (Figure 4.3). In the case of PMI-DB, loading at 

λ=0.33 generated more bright drops and drops with higher brightness than at λ=0.1, possibly due 

to the presence of two or more PMI-DB templates in single drops at λ=0.33 (Figure 4.3). To 

examine these drops in a high-throughput and quantitative way, we used our FADS device to 

measure the fluorescence of each drop that passed the laser detector and generated the fluorescence 

histograms (Figure 4.4). Due to the Poisson loading, a majority of drops did not contain any binder 

PMI λ=0.33 PMI λ=0.1 

P53p λ=0.1 No binder 
template  
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template, but they exhibited a low level of fluorescence, since there was a basal activity of the 

RNA polymerase in IVT2H. Accordingly, in each set of experiments, we used the fluorescence of 

drops with no binder template to normalize the fluorescence of drops with binder templates. The 

histogram of p53p-DB exhibited a fluorescence distribution with one major peak at the normalized 

fluorescence of 1.0, which was almost identical to that of drops with no binder template. The data 

suggest that at the single DNA template level, the low-affinity binding of p53p to MDM2 did not 

generate detectable increase in drop fluorescence. In contrast, the histogram for PMI-DB exhibited 

a bimodal distribution, which had a second major peak at the normalized fluorescence of ~2.0 

(Figure 4.4). The data suggest that the high-affinity binding of PMI to MDM2 resulted in bright 

drops with increased fluorescence compared to those with no binder template or with p53p-DB.  

 

Figure 4.4 Histograms of the normalized drop fluorescence of sorted drops containing PMI, 
p53 or no binder template. For PMI, both λ = 0.33 and λ = 0.1 were measured; for p53p, only λ 
= 0.1 was measured; no binder template drops were also measured as a control. The Y-axis (count) 
is the number of drops that were counted. The X-axis is the normalized fluorescence intensity of 
each drop (F (a.u.)). The fluorescence of drops was normalized by the fluorescence of the 
population peak of drops with no binder template.    
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According to Poisson statistics, at λ=0.1 DNA per drop, 90.5% drops should contain no 

binder template, corresponding to the observed first major peak in the histograms, 9.0% drops 

should contain one binder template, corresponding to the observed second major peak with 

fluorescence at ~2.0, and 0.5% drops should contain two or more binder templates, corresponding 

to signals with fluorescence >3.5 (Figure 4.4). Setting a threshold value of the normalized 

fluorescence at 1.3, we counted that 4.9% of all sorted drops were bright drops, which could 

contain one or multiple binder templates. The discrepancy between the predicted and measured 

frequencies of bright drops, 9.5% vs 4.9%, could be due to the uncertainty of determining the 

absolute concentration of the binder DNA template. We verified that our Poisson loading was 

consistent with Poisson statistics by tripling the PMI-DB binder template concentration and 

observed additional peak signals corresponding to drops with two or more binder templates (PMI-

DB λ=0.33, Figure 4.5).  

 

Figure 4.5 Histograms of normalized drop fluorescence for no binder template (no template), 
FSL, FWR, PMI templates at λ= 0.1 DNA per drop and PMI template at λ= 0.33 DNA per drop. 
The fluorescence of the population peak of drops with no template is used for normalization. 
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     To examine if bright drops indeed contained the PMI-DB template, we isolated five bright 

drops and broke the emulsion to retrieve the aqueous phase. In this aqueous solution there were 

two categories of nucleic acids carrying the genotype information, the input DNA template and 

the transcribed mRNAs. Since we estimated hundreds of mRNAs were generated from the single 

DNA template, amplification from mRNA should be more efficient and less biased than from 

DNA. We therefore performed RT-PCR rather than PCR to amplify a 350 bp region of the mRNA 

encoding PMI-DB. We successfully obtained the 350 bp amplicon from three of the five drops 

(Figure 4.6) and subsequently confirmed their sequences by Sanger sequencing. 

 

Figure 4.6 Agarose gel image of the DNA fragment from RT-PCR amplification of a 350 bp 
region of mRNA encoding PMI-DB. M: 100 bp DNA marker. 

     Taken together, these results suggest that drop-IVT2H increased the assay sensitivity, making 

it possible to detect the high-affinity binding at the single template level. We established the 

protocols to isolate bright drops and retrieved their sequence information. These experiments 

provided the basis for using drop-IVT2H to screen a random library for sequences that encode 

high-affinity binders.  

4.3.3 Enrichment of a high-affinity binder from a randomized mutant library using drop-IVT2H 

The previous structural and biochemical studies have indicated that in the PMI sequence 

(TSFAEYWNLLSP), all three underlined residues of the hydrophobic triad, FWL, are most critical 

for binding to MDM299. Therefore, we synthesized the PMI library from oligonucleotides 
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containing NNK codons at these three positions, with N representing an equal mixture of A, G, C, 

and T and K representing an equal mixture of G and T. This NNK library allows to avoid the stop 

codons UAA and AGA, as well as to reduce the total redundancy of codons and consequently 

screening efforts. The resulting randomized mutant PMI library should contain 8,000 sequences 

in total, in which there is only one FWL (PMI) sequence. We assembled the random PMI library 

DNA fragment containing a T7 promoter from synthesized oligonucleotides (Figure 4.7). To 

construct the full-length PMI library for drop-IVT2H, we performed overlapping PCR to add DB 

and T7 terminator to the random PMI library DNA fragment. 

 

Figure 4.7 The scheme for constructing the full-length PMI library via oligonucleotide 
synthesis and overlapping PCR. PT7: T7 promoter. NNK represents a randomized residue of the 
hydrophobic triad in the PMI sequence. MNN is antisense codon of NNK. DB: DNA binding 
domain. 

In the next step, we encapsulated this full-length PMI library in drops with the IVT2H solution 

that also contained the target DNA template AD-MDM2. To ensure the encapsulation of single 

templates, we diluted the PMI library DNA until Poisson distribution parameter λ=0.1 DNA per 

drop120. We believe λ=0.1 was the optimal condition for screening the PMI library, considering 

both the single molecule distribution and sorting throughput. To screen a random DNA library, it 



63 
 

is important that each DNA molecule of the library is well separated in drops, that is, at most one 

DNA molecule per drop. Multiple DNA molecules per drop would create a false positive due to 

the possibility that more proteins are made. Based on Poisson distribution, at λ =0.1, we need to 

screen approximately 10 times more drops than the number of DNA molecules of a library, since 

~9% of drops containing one DNA molecule, while 90% of drops are empty and less than 0.5% of 

drops containing two or more DNA molecules. If λ<0.1 is used, more drops are empty, we need to 

screen even more drops to cover the entire DNA molecules of a library, which limits the size of 

the DNA library we are currently capable of. If lambda>0.1 is used, there would be significant 

percentages of drops containing two or more DNA molecules, thus increasing the probability of 

false positives. For instance, at λ=0.33, 3% of drops contain two DNA molecules.  

We generated a total of three million drops from a 25 µl mixture of the IVT2H solution and 

the PMI library. The total number of drops with single PMI templates (NPMI) can be calculated as 

NPMI=NDrop λ/NLibrary, where NDrop is the total number of microfluidics-generated drops and NLibrary 

is the DNA library size. In the current case, NDrop = 3x106, NLibrary = 8000, and λ=0.1. Based on the 

above formula, there should be 38 PMI drops among three million generated drops, that is, 1 PMI 

drop per 1.2×105 drops. If PMI is the only high-affinity binder in the random PMI library, we 

should observe one bright drop in every 1.2×105 drops. However, if there are high-affinity binders 

other than PMI in the library, we should see the ratio of bright drops increases by multiplication. 

Different from the PMI-DB-only experiments described in the previous section, the random PMI 

library is not expected to have many high-affinity binders, thus the possibility of two high-affinity 

binders encapsulated in the same drop is extremely rare. Therefore, a bright drop is likely to contain 

just one high-affinity binder template and its significantly increased fluorescence is contributed 

only to this single molecule. 
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 After off-chip incubation of the collected drops, we re-injected ~ 1 million drops for detection 

and sorting in the FADS device. We observed 13 bright drops with a similar range of the 

normalized fluorescence as "pure" PMI when encapsulated at λ=0.1 (Figure 4.8). The calculated 

ratio of these bright drops to total sorted drops is one in 1.3x105, which is nearly identical to our 

previous estimate for the PMI drops. This data suggest that PMI was the only high-affinity binder 

in the random library. We cannot exclude the possibility that a low-affinity binder was also co-

encapsulated in the same drop as PMI even at λ=0.1. However, it is not possible that every PMI 

drop contained the same low-affinity binder. Therefore, we were still able to distinguish the high-

affinity binder from the low-affinity one by using the deep sequencing tool. In a separate sorting 

experiment, we collected 32,000 dark drops as a control.  

 

Figure 4.8 Histograms of the normalized drop fluorescence of sorted drops containing the 
random PMI library, PMI, its variants (FWR and FSL), or no binder template. DNA 
templates were diluted to λ = 0.1 DNA per drop. The Y-axis (count) is the number of drops that 
were counted. The X-axis is the normalized fluorescence intensity of each drop (F (a.u.)). The 
fluorescence of drops was normalized by the fluorescence of the population peak of drops with 
no binder template. 
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To confirm that the bright drops indeed contained the PMI template, we broke the emulsion of 

the collected bright drops and amplified mRNA via RT-PCR. Though dark drops did not generate 

significantly increased fluorescence, they contain mRNA with similar sequences as bright drops. 

Therefore, we also amplified mRNA from dark drops as a control. The resulting 350 bp DNA 

fragments from both bright and dark drops along with the random library were analysed by deep 

sequencing. The sequencing data of the input library confirmed that all 8000 intended sequences 

were present in the library, and therefore they were all assayed in drop-IVT2H. Based on the deep 

sequencing data, we plotted the frequencies of three residues that occur at the positions of the 

hydrophobic triad against all 8000 peptide sequences and generated the frequency histograms 

(Figure 4.9). The histogram of bright drops indicates that the PMI sequence, FWL, occurred at 

21%, which was significantly higher than other sequences (Figure 4.9A, red). In comparison, the 

frequency of FWL in the histogram of the input library was only 0.043% (Figure 4.9, blue). 

Therefore, the isolation of bright drops by drop-IVT2H resulted in a 488-fold enrichment of the 

PMI sequence. In the control experiment, the frequency of FWL in the histogram of dark drops 

was 0.079% (Figure 4.9B, dark red), indicating that there was no significant enrichment of the 

PMI sequence in dark drops. 
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Figure 4.9 Frequency histogram representation of deep sequencing data from collected 
drops. The relative frequencies of peptide sequences from bright drops are shown in red (A). 
The relative frequencies of peptide sequences from dark drops (blue) and input library (dark red) 
are shown in (B). The PMI and some frequent peptide variants are indicated by three-residue 
sequences, such as FWL, FSL and FWR, corresponding to the randomized positions within the 
peptide sequence. The PMI sequence is FWL. 

 

The frequency histogram of bright drops also reveals a number of other peptide sequences that 

occurred at significant frequencies (Figure 4.9A, labelled in three letters). We speculate that these 

sequences arose before drop generation from in vitro transcription by T7 RNA polymerase as soon 

as the random library was mixed with the IVT2H reagents. These mRNA transcripts were 

randomly distributed in drops and later amplified with varying biases by RT-PCR, which resulted 

in a wide range of frequencies observed in the deep sequencing data for bright drops. To confirm 

that slightly enriched sequences, such as FSL and FWR, were not high-affinity binders, we 

constructed individual DNA templates encoding FSL-DB and FWR-DB for drop-IVT2H analysis. 

Histograms of the normalized drop fluorescence show that the fluorescence distributions of FWR 
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and FSL at the single-template level (λ=0.1) were almost identical to that with no template (Figure 

4.8). Taken together, these results show that high-affinity binder templates were significantly 

enriched in bright drops, and it is feasible to use the drop-IVT2H system to sort and isolate high-

affinity binder sequences from a random DNA library. 

4.4 Conclusion 

We developed a drop-IVT2H method that enabled robust and high-throughput screening of 

high-affinity peptide binders at the single DNA template level and without pre-amplification and 

multistep drop manipulation. This mix-and-read drop-based microfluidic platform potentially 

provides a simple, fast and cost-effective way to discover peptide-based drugs, such as anti-

microbial121 and anti-thrombotic peptides122 that can either interact with specific target proteins, 

or alter target protein-protein interactions. Unlike the majority of conventional antibiotics, 

antimicrobial peptides may also have the ability to enhance immunity by functioning as immune 

modulators123.  

The major advantage of drop-IVT2H is that the expression of the binder and the target is 

coupled to the detection of the binding interaction in a continuous and streamlined drop-based 

microfluidic workflow. Unlike molecular display methods, there are no interruptive steps in drop-

IVT2H, such as cell cultures, target immobilization, washing and elution. In fact, what 

distinguishes drop-IVT2H from all other screening methods is that drop-IVT2H does not require 

target purification and immobilization, and directly detects the binary binding interaction in 

solution rather than on a solid surface. Though in this work we demonstrated the screening of a 

peptide binder, drop-IVT2H can also be used to screen protein binders such as single-chain 

antibodies, antibody mimetics or protein ligands. Here a potential limitation is whether IVT2H can 

produce correctly-folded proteins. In vitro systems often have the disadvantage of expressing large 
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and complex proteins due to the lack of appropriate folding environments compared to cell-based 

systems. Another limitation of drop-IVT2H is that it is difficult to screen the binding interaction 

that involves eukaryotic post-translational modifications such as glycosylation, ubiquitination, 

phosphorylation, etc., since IVT2H is derived from a prokaryotic cell. Nevertheless, recent 

advances in drop-based microfluidics have expanded to encapsulation and analysis of single cells 

in drops124. We have also demonstrated the potential of using a modified IVT2H for single-cell 

protein analysis in drop-based microfluidics107.  

In this work, we screened and sorted 106 drops in just half an hour, which was sufficient to 

assay a library size of 105 molecules. With the state-of-art microfluidic techniques, we should be 

able to increase the library size to 106, which may be suitable for screening a target-focused library 

where a few specific changes are made by site-directed mutagenesis125, 126. To screen an even larger 

library, it may be possible to improve the sorting speed or load multiple DNA templates into each 

drop, followed by successive rounds of screening for further enrichments. Alternatively, drop-

IVT2H could be modified to incorporate an alternative amplification scheme (10). Instead of 

activating a fluorescent reporter, drop-IVT2H may express a polymerase upon the protein-protein 

interaction to amplify the high-affinity binder template, which is then identified by deep 

sequencing. In spite of these challenges, drop-IVT2H represents a novel method that has far 

reaching potentials not only for screening high-affinity binders, but also for high throughput 

studies of protein-protein interactions. 
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Chapter 5:  

Single Molecule Detection of Proteins using Droplet Arrays 
 

5.1 Introduction  

Proteins are important biomarkers for disease detection127-129, monitoring130, 131, and 

treatment132. Many proteins are present at ultra-low levels in many biological samples and 

therefore ultra-sensitive detection of proteins is necessary. Conventional techniques for protein 

detection, including the enzyme-linked immunosorbent assay (ELISA)133 and mass spectrometry 

134, suffer from lack of analytical sensitivity. To overcome limitations in analytical sensitivity, 

we previously developed an ultra-sensitive single molecule protein detection method known as 

digital ELISA using Single Molecule Arrays (Simoa)135. In a Simoa immunoassay, antibody-

coated capture paramagnetic beads are added in excess to a sample containing low levels of 

target analyte molecules. Based on Poisson statistics, either one or zero target protein molecules 

will bind to each bead. The protein is then labeled with a biotinylated detection antibody and 

streptavidin-ß-galactosidase, forming an enzyme-labeled immunocomplex. The beads are 

resuspended in fluorogenic substrate and then loaded onto an array of 50 fL sized wells in which 

each well can hold only one bead. The wells are sealed with oil, and wells containing an enzyme-

labeled immunocomplex generate a locally high concentration of fluorescent product, enabling 

single molecule detection by counting active wells. Simoa immunoassays can detect proteins at 

sub femtomolar concentration, which is 1000X more sensitive than the conventional ELISA. 

However, some proteins, such as neurological proteins that are present at low levels in blood, 

usually in zemto to atto- molar concentration, due to difficulty crossing the blood brain barrier 

and viral proteins, in attomolar concentration, at early stages of disease, and thus preventing 
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early detection of diseases from timely therapeutic treatment. Thus, an ultra-sensitive single 

molecule immunoassay detection method is still required.  

A major barrier to detecting ultra-low levels of molecules is low sampling of rare events. 

To illustrate this concept, there are approximately 600 molecules in 100 µl of a 10 aM sample. 

Assuming perfect capture and labeling efficiency, if 100% of the beads are analyzed, the digital 

measurement is 600 positive events. However, if only 10% of the beads are analyzed, the digital 

measurement is 60 positive events. The Poisson error is the square root of the number of 

measurements obtained, therefore, making more measurements results in less uncertainty. 

Currently, a major limitation of Simoa immunoassays is inability to analyze a sufficient number 

beads, leading to high uncertainty at ultra-low numbers of molecules. In a conventional Simoa 

assay, 500,000 beads are loaded onto an array of 216,000 wells, and approximately 20,000 to 

30,000 beads are loaded and analyzed. This results in a compromise in sensitivity since only about 

5% of the beads are analyzed. To ensure maximal sensitivity, it is necessary to analyze as many 

beads, and in turn, positive events, as possible. Therefore, increasing the percentage of beads 

analyzed, should lead to enhanced sensitivity.  

A major barrier to increasing the number of beads that are analyzed is challenges in 

isolating beads inside femtoliter-sized wells. Isolating beads inside femtoliter wells is facilitated 

by using an external force. Bead isolation inside wells made of optical fiber bundles was first 

accomplished using centrifugation. Currently, beads are isolated inside wells made of cyclic olefin 

copolymers, in which the beads settle via gravity. Approaches to improve the loading efficiency 

have been limited. Since the beads are resuspended in substrate and then loaded onto the array via 

gravity by waiting for two minutes, waiting for even longer may result in higher background since 

the enzyme is catalyzing the reaction and producing fluorescent product. To ensure proper sealing, 



71 
 

buffer components or surface passivation approaches that can facilitate bead loading are limited 

due to the need to input an aqueous solution inside a hydrophobic material and the need to 

subsequently seal with oil. Other approaches can be applied such as using a magnet to facilitate 

bead loading. Others have used an electric field and showed improvements in bead loading, 

however, the implications on immuno-complex formation and improvement of assay sensitivity 

have largely not been investigated.  

One approach to overcome physical loading of beads inside femtoliter-sized wells is 

entrapping beads in water-in-oil droplets. Droplets are advantageous for this application for several 

reasons. The first is the ability to entrap a high percentage of the beads for analysis with minimal 

loss. The second is simple device fabrication, without the need for ultra-fine structures. The third 

is the ability to use a conventional CCD (charge-coupled device) camera and a simple optical setup. 

Furthermore, droplet generation is a very fast process, with an ability to easily generate millions 

of droplets in a few minutes. All of these features make droplet-based microfluidics amenable for 

development of highly sensitive digital ELISA assays.  

Droplet microfluidics enables high throughput generation136 and detection of picoliter 

droplets containing single molecules, and have been previously used for various applications, most 

notably for digital droplet PCR137, 138 and barcoded DNA sequencing20. Droplet microfluidics 

assays have also been developed for proteins, particularly for detecting secreted molecules from 

single cells95. Others have also used droplet microfluidics to develop digital protein 

immunoassays139, 140, however, have not demonstrated improved sensitivity over the state-of-the 

art techniques for ultra-sensitive protein detection.  

Here, we developed a novel approach for ultra-sensitive, single-molecule detection of 

proteins using droplet microfluidics. We designed a novel droplet-generating device that is capable 
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of isolating beads in pL droplets with high efficiency and minimal bead loss. We also designed a 

highly efficient chamber that can house these droplets in an array configuration for analysis. This 

approach allows us to sample ultra-low numbers of molecules, thereby reducing measurement 

uncertainty and increasing sensitivity. We applied ddELISA to two proteins IFNγ and IL-2 and 

demonstrates ultra-high sensitivity, with improvements of up to approximately 25-fold in 

sensitivity over the traditional Simoa assay, which is the current state-of-the-art approach for ultra-

sensitive protein measurements. We also applied ddELISA to patient samples and found that the 

result is consistent with that of Simoa.   

5.2 Method 

5.2.1 Droplet generation 

Magnetic bead complexes were concentrated using a strong magnet and the supernatant 

was removed completely using a 20ul pipette. We resuspended the beads in 2ul solution 

containing 1.7ul of reagent and 0.3ul (15% v/v) density gradient solution Optiprep (Sigma) in a 

PCR tube. The solution was then mixed for >30 times using a 2ul pipette.  

In the meantime, a 1ml syringe (BD Luer-Lok 1-ml Syringe, Beckton Dickinson) 

containing 300ul of HFE 7500 was prepared for sample loading with needle () and PE/2 tubing 

(Scientific Commodities, Inc.) attached. HFE 7500 was pushed manually until the fluid was 

approximately 0.5cm away from the tip of the tubing. Immerse the tubing’s tip into the magnetic 

bead solution and begin withdrawal by slowly pulling the syringe’s plunger. This process is 

repeated by immersing the tip into 1ul HFE 7500 oil. The syringe was then loaded onto the 

syringe pump and ready for injection. The other syringe was prepared by adding HFE 7500 with 

2% Fluoro-surfactant (008-FluoroSurfactant, Ran Biotechnologies).  
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Tubings were inserted into the corresponding inlets on the device. VWR gel loading pipet 

tip was inserted into the outlet for droplet collection. We then started the pump with flow rate of 

120ul/hr for the oil phase and 80ul/hr for the sample. Mono-dispersed droplets with a diameter of 

14um were generated at rates ~20,000 HZ under 1 min for a total of ~1.4 million droplets. 

Droplets were then transferred from gel loading pipet tip to PCR tube for incubation.  

5.2.2 Droplet reinjection for imaging 

A 1ml syringe containing 300ul of HFE7500 with 2% surfactant was prepared. Due to 

small droplets volume, droplets were loaded into the syringe the same way as the sample loading 

process described above. Oil with 2% surfactant is pushed manually until it was approximately 

0.5cm away from the tip of the tubing. Immerse the tubing’s tip into the bottom of the droplet 

solution and begin withdrawal by slowly pulling the plunger until all droplets were inside the 

tubing. Then the syringe was loaded onto the syringe pump. The tubing was taped to the side of 

the syringe pump while the tip of the tubing points downward. Due to gravity and density 

difference between droplets and oil, droplets will flow upwards until a clear separation appears 

after ~3 minutes so that oil is near the tip of the tubing. This technique allows us to closely pack 

the droplets, which is desirable for droplet loading.  

In the meantime, the imaging chamber was flushed with oil containing 2% surfactant prior to 

droplet loading. Droplet tubing was inserted into the inlet of the microfluidics device and began 

pumping with a flow rate of 100ul/hr until all droplets are loaded. Unplug the tubing from the 

microfluidics device and begin imaging.  
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5.2.3 Image Analysis 

Using the brightfield image, droplet regions were isolated using Laplacian of Gaussian 

edge detection followed by morphological region filling. A watershed algorithm was applied to 

large regions to separate any partially connected regions. Using the fluorescent image of the 

beads the beads were located and matched to a droplet using a nearest neighbor algorithm, 

followed by confirming overlap. Using the location of each droplet the median intensity value of 

that location within the enzyme fluorescence image was taken. All droplets were matched with 5 

nearest neighbors that did not contain a bead. If a droplet had too few neighbors within one 

diameter, it was excluded from analysis. Once all droplets were matched with neighbors the 

median intensity value of the neighbors could be subtracted from the intensity value to give a 

relative-to-background intensity value for each droplet. 

            The distribution of the droplets not containing beads closely resembles the distribution of 

droplets with beads but without enzyme activity allowing it to be used to approximate the 

distribution of “off” droplets. The intensity of the droplets not containing beads closely followed 

a Gaussian distribution allowing for a fit to be applied to determine the mean and standard 

deviation. Using the fitted Gaussian, a cutoff was set at 10 standard deviations above the mean, 

any bead-containing droplet with an intensity value above this cutoff was determined to be “on”. 

Fraction on was then calculated to be the number of “on” beads over the total number of beads, 

using this the average number of enzymes per bead (AEB) was determined via Poisson statistics. 
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5.2.4 Single Molecule Detection of Proteins using Droplet Arrays 

Single molecule detection of proteins using droplet arrays is a bead-based immunoassay 

method in which the beads are isolated in pL droplets and loaded onto a chamber, forming 

monolayer droplet arrays, for analysis (Figure 5.1). More specifically, antibody coated 

paramagnetic beads are added to a sample containing the target molecule (Figure 5.1A). The target 

molecule is then labeled with a biotinylated detection antibody and streptavidin-ß-galactosidase 

(SßG), forming an enzyme-labeled immunocomplex. The beads are then re-suspended in a small 

volume (2 µl) of substrate, fluorescein di-β-D-galactopyranoside (FDG) (Figure 5.1B) and the 

mixture is partitioned into pL droplets such that most droplets contain either zero beads or one 

bead (Figure 5.1C). The droplets are then loaded onto a chamber in a monolayer to form droplet 

arrays (Figure 5.1D). Images in three channels are obtained to identify i) the droplets, ii) the beads, 

and iii) the fluorescent product and thus the “on droplets” (Figure 5.1E). The signal output is 

measured using the unit of average enzymes per bead (AEB), as previously described.  
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Figure 5.1 Digital ELISA using droplet arrays. A. Bead-based sandwich immunoassay. 100,000 
antibody-coated paramagnetic beads are added to a sample containing target protein molecules. A 
biotinylated detection antibody and SßG are then added and bind to the target protein molecule, 
forming an enzyme-labeled immunocomplex. Based on Poisson statistics, most of the beads will 
have zero immunocomplexes and a small fraction will have one immunocomplex. B. the beads are 
then reconstituted in 2 µl of enzyme substrate C. The 2 µl mixture containing the beads and 
substrate is then partitioned into pL droplets. D. the droplets are then loaded onto a chamber, 
forming droplet arrays. E. images are obtained in three channels to identify the on droplets, the 
beads, and the droplets.  

 

The assay setup is similar to that of the conventional Simoa assay with three major 

exceptions. The first is reduction in the number of beads that are used. A conventional Simoa assay 

uses 500,000 beads, while in the assay developed here, we use 100,000 beads. This can increase 

the signal, since the “fraction on” (fon) is the ratio of “on droplets” to the total number of beads. A 

lower number of beads, will result in a higher fon, thereby leading to a higher signal. The second 
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is the digital readout system, in which the beads are trapped in pL droplets instead of femtoliter-

sized wells. The third is the substrate (FDG), while a conventional Simoa assay uses resorufin β-

D-galactopyranoside (RGP). We selected FDG due its increased stability in droplets compared to 

RGP. We also note that other enzymes and substrates may be used, including horseradish 

peroxidase (HRP) and alkaline phosphatase. Other than the differences described here, the assay 

format is similar to the conventional Simoa assay. By implementing these changes, we sought to 

develop a method with increased sensitivity over the conventional Simoa method. 

5.2.5 Theoretical Calculations 

Two important parameters for digital ELISA assays are the number of beads that are used 

and the percentage of beads that are analyzed. These two parameters can be optimized to achieve 

maximal sensitivity. The first parameter, the number of beads used, is important since it will 

determine the fon (the number of positive events over the total number of beads) and the AEB 

(average enzymes per bead). In 100 µl of a 10 aM sample there are approximately 600 molecules. 

Thus, when 1,000,000, 500,000, and 100,000 beads are used, the theoretical AEB is 0.0006, 0.0012, 

and 0.0060, respectively. As a result, using fewer beads will lead to a higher fon and AEB (Figure 

5.2A). We note that the number of beads used does not matter as long as all of the beads are 

analyzed because the digital measurement will be the number of molecules in solution. While 

analyzing all of the beads may be advantageous, it may also result in more complex systems and 

instrumentation that are not amenable for routine or rapid use. Therefore, by reducing the number 

of beads used, we can achieve improved sensitivity since the measured signal will be higher. 
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Figure 5.2 Theoretical calculations. A. AEB at various concentrations using different numbers 
of beads. For a given concentration, as the number of beads increases, the AEB decreases. B. The 
digital measurement (number of positive events) at various concentrations when different 
percentages of beads are analyzed. As the percentage of beads analyzed increases, so does the 
number of positive events. C. The theoretical LOD at different KDs.  

 

The second parameter, the percentage of beads that are analyzed, is important since at ultra-

low numbers of molecules, it is essential to measure as many positive events as possible to reduce 

the measurement uncertainty (Figure 5.2B). For example, in 100 µl of a 10 aM sample there are 

approximately 600 molecules. If 100% of the beads are analyzed, then the digital measurement is 

600 positive events. If 10% of the beads are analyzed, the digital measurement is 60 positive events. 

Thus, increasing the percentage of beads analyzed should enable more sensitive detection since 

the uncertainty in the measurement is reduced.  

To understand how the percentage of beads that are analyzed affects the detection limit of 

Simoa immunoassays, we performed theoretical calculations. The process of digital ELISA can be 

described by three sequential binding steps: (1) capture antibody (cAb) binds target protein analyte 

(S), forming complex 1, (2) complex 1 binds detection antibody (dAb), forming complex 2, and 

(3) complex 2 binds streptavidin beta-galactosidase (SßG), forming complex 3. Finally, the amount 

of complex 3 is measured using a digital readout system.  
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The concentrations of complexes 1-3 can be calculated based on the equilibrium of each reaction 

step, assuming maximum reaction efficiency is reached.  

 

 

Substituting equations (5) and (6) into equation (7): 
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Calculating [complex]: 

 

For each step (1-3), the concentration of complexes 1-3 can be determined using equation (9) by 

substituting the values of [capture]total, [ligand]total, and KD:  

For step 1: 

 

For step 2: 
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For step 3: 

 

We can solve for [complex 3] with [S]total as variable. Since digital ELISA is Poisson noise limited, 

the boundary condition for the LOD is: 

 

Where η is the bead loading efficiency and the Poisson noise limited LOD is defined as [S]total that 

meets above boundary condition (14). Figure 5.2C shows the Poisson noise limited LOD and η at 

different KD values. A higher η leads to a lower LOD, and thus an improvement in sensitivity. The 

sensitivity of the assay can be improved by about 10 fold, regardless of the KD value, when η from 

5% to 50%. Furthermore, as expected, a lower KD value lead to improved sensitivity.  

5.2.6 Device Design 

To improve the sensitivity of digital ELISA, we developed a novel device design for 

efficiently generating droplets and packing them into an imaging chamber for analysis (Figure 5.3). 

To measure ultra-low levels of protein molecules, a major consideration is to ensure minimal 

sample loss at two different steps. The first is during droplet formation and the second is during 

loading of the droplets into the chamber. This will ensure adequate sampling of low numbers of 

molecules.  
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Figure 5.3 Device Design. (A) Droplet generating device with two inlets, one for the oil with 
surfactant and one for the beads with substrate mixture. The outlet (C) is used to collect the formed 
droplets. (B) The chamber for droplet arrays (right) contains an inlet and an outlet. Droplets enter 
the device from the top inlet and form a monolayer droplet for imaging. Spacing between two 
circular gray posts is 15 µm, and the post diameter is 60 µm. This allows the droplets to pass 
through.  

 

Thus, when we designed the droplet generating device (Figure 5.3), it was important to 

ensure droplet stability with minimal sample loss during droplet generation and ultra-high 

throughput droplet generation to minimize background noise of empty droplets. To generate 

droplets at ultra-high throughput, a pump-driven droplet generation system is preferred instead to 

vacuum driven system by loading the 2ul mixture containing beads and substrate into a syringe 

tubing. However, pump-driven system often suffers from low droplet stability during the initial 

droplet generation. To solve this issue, we add ~1ul oil before the water phase in the sample tubing 

such that this 1ul oil will be injected first into the channel and stabilize the system prior to droplet 

generation. 
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Furthermore, to simplify the device and reduce imaging time, we sought to generate a 

minimal number of droplets, while still ensuring that each droplet contains either zero beads or 

one bead for digital analysis. Since we use 100,000 beads for the assay, the number of droplets we 

generate should be approximately 1 million. Therefore, the 2 µl volume is partitioned into pL-

sized droplets. The droplet diameter is 14 µm (approximately 1.4 pL), which leads to about 1.4 

million droplets. To ensure we can form this number of droplets, we had to make sure the input 

sample volume is about 2 µl. Therefore, our droplet generating device contains two inlets, one for 

the oil with surfactant and one for the beads and substrate mixture. Other droplet-based assays 

typically contain multiple inlets for assay reagents. This results in larger input volumes, which lead 

to a larger number droplets that must be analyzed. In our device, we pre-mixed the fluorogenic 

substrate with the beads, and then added the mixture to the inlet to generate droplets. Using this 

approach, droplets are formed at approximately 10,000 droplets per second, for a total of 2 minutes. 

Due to the larger volume of the droplets (pL), compared to the volume of the traditional Simoa 

microwells (fL), background signal from pre-mixing is low. Following droplet generation, the 

droplets are then loaded onto a chamber for imaging.  

The design of the imaging chamber, and the process of loading the droplets into the 

chamber also had to be optimized. To minimize droplet loss and maximize droplet packing within 

the imaging chamber, we load emulsions into a syringe tubing with the tip of the tubing points 

downward so that droplets can flow to the top of the emulsion after a few minutes due to gravity 

and low density of water phase comparing to the oil phase. Once packing is achieved, emulsions 

are injected into the imaging chamber. The distance between the two posts is 7 µm. Spacing 

between two posts is 15 µm, and the post diameter is 60 µm. Due to the shallow height (~10µm) 

of the microfluidics device, posts with 60um diameter are used throughout the device to prevent 



84 
 

chamber collapse during microfluidics chip fabrication. To achieve good image quality, droplets 

need to be stationary for the entire duration of imaging. To achieve this, we designed smaller posts 

with a spacing of 15µm for each viewing area so that droplets can squeeze through posts and 

simultaneously droplets will be fixed in position after loading. A droplet blocking feature with 

7µm posts is designed near the outlet to prevent any droplet from leaving the device for maximum 

droplet capture efficiency. Using a combination of these features, we are able to achieve maximum 

droplet loading and stationary droplet parking in monolayer. (Figure 5.4) 

 

Figure 5.4 panel of images showing droplets at different concentrations 0fM, 1fM and 10fM 

 

We developed an approach to analyze the arrays. Briefly, we first detected the droplets 

using the brightfield layer. We then detected the beads using the bead layer and assigned each bead 

to a droplet. We then determined the intensity in each droplet using the enzyme layer, and corrected 

for local background by subtracting the signal from the nearest droplets that do not contain a bead. 

This allowed us to obtain the intensity of each bead containing droplets. In the digital range, the 

subtracted intensity for most bead containing droplets is zero. Furthermore, due to the digital 

nature of the assay, this setup is robust to variation in droplet size. Using our approach, we can 

analyze up to 60% of the beads, facilitating ultra-sensitive detection.  
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5.3 Results 

5.3.1 Digital ELISA using Droplet Arrays 

We evaluated our approach to measure two protein targets, IFNγ and IL-2, which are 

present at ultra-low levels in many biological samples. We generated a calibration curve, with the 

lowest concentration of 0.0001 fM for IFNγ and 0.001 fM for IL-2. We also measured a blank 

sample for both markers. The highest measured concentration was 100 fM for both assays. At low 

concentrations, most of the droplets contain no target protein molecule, and as the concentration 

increases, a small percentage of droplets contains more than one molecule. Representative 

histograms of the signal in the bead-containing droplets are shown for various concentrations in 

Figure 5.5. As the concentration increases, a second population can be observed, indicating that 

some droplets may have more than one enzyme at higher concentrations.  
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Figure 5.5 Histograms. Histograms show the signal intensity of each droplet that contains a bead 
across various concentrations for IFNγ (left) and IL-2 (right).  
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Figure 5.6 Calibration curves. A. Calibration curves for the droplet-based assay (Droplet 
Simoa) for IFNγ and IL-2. B. Simoa assays using the HD-1 analyzer for IFNγ and IL-2. C. 
Signal over background for the calibration curve (top). Zoomed in view from 0.0001fM to 1 fM 
for IFNγ and 0.001 fM to 1fM for IL-2 for both the Droplet Simoa and Simoa assays (bottom). 
Error bars represent replicate measurements. 
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Table 5.1: calculated limits of detection (LODs) and limits of quantification (LOQs) for IFNγ and 
IL-2 using droplet-based assay developed here (Droplet Simoa) and the conventional Simoa assay.  

 Droplet Simoa 
LOD (3X) 

Simoa 
LOD (3X) 

Quanterix LOD 
(2.5X) 

Droplet Simoa 
LOQ (10X) 

Simoa LOQ 
(10X) 

IFNγ 30 aM 350 aM 1.00 fM 260 aM 1.24 fM 
IL-2 20 aM 550 aM 730 aM 360 aM 2.17 fM 

 

The full calibration curves are shown in Figure 5.6A. We also compared our results to the 

Simoa assay using the HD1 Analyzer (Quanterix) and the calibration curves are shown in Figure 

5.6B. We also calculated the signal over the background for both the droplet assay format and the 

Simoa assay format and observe a signal increase greater for the droplet assays compared to the 

Simoa assay (Figure 5.6C). We also calculated the detection limits (LODs) and quantification 

limits (LOQs) for droplet assays, Simoa assays, and the commercial Quantreix assay (Table 5.1) 

and show that we can achieve sensitivity in the aM range using our approach, approximately 25 

fold improvement in the calculated detection limit over the conventional Simoa assay. Reducing 

the number of beads by five fold and increasing the number of beads analyzed allowed us to obtain 

this improvement in sensitivity. Finally, to ensure we can reliably detect proteins in serum, we 

tested three serum samples per marker and compared our results to the calculated Simoa values, 

and show good agreement (Figure 5.7). Thus, using our approach we can reliably measure proteins 

with ultra-high sensitivity over the current gold standard method for ultra-sensitive protein 

measurements.  
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Figure 5.7 Endogenous protein measurements in serum. IFNγ and IL-2 levels were measured 
in serum using both the method developed in this work and the Simoa HD-1 Analyzer. 
Concentration shown are measured values and are not corrected for the serum sample dilution 
factor.  
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levels of molecules is low sampling of rare events. Low sampling is typically due to inadequate 

bead loading efficiency inside femtoliter wells, which results in compromise on sensitivity since 
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digital ELISA using droplet arrays. We developed a novel device design that allows adequate 
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approach, we are able to detect proteins in the aM range, with approximately 25 fold improvement 

in detection limit over the conventional Simoa assay, which is the current gold-standard for ultra-

sensitive protein detection. 

Our approach is close to the theoretical limit of detection, namely 100 molecules, which is 

close to a level in which the Poisson noise (the square root of the number of measurements) 

becomes unacceptable. We also note that ultra-sensitive detection of molecules in the zM range 

using the traditional Simoa assay can be achieved, for example, when biotin-streptavidin is used. 

Thus, a main limitation of current immunoassays is lack of available binding reagents, such as 

antibodies, that have high affinity and specificity to the target protein. Therefore, a major area of 

improvement in our ability to detect ultra-low levels of protein molecules using a digital ELISA 

assay format is dependent on having better binding reagents.  

Our approach is also amenable to other single molecule studies that are not based on bead-

based immunoassays. One example is detection of rare enzyme molecules in blood. Currently, the 

traditional Simoa microwell array has 216,000 wells, and each well can hold 50 fLs in volume. 

Therefore, the total volume that can be interrogated is 10.8 nL. Since the volume that must be 

loaded onto the array is 15 µl, the vast majority of the sample cannot be interrogated, and thus, 

detection of rare molecules that are not bound to a bead is not possible. Using our novel approach, 

it is possible to interrogate µl volumes, which can enable single molecule detection of low 

abundance molecules.  
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Appendix A: Bioinformatics Pipeline for Chapter 3 

 

Figure S1. Barcode Selection Criterion I  

Barcode Selection Criterion I. For each barcode profile, the modal sequence cluster is 

selected from clusters within the profile as the consensus sequences for the barcode’s content. The 

number of sequencer reads per barcode obtained post-sequencing reflects the statistical sampling 

of these particular amplicons in the introduction into the sequencer and upon extraction from the 

sequenced amplicon pool based on the internal quality metrics of the base calling software of the 

sequencer system. This sampling includes sequencer reads of the True Alleles (the template) and 

the erroneous sequences generated during PCR, such as the stutter products. Criterion I seeks to 

ensure that random over-representation of reads from an erroneous sequence compared to the reads 

of the template occurs rarely (we chose < 0.001 per analysis) due to random chance. This is 

achieved by requiring a treshold minimum number, nmin, of total reads, which will limit the 

expected statistical fluctuation (coefficients of variation) of the relative frequency of stutter to True 

Allele. To derive a threshold value, we consider an idealized case of a True Allele cluster and the 
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-1 repeat Reverse Stutter cluster as shown above. The average profile (over all barcodes) is shown 

on the left and two example cases for individual barcodes (#1 and #2) representing a True Call 

(True Allele is the modal cluster) and False Call (-1 repeat Reverse Stutter is the modal cluster) - 

which can arise due to sampling variability. The proportion of True Allele reads observed per 

measurement will obey a binomial sampling distribution. Assuming a conservative average 

Reverse Stutter rate for human forensic STR loci with NS/NA = 0.25, we have for the expected 

proportion, <p>, for True Allele cluster reads <p> = NA / (NA + NS) = 0.8. We require that obtaining 

a sampled value of p < 0.5 (corresponding to a False Call) occur with a probability < 0.001. For a 

value of nmin = 25, the cumulative binomial probability of observing nA < 13 (i.e., p < 0.5) is 0.0004. 

We thus use nmin = 25 for the threshold minimum read count to accept a barcode for downstream 

bioinformatics pipeline analysis, and reject those with lower total counts. 
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Figure S2. Barcode Selection Criterion II 

Barcode Selection Criterion II. This criterion requires a minimum threshold value for the 

read proportion value for the modal cluster of a barcode profile. The rationale for this criterion is 

to provide rejection of False Calls as in Fig. S3, but now accounting for deviations from the average 

stutter profile (e.g., left figure) due to stochastic events, i.e., a stutter or PCR base mis-

incorporation event occurring at a low cycle of PCR - resulting in higher than average erroneous 

amplicon content, that is subsequently sampled and sequenced. Other processes rejected by this 

criterion are described in the main text. To determine a suitable threshold value, we consider a 

typical barcode profile for STRs with stutter and analyze the proportions of the True Allele and -1 

repeat Reverse Stutter (shown in gray in the left panel). For each barcode profile that satisfies 

Criterion I, we calculate the read proportion for the True Allele cluster and the Reverse Stutter 

based on the “ground truth” knowledge of each individual’s alleles obtained by electropherogram 

STR profiling. The pooled data for all barcodes for 4 technical replicates for all five individuals 

sequenced at the five STR loci are shown in the histograms in the right panel. A threshold of 0.62 

accepts barcodes with a probability of 0.7 (probability of detection, Pd) for True Alleles, and rejects 
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the -1 repear Reverse Stutters with a probability of 0.997 (probability of false alarm, Pf, of 0.003) 

per barcode analyzed. Residual Reverse Stutter clusters accepted by this threshold criterion 

represent amplification processes in which stuttering may have occurred at early PCR cycles, 

which result in atypical profiles (with comparable stutter and True Allele read fractions) compared 

to the average. True Allele proportions below the threshold similarly reflect cases where stutter 

either occurred early during PCR amplification, or there was allele-specific excessive stuttering, 

thereby reducing the overall fraction of read content for the True Allele clusters for the barcode 

relative to the average case. 
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Figure S3. Barcode Selection Criterion III  

Barcode Selection Criterion III. This criterion applies a threshold value to the ratio of 

the read counts for the Forward Stutter (+1 repeat) sequence cluster compared to that of the modal 

sequence cluster for the barcode profile. Forward Stutter on average is typically low (< 0.05 of the 

True Allele content fraction) as depicted in the left figure (red rectangle). We require this ratio to 

be below a threshold value as indicated by the arrow on the right (Criterion III). To determine a 

suitable threshold, we compute histograms of the ratio for modal clusters read count for True 

Alleles (black) and those in the -1 repeat Reverse Stutter position from the True Allele surviving 

Criterion II by random chance (red). As expected, this ratio is low for the True Alleles, but can be 

significantly higher for non-allele clusters surviving Criterion II which result from stutter events 

at early PCR cycles. Such events generally will result in a higher read fraction in the Forward 

Stutter position than that for True Alleles as in this case, these reads correspond to the True Allele 

reads. The application of Criterion III thus provides additional background rejection (Pf reduced 

to 0.00085) with only a modest decrease in the acceptance of True Alleles (Pd = 0.65). 
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Figure S4. Barcode Selection Criterion IV  

 

Barcode Selection Criterion IV. This criterion applies a threshold value to the consensus 

base fraction at each base position across the modal sequence for each barcode for profiles 

surviving Selection Criteria I, II, and III. Profiles for which the minimum consensus base fraction 

is not exceeded at every base position are rejected. Panel A shows the distributions of consensus 

base fractions accumulated, first, over the base positions immediately adjacent to and within 

primers (Primer Regions - comprising 30 bases from each end), and second, in the Central Region. 

We observe a higher fraction of base positions with non-consensus calls near primer sites. To retain 

high acceptance (high Pd) we therefore ignored these regions (did not genotype) for the purposes 

of applying our threshold criterion. Similar to Criteria II and III, here we are addressing base mis-

incorporation events that occur at low PCR cycle that could result in an erroneous (false SNPs) 

consensus sequence for the modal sequence cluster due to oversampling. Since our clustering 

algorithm admits single base substitution differences from the consensus within each sequence 

cluster to accommodate base calling errors of the sequencer, the selection criterion threshold must 
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tradeoff the acceptance of non-consensus base calls per position due to sequencer base calling 

against an erroneous consensus sequence call due to the PCR errors and the sampling fluctuations. 

To understand this tradeoff and determine an appropriate threshold value, we calculated the 

distribution of the non-consensus base fraction for sequencer base calling errors using highly 

conservative assumptions and shown in Panel B. The distribution is derived assuming an error rate 

of 0.02 erroneous calls per base read (a high rate that is observed when reading near the terminal 

end of sequences), a fully biased error call (each erroneous base call is the same base) and a read 

count of 100 reads for the modal cluster. Under these assumptions and using a Poisson distribution 

approximation, this gives the probability for more than 8 miscalled bases per position (a minimum 

consensus fraction of 0.92) of 0.00025. Applying this threshold criterion at each base position, and 

assuming an amplicon length of 100 bases, gives an expected number of rejected base positions 

per cluster of 0.025. Since we reject a barcode that has one or more base positions below the 0.92 

threshold, this gives ~97.5 % retention efficiency per barcode to accommodate non-consensus base 

calls due to sequencer base calling errors. 
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Appendix B: Supplementary Figures for Chapter 3 

 

Figure S5: Heterozygous Individual at Human STR Locus D5S818 with Genotype Alleles 
10 and 13 

This figure shows short tandem repeat (STR) sequences and respective read counts at 

forensic locus D5S818 obtained by clustering DNA by unique sequence data ignoring barcodes 

for an individual that is heterozygous with a genotype of 10, 13 for the two alleles. In standard 

human forensic genetic nomenclature, based on electropherogram analysis of the locus PCR 

products, the inferred repeat length is the allele name. Length alone is a degenerate descriptor, as 

clusters with equal STR lengths but different sequences are observed.  When sequences are True 

Allele sequences (versus noise sequences) these are called isoalleles. 

The human forensic identification community has yet to adopt a standard for sequence-

based naming of STR isoalleles. Here we adopt a convention that names a sequence (Sequence ID) 

by comparing its content to the highest read count cluster for the length and then adding a letter, 
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a, b, … to the repeat region length for sequences with identical lengths, but with base substitutions. 

These names, using this convention, are meaningful within a sequencing run, both not necessarily 

between runs. Between sequencing runs, the sequences themselves serve as the unambiguous 

identifier for the sequence.  

The tandem repeat sequence regions are shown in the green background and base 

substitutions with respect to the reference for the length are shown in red background. The colors 

in the bar graph on the right represent sequences derived from a common single template (10, red 

family) and (13, blue family). Sequences that may have derived from both alleles are show in 

purple. We introduce codes to characterize each sequence as a stutter product (S), base substitution 

(P), a chimera (C) or True Allele (A). Examples of typical -1 repreat Reverse Stutters are IDs 9 

and 12. Sequence ID 10a is a likely chimera sequence derived from template switching between 

the amplification products of True Alleles 10 and 13 during PCR. While we should not anticipate 

chimera formation due to the isolation of the individual templates in drops during the PCR 

amplification, a small amount of chimeras could possibly form during the final PCR used to append 

full-length adaptors and index for sequencing, as this PCR reaction is performed outside the drops. 

In our present study, this chimera noise background is low due to the low number of PCR cycles 

used in this final step and is reduced below our detection thresholds by our HiFiSeq technology. 

Future implementations of HiFiSeq will address this concern (see Chapter 3). 
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Figure S6. (A) Distribution of fractional read counts for non-allele (erroneous) sequence clusters 
(B) Distribution of read count fractions for -1 repeat (N-4 bases) Reverse Stutter clusters 
normalized by the True Allele cluster 
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Panel A shows the distribution of fractional read counts for non-allele (erroneous) sequence 

clusters per locus for our training data set (five individuals typed at five human forensic STR loci, 

four technical replicates for each person) when reads are clustered without barcodes. The 

distribution at the higher fractions is dominated by -1 repeat Reverse Stutters, while the sequences 

at lower fractions comprise other PCR errors: higher-order stutter products (-2 repeats, -3 repeats), 

+1 repeat Forward Stutter, PCR base mis-incorporation errors and also chimeras. The mechanisms 

underlying these errors are described in the main text. The fraction of non-allele sequence clusters 

in the training set is 0.87 (1264 out of 1452 total), i.e., the probability that any given sequence 

cluster per locus is an artifact is 0.87.  

Panel B shows the distribution of read count fractions for -1 repeat (N-4 bases) Reverse 

Stutter clusters normalized by the True Allele cluster read counts that is the progenitor for the 

stutter. In forensic laboratory practice, distinguishing the presence of novel alleles from a minor 

contributor in this Reverse Stutter position is challenging, and generally requires a relative fraction > 

0.3 to declare the detection of the minor contributor allele. The high variability in relative fractions 

for Reverse Stutters reflects the stuttering rate dependence on repeat region length and the n-mer 

complexity (the number and positions of the various repeat sequences of n-mers contributing to 

the region, and also any interspersed non-varying sequence elements in these regions). 
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Figure S7. HiFiSeq analysis of 5-person Mixture Sample (20 Replicate Sum) 

This figure shows the barcode counts for detected alleles obtained by merging the 20 

technical replicates for the 5-person mixture sample at locus D16529. The lowest minor 

contributor with Person ID 17246 (~0.005 DNA fraction) has unique alleles (9,14) at this locus 

and both are detected at parts per thousand, consistent with the dilution fraction of its DNA in the 

mixture. Importantly, the uniqueness of allele 9 is based on a single nucleotide polymorphism, 

A->C, (red background) in the sequence flanking the tandem repeat region (green). The data 

demonstrate the broader applicability of the method beyond fornesic STR analysis, where 

detecting minor contributor variant SNPs with high accuracy is informative, for example by 

detecting specific chemotherapy resistance mutations in DNA extracted from tumors post 

treatment. 

  



113 
 

 

Supplementary Table T1: Minor Contributor Barcode Counts 5-Person Mixture Sample 
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Table T1 shows the barcode counts for the two minor contributors at DNA dilution of 1.5 % 

(17113) and 0.5 % (17246, shown in light green) of total DNA in the 5-person mixture sample for 

the two 5-locus PCR multiplex formulations (Multiplex1, Multiplex2), which had different primer 

concentration ratios for the five loci. The tabulation in the lower panel shows the total barcodes 

recovered for all alleles after the HiFiSeq bioinformatics pipeline analysis was applied to each of 

the technical replicates barcodes, which targeted collection of ~500 DNA templates for each locus 

per replicate. In the upper tabulation, the 4th column indicates whether the allele for the individual 

was unique with respect to all other alleles at that locus in the 5-person mixture. The data 

demonstrate that for low expected barcode counts, the allele detection is stochastic, and alleles 

“drop out” randomly in individual technical replicate measurements. This phenomenon is typical 

when analyzing low genome copy numbers in forensic analysis. Our detection algorithm requires 

a minimum of two barcodes for an allele to be “detected”. Due to the stochastic behavior and 

threshold minimum barcode number, the allele data from these minor contributors were excluded 

from the subsequent deconvolution analysis since we summed over all 20 technical replicates and 

the summing of the two minor contributor barcode counts would not be quantitatively reliable and 

the deconvolution algorithm did not incorporate accommodation for stochastic drop out alleles. 
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Supplementary Table T2: Strength of Evidence at Individual LociNIST 2-Person Standard 
DNA Sample 
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TABLE T2 DESCRIPTION 

Table S2 shows statistics from maximum likelihood fitting and strength of evidence 

analysis for the deconvolution of a 2-person mixture of DNA provided as a reference by the 

National Institute of Standards and Technology. The data show deconvolution results for Genotype 

1 based on sequencing at 22 locus forensic loci using a beta version kit (Promega Corporation) 

and sequence clustering without HiFiSeq. The formulas for the computation of the statistics are 

described in the main. A snapshot of the data and fit results at selected locus and the deconvolved 

genotypes for the two DNA contributors obtained ab initio. For each locus, the solution provides 

an Evidence Ratio (ER) for the local solution, which is the strength of evidence (odds) that the 2nd 

best model in the ranking is the “best model” according to our information theoretic criterion 

(higher values indicate strong evidence in favor of the top ranked model). The values are shown 

as Log (ER) in the table, and raw ER values are shown along the right side of the table. An ER 

value of ~10.0 or more (raw value) is considered strong evidence in favor of the Kullback-Leibler 

(K-L) best model for the locus using the Akaike model selection framework Goodness-of-fit 

metrics are also calculated, which are used to determine whether the K-L best model is indeed a 

good model. For each locus, we calculated the chi-squared per degree of freedom and chi-square 

probability value. Values of probability < 0.01 indicate the model is a poor representation of the 

data. We also use Akaike weights for the models, computed based on the AIC values which provide 

a framework for quantifying strength of evidence for the pair of alleles assigned to the deconvolved 

genotype and to individual allele assigned as well. We use ER = 10,000 for cases where the ER 

value is effectively infinite.  

Our use of strength of evidence metrics can enable a forensic analyst to include only 

selected loci to search a database for a genotype match, with the loci selected being those for which 
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there is the minimum ambiguity in the fitted locus solution. For example, in the column for the 

Allele Pair Log (ER), we apply a threshold log (ER) > 0.75, or ER > 5.6 as the inclusion criterion 

for loci used in genotype database searches. The mixture genotypes are Component A and 

Component C and the reference dilution ratio is 75%: 25% (we obtained 78% : 72%). Loci shown 

in the table along the top of the screenshot are those included in the search, while those in gray are 

the loci that did not meet our disambiguation threshold criterion for inclusion in searches. The 

matched genotypes in the database can be tested for consistency with the detected alleles at the 

ambiguous loci not included in the initial search as part of the overall presentation of evidence for 

the deconvolved mixture DNA samples. 

 


