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Abstract 

Promising applications in the design of various biological systems hold critical 

implications as heralded in the rising field of synthetic biology. But, to achieve these 

goals, the ability to synthesize and screen in situ DNA constructs of any size or sequence 

rapidly, accurately and economically is crucial. Today, the process of DNA 

oligonucleotide synthesis has been automated but the overall development of gene and 

genome synthesis and error correction technology has far lagged behind that of gene 

and genome sequencing. What even lagged behind is the capability of screening a large 

population of information on a single cell, protein or gene level. Compartmentalization 

of single cells in water-in-oil emulsion droplets provides an opportunity to screen vast 

numbers of individual assays with quantitative readouts. However these single-

emulsion droplets are incompatible with aqueous phase analysis and are not 

controllable through molecule transports.  

This thesis presents the development of a multi-tool ensemble platform targeted 

at high-throughput gene synthesis, error correction and screening. An inkjet 

oligonucleotide synthesizer is constructed to synthesize oligonucleotides as sub-arrays 

onto patterned and functionalized thermoplastic microchips. The arrays are married to 

microfluidic wells that provide a chamber to for enzymatic amplification and assembly 

of the DNA from the microarrays into a larger construct. Harvested product is then 

amplified off-chip and error corrected using a mismatch endonuclease-based reaction. 



 

v 

Bacterial cells baring individual synthetic gene variants are encapsulated as single cells 

into double-emulsion droplets where cell populations are enriched by up to 1000 times 

within several hours of proliferation. Permeation of Isopropyl β-D-1-

thiogalactopyranoside (IPTG) molecules from the external solution allows induction of 

target gene expression. The induced expression of the synthetic fluorescent proteins 

from at least ~100 bacteria per droplet generates clearly distinguishable fluorescent 

signals that enable droplets sorting through fluorescence-activated cell sorting (FACS) 

technique. The integration of oligo synthesis and gene assembly on the same microchip 

facilitates automation and miniaturization, which leads to cost reduction and increases 

in throughput. The capacity of double emulsion system (millions discrete compartments 

in 1ml solution) combined with high-throughput sorting by FACS provide the basis for 

screening complex gene libraries for different functionality and activity, significantly 

reducing the cost and turn-around time.  
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1. An introduction to Gene Synthesis Technologies 
and Applications in Synthetic Biology 

The rapid growth of synthetic biology of the last decade has pushed for the 

development of DNA synthesis technology. In order to meet its demands, new tools and 

technologies such as microfluidic systems, ink-jet printing technology, digital 

photolithography, and electrochemistry have been applied. Such technologies employ 

principles from a broad range of disciplines including electronics, chemistry, physics, 

materials science, biology and engineering. The past couple of years saw exciting new 

developments in microchip-based gene synthesis technologies. Such technologies hold 

the potential for significantly increasing the throughput and decreasing the cost of gene 

synthesis. In the near future, advanced gene synthesis technology could offer 

researchers the ability to rapidly and economically obtain DNA of any sequence or 

length. Together with more efficient enzymatic error correction and genome assembly 

methods, these new technologies are pushing the field of synthetic biology to a higher 

level. Such developments could spur the growth of biological engineering research, 

enabling project concepts that were not previously realizable.  
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1.1 Introduction 

DNA synthesis is a powerful enabling technology and yet a limiting step in 

synthetic biology. Decreasing costs in DNA synthesis will open new frontiers and 

project concepts that would not be feasible to most scientists at current level. The cost of 

column synthesized oligonucleotides has dropped tenfold over the past 15 years[1], and 

is currently around USD0.08-0.2 per nucleotide[2]. Gene synthesis is a more expensive 

process, and involves generating longer DNA constructs from overlapping 

oligonucleotides. In 2000, the market cost of gene synthesis was approximately USD10 

per base [3]. Since then, prices have dropped nearly 50-fold in 10 years, to as low as 

USD0.2 per base pair, with average error rates of about 1 in 300 - 600 bases[1, 2]. Prices 

continue to drop by a factor of 1.5 per year, in a manner akin to Moore ’s law[1]. By 2005, 

there existed 39 gene synthesis vendors worldwide, and the number has increased since 

then. In the past couple of years, emerging technologies on highly parallelized and 

miniaturized synthesis hold the potential to significantly increase the throughput and 

decrease the cost of gene synthesis. Together with more efficient enzymatic error 

correction and genome assembly methods, these new technologies are pushing the field 

of synthetic biology to new frontiers and enabling project concepts that would not be 

feasible to most scientists at current costs. 
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1.2 Gene Synthesis and Assembly 

1.2.1 Column oligonucleotide synthesis 

Chemical DNA synthesis can be used for applications as common as primer, 

linker, or probe synthesis. Here we discuss oligonucleotide synthesis for the application 

of gene and genome synthesis. Chemical assembly of DNA using programmable 

synthesizers is now a routine procedure. The most common and reliable system for 

chemical synthesis involves synthesizing individual oligonucleotides in small columns. 

A series of valves and pumps introduce the correct nucleotide monomers and reagents 

required for growing oligomers of DNA in a stepwise manner. Chemical 

oligodeoxynucleotide synthesis is different from enzymatic DNA synthesis in living 

cells in that it is a cyclical process that elongates nucleotides from 3’ to 5’-end. The 

starting complex for chemical synthesis of DNA consists of an initial acid-activated 

nucleoside phosphoramidite tethered with a spacer to a solid-support controlled pore 

glass (CPG) or polystyrene (PS) bead. The advent of solid-phase DNA synthesis made 

automation possible by eliminating purification steps to remove intermediates or 

unreacted reagents. The column is simply rinsed with anhydrous acetonitrile to remove 

these reagents, and then purged with argon to remove the remaining acetonitrile. 

The cyclic addition of additional monomers to the existing oligonucleotide chain 

occurs in four steps: deprotection, activation/coupling, capping, and oxidation (Figure 

1-1). Each additional nucleoside which is added to the growing chain has a 5’ DMT 
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protection group. This assembly is called a phosphoramidite. The four-step 

phosphoramidite chemistry is the method of choice for most commercial DNA 

synthesizers because the yields are more accurate and homogenous than other 

methods[4]. First, a strong acid is used to de-block the 5’-o-4, 4’-dimethoxytrityl (DMT) 

group, removing the protecting group from the nucleotide chain and exposing a reactive 

OH group. In the next step, 1H-tetrazole and the dissolved phosphoramidite are 

simultaneously added to the column. Tetrazole, a weak acid, protonates the trivalent 

phosphorus on the 3’-end of the monomer. This results in a slow displacement of the 

secondary amine and formation of a highly reactive tetrazolide that then immediately 

couples with the OH group. At this point, the added phosphoramidite is coupled to the 

existing chain. Uncoupled 5’-OH groups are blocked by an acylating capping reagent, 

usually acetic anhydride, to minimize deletion products. Finally, the unstable 

phosphitetriesterinter nucleotide linkage between nucleotides is oxidized to a more 

stable pentavalentphosphotriester. The end results of this process are oligonucleotide 

strands that are bound to beads. Each phosphate bond contains a methyl group, which 

can be removed by chemical treatment in the reaction column. The 5’ terminus of the last 

nucleotide can be deprotected through detritylation of the DMT group, and 

phosphorylated by T4 kinase. DNA strands can also be then cleaved from the spacer 

linker off the solid support.  
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Figure 1-1: The solid-phase, four-step oligodeoxynucleotide synthesis cycle. 
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The described four-step synthesis procedure has been the basis of fully 

automated DNA synthesizers with up to 1536 sequence throughputs [4]. Throughput 

evolved from 2-4 individual sequences in initial synthesizers manufactured by Applied 

Biosystems, to 96 well plates in 1995[5]. Lashkari et al. used computer controlled 

solenoid valves to deliver bulk reagents through Teflon tubes into a microwell plate. 

Since then, parallel synthesis using multiplexed reagent delivery lines allowed for 

synthesis in other microwell plate formats. 

Optimizations in reaction chemistry include a two-step cycle synthesis, which 

reduces costs by eliminating several reagents [6]. A peroxy anion is used as a 

nucleophile to remove a 5’-carbonate and oxidize the internucleotide phosphitetriester. 

Deprotection with peroxy anion under mildly basic conditions can eliminate 

depurination, a side reaction that leads to mutations in synthetic DNA. If further 

developed, the two-step synthesis process can make oligonucleotide synthesis simpler 

and consequently more robust. 

The solid-phase phosphoramidite chemistry has been the method of choice for 

most commercial DNA synthesizers for the past decades. Due to limitations in chemical 

reaction efficiency, the length of synthetic oligonucleotides typically do not exceed 150-

200 bases [7]. Beyond this length, side reactions and even modest inefficiencies within 

the stepwise chemical reactions would significantly compromise sequence integrity and 

product yields. 
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Traditionally, column-synthesized oligos are used as building blocks for gene 

construction using either DNA polymerase based [8] or DNA ligase based assembly 

methods [9]. More detailed evaluations of current gene assembly technologies can be 

found in recent reviews [10-13]. However, the high cost and limited throughput of 

column-based oligo synthesis has become a bottleneck for large scale gene synthesis and 

genome assembly projects in the new synthetic biology era. 

 

1.2.2 Microarray oligonucleotide synthesis 

The major costs for gene synthesis are attributed to oligonucleotide synthesis, 

sequence verification, and labor for processing steps. Microarray enabled 

oligonucleotide pool synthesis effectively tackles oligonucleotide costs. Since inception 

in 1995, microarrays have dramatically revolutionized genomics with massive 

parallelism and automation. Microarrays are 2D solid-phase arrays used to assay or 

screen biological materials like nucleic acids, proteins or cells. Oligonucleotide arrays 

can be used for a variety of designs, including gene expression screens, SNP genotyping, 

Comparative Genomic Hybridization (CGH), tiling, ChIP-on-chip, microRNA, 

resequencing, and aptamer screening[14]. More relevantly, oligonucleotide microarrays 

can offer significant reductions in DNA synthesis cost due to their dense and massively 

parallel feature designs. For example, reducing costs by scaling down reagent volumes 

in resin-based synthesis is restricted to decreasing the diameter of capillaries. Simply 



 

8 

eliminating the rinsing of lines in instrumentation makes at least a 10-fold reduction in 

cost[15]. This is because acetonitrile is often used in high volumes for rinsing and 

dissolving reagents, making it one of the most expensive bulk reagents[16]. Cost for 

reagents in a custom inkjet microarray slide is less than USD50 per slide, due to the low 

volumes of phosphoramidite and tetrazole necessary for the miniaturized platform[17]. 

Microarray synthesis not only lowers costs, but also makes synthesis more 

environmentally friendly. High density arrays can offer 104-106 unique 

oligonucleotides, and can reduce costs by at least an order of magnitude [18, 19]. The 

price for 3912 90-mers from LC Sciences is about USD1000; the Agilent 55k chip, 

~USD7,000, which translates to USD0.0025 per base[20]. These costs do not include 

downstream costs for gene assembly. 

Following the early demonstrations of gene assembly using microarray-derived 

oligo pools [21-23], the past couple of years witnessed exciting new developments in 

improving the quality, efficiency, and automation of microarray-based oligo synthesis 

and gene assembly. These new developments are summarized in Figure 1-2. 
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Figure 1-2: Gene assembly strategies from microarray derived oligonucleotides. a) 

Oligonucleotides synthesized on a microarray are less expensive, but the high 

heterogeneity and error rate requires appropriate retrieval and segregation 

technologies to assembly them into gene constructs. b) Next generation sequencing 

was used to identify error-free oligo sequences for gene assembly. c) Selective 

amplification of oligonucleotides from the pool. d) Physically dividing a microarray 

into isolated sub-arrays. Oligonucleotides are amplified and assembled into gene 

fragments on chip within each reaction well. 
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There exist a number of challenges in adapting microarray technology for gene 

synthesis. One significant challenge is the relatively low quality of microarray generated 

sequences. Oligos synthesized on planar surfaces are more prone to errors and usually 

have higher error rates than column generated ones. One cause was attributed to 

“depurination” from prolonged exposure to deprotecting/detritylation agents. By 

optimizing reagent flows and reaction conditions, Leproust’s group at Agilent 

Technologies has developed procedures that allow high-fidelity synthesis of oligo pools 

up to 200 bases [7]. Another cause was due to the so-called “edge effects” in microarray 

synthesis. Microarray synthesis typically relies on certain mechanisms to direct and 

spatially confine reactions on a silica chip. For example, Agilent uses inkjet printing 

method to dispense picoliter reagents to specified locations on a chip. LC Sciences and 

Affymetrix control the deblocking step with light-activated photochemistry in a 

microfluidics system. CombiMatrix uses programmable microelectrode arrays to direct 

redox reactions at desired spots. In these cases, sequence integrity can be compromised 

by the “edge effects” caused by droplets misalignment, light beam drifts or improper 

reagent sequestration. Such “edge effects” can be minimized. In a study involving an 

inkjet chip synthesis platform, a plastic chip with patterned silica features was used to 

reduce the “edge effects” and could effectively reduce the error rate of synthetic 

oligonucleotide pools from approximately 1 in 200 bases to 1 in 600 bases [24], which 

was comparable to column synthesized oligos.  
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Besides improving microarray quality, next-generation sequencing (NGS) has 

recently been used as a preparative tool to generate sequence-verified chip-made oligos 

for gene assembly (Figure 1-2b & Figure 1-3) [25]. Microarray-derived oligos are fed into 

a NGS instrument where correct sequences were identified and retrieved. This strategy 

yielded an estimated 500-fold improvement in sequence accuracy [25]. With further 

automation to reduce the number of human handling steps, millions of oligos can be 

sequenced and sorted in a single run, potentially enabling the construction of megabases 

of DNA sequences. Though translating this technology into routine practice may still 

require much optimization, the concept of integrating next-generation sequencing and 

synthesis is attractive and promising.  
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Figure 1-3: Schematic illustration of oligonucleotide error-correction by next 

generation sequencing. Microarray synthesized oligonucleotides are eluted and 

amplified before they were fed into a 454/Roche pyrosequencing instrument. The 

desired sequences are identified, sorted and retrieved with a microactuator-controlled 

micropipette, and PCR-amplified into full-length gene constructs [25]. 
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Another challenge of utilizing microarray for gene assembly is increasing the 

efficiency and accuracy of gene assembly with chip-derived oligo pools. Typically, tens 

to hundreds of thousands of oligos can be generated from a single microarray. When 

such large numbers of oligos are amplified and collected from the surface, the resulting 

complex heterogonous pool makes subsequent gene assembly challenging and 

inefficient. A number of strategies have been developed recently to solve this problem. 

In one strategy, by applying oligo hybridization-selection principles [21], Borovkov et. al. 

carefully optimized oligo design and gene assembly conditions to exclude erroneous 

oligos from incorporation into assemblies [26]. A block-based approach was developed 

to eliminate the expensive and labor-intensive oligo purification and amplification steps 

in preparation for gene assembly. Using this approach, genes could be directly 

assembled from unpurified pools of microarray-derived oligos which contained less 

than 5% perfect sequences.  

Another approach to increase gene assembly efficiency is selective amplification 

of subpools of oligos from a chip. Kosuri et. al. [19] demonstrated this strategy by 

designing a quarter-million short primers that allow for the specific amplification of 

selected fragments for subsequent assembly (Figure 1-2c & Figure 1-4). Error-free gene 

assembly of 40 single-chain antibody genes was demonstrated which had been shown 

previously to be difficult to synthesize due to high GC content and repetitive sequences 

[19].  
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To reduce oligo pool size for efficient gene assembly, a third approach is to 

physically divide the microarray into sub-arrays. Our group tested this strategy by 

embossing up to 30 micro-wells on the surface of a single plastic chip (Figure 1-2d & 

Figure 1-4). A sub-array was synthesized in each well and used to assemble a single 

gene construct.  
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Figure 1-4: Schematic illustration of gene assembly by selective amplification 

of microarray oligonucleotides. Oligonucleotides are eluted from the microchips to 

yield a heterogeneous pool. Specific short PCR primers are designed to selectively 

amplify oligonucleotides from the pool (hot and pale pink). Further selective 

amplification with end primers (shades of blue) generates assembly pools containing 

sequences for a single gene, which are then assembled in to gene constructs by PCR 

reactions [19]. 

 



 

16 

Oligo pools produced from microarray provide a cheap source for oligos but do 

not simplify or reduce the cost of down-stream gene assembly process. In many cases, 

large complex oligo pools make gene assembly more challenging and prone to error. To 

address this issue, we integrated array oligo synthesis, amplification and gene assembly 

steps in individual wells on the same chip [27, 28]. First, instead of chemically cleaving 

oligonucleotides off the chip for gene assembly, we developed isothermal nicking and 

strand-displacement amplification reactions to amplify and release overlapping gene-

construction oligonucleotides into the sealed wells. Then without switching buffer or 

hands-on manipulations, polymerase cycling assembly reaction takes place in the same 

cells to construct gene sequences, currently up to 1kb each (Figure 1-5). The entire 

procedure is performed on-chip to increase throughput and minimize turn-around time 

and spurious hybridization. This platform can be coupled with downstream reactions to 

achieve miniaturized, automated high-throughput synthesis.  
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Figure 1-5: Schematic illustration of on-chip DNA amplification and gene assembly. 

The microchips are divided into physically isolated sub-arrays where 

oligonucleotides are amplified by on-chip strand displacement amplification. The 

released strands are the assembled in to 0.5–1 kb gene fragments within the wells [29]. 
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1.3 Long DNA synthesis  

Constructing long DNA sequences beyond the lengths of individual gens need to 

address a different set of challenges. Besides traditional restriction enzyme digestion and 

ligation methods, genes can be linked together by the BioBrick™[30] or BglBrick[31]-

based methods where standardized flanking sequences containing restriction sites allow 

for the pairwise joining of components to sequentially larger constructs. While efforts 

have been made to revise, standardize and automate the process [32, 33], failure to 

deliver scar-free assemblies has restricted both BioBrick™ and BglBrick to generic 

pathways that can tolerate car sequences. More importantly, restriction enzyme 

digestion is often incompatible with longer constructs due to the limitation of 

“inhibitory sequences” within the constructs. Several recent attempts using type-II 

restriction enzymes that cut around their recognition sequence have effectively 

mitigated the problem [34-37]; they are nevertheless laborious due to the sequential 

nature of the approaches. 

Alternatives to restriction/ligation methods include a number of overlapping 

extension techniques capable of scar-less and sequence-independent assembly. In a PCR 

reaction, homologous ends join adjacent DNA molecules together, and instantaneously 

prime their amplification for the next cycle. Circular Polymerase Extension Cloning 

(CPEC) is a simple method that has been demonstrated successfully with both multi-

way parallel assembly and combinatorial library construction [38, 39] . Additional 
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overlapping approaches include In-Fusion (commercial kit from Clontech®, CA) [40], 

Uracil-specific excision reagent (USER) [41] and Sequence- and ligation-independent 

cloning (SLIC) [42]. These approaches are more applicable for plasmid or small pathway 

construction due to the drop in efficiency and rise in error rate of PCR reactions as 

product size scales up. Gibson isothermal assembly is exceptional in that it allows for 

assembly of genome-length constructs reaching hundreds of kilobases [43]. Similar 

approach has also been applied to the construction of a16.3-kb mitochondrial genome 

directly from column-synthesized 60mers [44].  

Despite numerous advancements, in vitro gene assembly methods seem to have 

reached a limit of how long a DNA sequence it can assemble. For more efficient 

assembly of longer constructs from multiple parts, attention has been turned to in vivo 

homologous recombination in yeast S. cerevisiae thanks to its adaptability to very long 

constructs and accuracy as a result of sophisticated DNA repair mechanisms. Successful 

in vivo assembly examples include syntheses of 0.5-1 Mb bacteria genomes [45-47], direct 

assembly from overlapping oligonucleotides [48] and various genetic pathway 

engineering projects [49]. 
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1.4 Applications in Synthetic Biology  

The applications of synthetic DNA encompass a broad spectrum ranging from 

genetic circuits and metabolic pathways to synthetic genomes [44, 50]. An expanding 

capacity to construct, manipulate and analyze DNA delivers the power to design, 

manipulate or even create artificial living systems. Scientists at the J. Craig Venter 

Institute performed de novo synthesis and assembly of a million base pair bacterial 

genome which, when placed inside a bacterial cell host devoid of its own genetic 

material, was able to successfully generate an artificial living cell [51]. This 

accomplishment marked a new milestone in synthetic biology and offered a potential 

framework for further developments. 

Getting the genomic software to boot up is only the beginning of an extensive 

bioengineering process. The true design and engineering of any genome is still at its 

infancy. Even modest errors in genome construction could cause the genetic system to 

lose functionality. Very soon, the true limiting factor is not the ability to synthesize 

DNA, but the lack of a comprehensive understanding of the complex biological 

processes. In this sense, the synthesis of genomes will allow researchers to learn before 

they are ready to design.  

A valuable domain of synthetic biology is metabolic engineering. By engineering 

parallel metabolic systems that interface with natural cellular metabolic machinery, 

researchers can program cells for practical applications including the synthesis of cost 
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effective chemicals or drugs [52-54]. In one demonstration by Keasling and colleagues, 

the construction of a biosynthetic artemisinin pathway in yeast enabled the microbial 

production of this antimalarial compound at one-tenth of the cost of conventional 

production method of harvesting from the rare Artemisia annua plant [55].  

The increasing fidelity of microchip-based synthesis gives researchers the 

opportunity to directly utilize complex libraries of oligonucleotides. Wang et al. 

developed a high-throughput genome prototyping system, called multiplex-automated 

genome engineering (MAGE) [56]. They achieved 5 times higher expression of a target 

protein by allowing the bacteria to receive a library of “editing” DNA strands designed 

to target and manipulate multiple genome sites simultaneously. A more recent study 

adapted MAGE to perform site-specific synonymous codon substitutions at 314 sites in 

parallel across 32 E. coli strains. When combined with hierarchical conjugative assembly 

genome engineering (CAGE), codon modifications were applied across the entire 

genome [57]. This genome reengineering technology allows for simultaneous editing 

and evolution.  

Another interesting study exploited the complexity and heterogeneity of 

microarray synthesized DNA. Quan et al. applied their on-chip gene synthesis method to 

codon optimize protein expression. A library of synonymous codon variants coding for 

the same gene was synthesized on-chip. Highly expressed codon variants were 

identified by expression screening. These constructed libraries were used to optimize 
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expression of 74 Drosophila melanogaster transcription factors, which demonstrated the 

robustness of this technology [58].    

Perhaps the most amenable target for whole genome synthesis with current 

technology is viral genomes. Viral genomes are relatively small and are good 

engineering targets for vaccine development. While others strive to optimize codon 

usage for higher gene expression in heterologous hosts, vaccine developers apply an 

opposite strategy, producing live attenuated forms of viruses by global codon de-

optimization. Coleman and colleagues developed a process termed SAVE (synthetic 

attenuated virus engineering) which perturbs intrinsic viral genome bias through large-

scale computer-aided viral genome redesign [59]. They recently demonstrated effective 

vaccine candidates with SAVE attenuated influenza viruses [60]. With rapid 

improvement in DNA fabrication technology, the redesign and synthesis of custom 

tailored whole virus genomes could become economically feasible.  
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1.5 Conclusion  

Over the past four decades, de novo chemical DNA synthesis and enzymatic gene 

assembly technologies have continuously improved. The capacity to generate DNA 

assemblies increased from less than 100bp to over 1Mb [44, 51]. Increases in productivity 

has allowed for DNA synthesis to be applied to a wide range of applications, including 

DNA nanotechnology, metabolic engineering, gene circuits and genome synthesis [44, 

54, 55, 61]. However, the engineering infrastructures of DNA synthesis and assembly 

have not caught up to the growing demands of synthetic biology. For the engineering of 

large gene circuits and pathways, de novo DNA synthesis is responsible for only a small 

fraction of the entire constructs. Although the technologies discussed show promise for 

low-cost automated gene synthesis, further refinements are needed to improve 

manufacturing costs and turnover times before these new technologies can replace 

current column-based oligonucleotide synthesizers. Existing High throughput DNA 

fabrication strategies are still compromised by low throughput or high error rate, and 

are not mature enough for the convenient and economical engineering of large genomes. 

compromised by high error rates. Continuing interdisciplinary efforts are being made to 

utilize new chemistries and strategies for DNA synthesis and gene assembly. Such 

efforts would facilitate the wide spread and economical construction of complex 

libraries and genomes, capabilities that could lead to significant impacts on research and 

society. 
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2. Error Correction in Gene Synthesis Technology 

The key enabling technology driving the full range of synthetic biology research 

is the accurate, rapid and economic on-demand synthesis of DNA constructs of any size 

or sequence. Exciting new gene synthesis methods harnessing complex DNA libraries 

derived from oligonucleotide microarrays and microfluidic devices have recently been 

demonstrated. Yet, the technology is compromised by the high occurrence of errors in 

the synthesized products. This necessitates expensive labor and time to select for correct 

sequences or the use of clever error reduction techniques. This chapter discusses 

strategies of error filtration, error correction and error prevention in de novo gene and 

genome synthesis. Continued innovation in error correction technologies will enable 

affordable and large scale gene and genome synthesis in the near future. 
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2.1 Introduction 

With the rise of synthetic biology, the era of creating new functional genes, 

genetic networks and whole genomes is upon us. Heralding the dawn of this new era 

are the rapid technological breakthroughs allowing for on demand synthesis of DNA of 

any sequence or length. Recent breakthroughs have resulted in synthesis and assembly 

of an entire bacterial genome and creation of a new cell controlled by this transplanted 

synthetic genome [51]. The demand for synthetic genes and genomes will continuously 

increase as the scope of their applications expands. 

Gene synthesis is typically accomplished by enzymatic assembly of chemically 

synthesized overlapping oligonucleotides which span the entire length of the gene 

construct (Reviewed in ref. [62, 63]). The resulting synthesis products unavoidably 

contain errors such as deletions, insertions, or base substitutions, due largely to mistakes 

in chemical oligonucleotide synthesis and to a lesser extent, to the subsequent enzymatic 

gene assembly processes. Cloning and sequencing of multiple clones is normally 

required in order to identify one with the correct sequence. Improvement in fidelity of 

gene synthesis is essential to continued progress in the development of this technology, 

since a substantial fraction of the overall cost of gene synthesis goes to cloning and 

sequencing, which is required for selecting and confirming a correct sequence. 

Nature has evolved sophisticated error-correction mechanisms to ensure that 

DNA replication proceed with high fidelity [64]. The error rates in prokaryotic and 
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eukaryotic replication machineries range from 10-7 to 10-8 thanks to various proofreading 

and mismatch repair mechanisms [65, 66] . In contrast, current gene synthesis process 

has a typical error rate of 10-2 to 10-3, or 1-10 errors per kilo base-pairs (kbp) synthesized 

[21, 67-69].  

Given an error rate (P), the probability of a synthetic DNA sequence being error-

free, (1-P)N, decreases exponentially as its length (N) increases. The number of clones 

that need to be sequenced in order to have 95% confidence of obtaining one perfect 

clone, Ln(1-0.95)/Ln(1-(1-P)N), can be dramatically reduced with a 10-fold reduction in 

error rate [69]. The presence of a variety of error types and error sources from the series 

of DNA synthesis and gene assembly steps allows establishment of error-control 

procedures on multiple levels. This article will review the methods for error-filtration, 

error correction and error-prevention as they are employed today. It will also discuss 

new developments and potential future directions which may potentially enable error-

free synthesis for oligonucleotides, genes, and genomes in the near future. 
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2.2 Error-removal from synthetic oligonucleotides  

The dominant source of errors in synthetic DNA comes from chemical synthesis 

of oligonucleotides. Standard solid-phase oligonucleotide synthesis uses the classical 

phosphoramidite chemistry[70] which adds each nucleotide monomers to the 5’end of 

the elongating DNA chain in a four-step cycle: Step 1) Deprotection: an acid is used to 

remove the protecting demethoxytrityl (DMT) group from the 5’-end of the growing 

oligonucleotide chain and generate a reactive 5’-OH group; Step 2) Coupling: the 5’-OH 

group generated from the deprotection step reacts with an activated monomer created 

by adding the desired phosphoramidite and an appropriate activator (i.e. tetrazole) 

simultaneously. Tetrazole, a weak acid, protonates the trivalent phosphorus on the 3’-

end of the monomer. This results in a slow displacement of the secondary amine and 

formation of a highly reactive tetrazolide that then immediately couples with the OH 

group; Step 3) Capping: uncoupled 5’-OH groups are blocked by an acylating capping 

reagent, which is delivered along with a nucleophilic catalyst, to minimize deletion 

products; and Step 4) Oxidation: the unstable phosphite triester internucleotide linkages 

are oxidized to a more stable pentavalent phosphotriester[71].  

The most frequent type of errors in oligonucleotide synthesis happens when a 

new phosphoramidite monomer fails to couple to the elongating chain, which results in 

a typical step-wise coupling efficiency of 98.5% - 99.5% [16, 18, 72, p. 13] . Uncoupled 

chains will be terminated from growth by acetylation and result in truncated 
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oligonucleotides. However, failures in acetylation or deprotection do happen with 

frequency as high as 0.5% per position, which leads to deletion errors in the final 

synthetic DNA. Insertions also occur when DMT is cleaved by excess activator and can 

reach 0.4% per base [16].  

Post synthesis, the purity of the synthesized oligonucleotide pool can be 

improved by size exclusion purification using high performance liquid chromatography 

(HPLC) [73] or polyacrylamide gel electrophoresis (PAGE) [16]. Hydrophobic 

purification cartridges can also be used for purification of oligonucleotide pool before 

the hydrophobic DMT blocking group is removed (trityl-on). Full-length 

oligonucleotides with a hydrophobic DMT terminus can be readily separated from 

prematurely terminated sequences lacking the blocking group. With these methods, 

more than 90% impurities (mostly insertions/deletions and truncations) can be 

eliminated before assembly and, as a result, the error rate in the final product can be 

reduced by several fold [74-76]. Although such methods are relatively laborious, the 

effort can be justified if gene-construction oligos of the same length are pooled and 

purified together[75]. The drawback of size exclusion purification methods is that they 

are generally ineffective against base-substitutions or single-base insertions/deletions, 

especially for long oligos. In fact, single-base deletions are the most frequently observed 

error type in assembled DNA constructs [69] and they cannot be removed effectively by 

size exclusion purification methods. 
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Besides post-synthesis purification, a fundamental approach to increase the 

accuracy of chemical DNA synthesis is to develop more efficient synthesis chemistry. 

Along this line, the Caruther’s group has reported an alternative two-step DNA 

synthesis method [6]. The approach utilizes a peroxy anion as the nucleophile to 

simultaneously remove a 5’-carbonate and oxidize the internucleotide phosphite triester. 

The removal of the 5’-protecting group with peroxy anion under mildly basic conditions 

is considered essentially irreversible and quantitative and therefore has the potential to 

completely eliminate depurination and reduce mutation frequencies in cloned, synthetic 

DNA.  
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2.3 Error-removal from chip-synthesized oligo pools 

Oligonucleotide pools synthesized from microarrays have recently been used as 

an economical source for large scale gene synthesis. However, oligos synthesized on 

planar surfaces tend to be more prone to errors. Depurination of purine bases seems to 

be of major concern[7]. Due to prolonged exposure of deprotecting/detritylation agents, 

adenine and guanine bases often undergo degradation by hydrolysis, leaving behind 

only the ribose sugar backbone. The presence of the 5’-OH-presenting sugar allows the 

oligonucleotide chain to elongate further; however, during the final side-group removal 

step (typically using ammonium hydroxide) these apurinic bases are cleaved and 

thereby result in truncated products.  

DNA synthesis on planar surfaces often uses a modified version of the four-step 

phosphoramidite chemistry where a certain step is gated in order to provide spatial 

control of the individual oligonucleotides being synthesized. This is typically the 

coupling step for inkjet printing-based synthesis (Agilent, Protogene), or the deblocking 

step for light-based (LC Sciences, Invitrogen, Affymetrix) and redox reaction-based 

platforms (Combimatrix, Oxamer). In any case, truncated products could arise from 

misalignment of printed droplets or from partial deblocking as a result of poor light-

source registration and improper sequestering of redox ions. Erroneous products caused 

by such “edge effects” could be mitigated by employing patterned substrates for 

synthesis [24, 77]. In our studies using the inkjet chip synthesis platform, we determined 
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that the error rate can be reduced from 1 error in ~200 bases to 1 error in ~600 bases by 

using patterned silica features on a plastic chip[58]. 

In addition to size exclusion purifications, strategies using the hybridization-

selection principle have been used to reduce errors in microarray synthesized oligo 

pools. Error-containing oligos can be removed by stringent hybridization selections 

using short complementary oligos (selection oligos) immobilized on beads [21]. Gene 

construction oligos with errors form imperfect matches with the selection oligos and can 

be washed away under stringent washing conditions whereas those without errors can 

be retained and enriched. This strategy may be useful for cleaning up large pools of 

microarray-derived oligos but may not be convenient or economical for purifying small 

numbers of oligos due to the burden of synthesizing complementary selection oligos for 

all gene construction oligos.  

Without a separate pre-purification step, simply increasing hybridization 

stringency during gene assembly reaction helps prevent incorporation of erroneous 

oligos into the final assembly products [26]. This is because perfect hybridization among 

error-free sequences creates better templates for the polymerase or the ligase used in 

gene assembly. Ligation-based chain assembly (LCA) methods tend to benefit more 

from this effect as no gap is allowed between oligos. Polymerase-based cyclic assembly 

(PCA) methods allow the use of longer oligos and, as a result, the middle portion of the 

oligos are not subject to hybridization selection and tend to carry over more errors into 
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assembled gene products [21, 26, 78, 79]. As it takes fewer long oligos to assemble a 

gene, there is an advantage of using long oligos provided that the sequence quality is 

satisfactory. High quality long oligos are available from commercial sources such as 

Integrated DNA Technologies (“Ultramers”, as long as 200bp, Coralvill, IA, USA). 

Agilent Technologies (Santa Clara, CA, USA) has also recently started producing 

oligonucleotide libraries composed of >100bp sequences synthesized by their SurePrint 

microarray platform [7].  

The rapid development of next-generation sequencing (NGS) technology has 

made it possible to sequence large pools of oligo sequences at affordable costs. This has 

triggered the temptation of selecting sequence-verified oligos as input for gene 

assembly. A proof-of-concept experiment has been performed which demonstrated that 

the so-called “megacloning” method can reduce error rates by a factor of 500 compared 

to the starting oligonucleotide pool generated by microarray [80]. In principle, with 

future development in platform automation, millions of oligos can be sequenced and 

sorted in a single megacloner run, which will potentially enable gene construction up to 

megabases[80].  
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2.4 Error-removal from synthetic genes 

Despite exhaustive purification, errors that remained in synthetic oligos will be 

carried over during the assembly process and accumulated in downstream gene 

constructs. Additional errors may also be introduced by polymerase elongation or miss-

hybridization among oligos [81]. Picking an error-free synthetic gene sequence often 

requires expensive and time consuming cloning and sequencing steps and some good 

luck. Besides cloning and sequencing, expression assays or functional screens can also be 

used to select desired products against errors which can cause reading frame shift 

and/or loss of protein functions[8, 75, 82-84]. Nevertheless, this method is only selective 

to protein-coding regions or sequences encoding functional elements and is not effective 

for spotting silent or conservative mutations.  

Longer DNA constructs (5-50kb) are usually assembled step-wise to achieve 

desired quality and efficiency. Short segments (<1kb) are first synthesized as building 

blocks, and their sequences verified individually by cloning and sequencing before 

being joined together into longer segments. Considering the error frequencies in starting 

synthetic oligonucleotides and the efficiency of cloning and sequencing, many current 

error-reducing strdna ategies target this intermediate assembly stage in order to achieve 

maximum error-elimination efficiency through simple, robust and ideally automatable 

procedures [85, 86]. 
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Most of the current error-removal techniques make use of DNA mismatch 

recognition agents. In contrast to mutation detection and correction in vivo[66], 

synthetic DNA does not have methylation labels to distinguish between the “correct” 

and the “mutant” strands. Moreover, the PCR-mediated assembly process will copy the 

existing errors into the complementary strand. Therefore the likelihood of errors existing 

as mismatches in the assembled polynucleotide constructs is very small. It is then 

necessary to first randomly re-associate the polynucleotides through a denaturation and 

re-hybridization process during which erroneous bases form mismatches with the 

corresponding correct bases in the reverse-complementary strand. The bulging 

mismatch sites are then recognized and removed by using mismatch-binding proteins or 

mismatch-cleavage enzymes (Figure 2-1).   
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Figure 2-1: Summary of general schemes of mismatch-based error correction in 

synthetic DNA constructs. Assembly products are heat-denatured and then re-

annealed to allow correct (blue lines) and mutant (red lines) strands to randomly re-

hybridize and form mismatches. The mismatches are then removed by various error 

correction methods using either mismatch-binding proteins or mismatch-cleaving 

enzymes to yield products with correct sequences. 
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2.4.1 Error-removal using MutS mismatch-binding protein 

The MutS protein is part of the bacterial MutHLS mismatch repair 

mechinary[87]. It detects and binds to a variety of mispaired bases and small single-

strand loops in vivo. Methods have been developed of using MutS as an error-removal 

agent for gene synthesis. In one strategy, MutS protein from the thermophilic bacteria 

Thermus aquaticus was used to directly filter out full-length heteroduplexes[69]. After 

denaturation and reannealing, mismatch containing heteroduplexes are recognized and 

bound by the Taq MutS protein, which can be separated from the unbound 

homoduplexes (mostly error-free) by a gel-mobility shift assay (Figure 2-2a). This 

method was reported to reduce error rate to 1 error per 3.8kb with one round of 

filtration, which represented several folds of improvement from raw synthesis products. 

Repeating the procedure one more time reportedly reduced the error rate to 1 error per 

10 kb, which is good enough to ensure finding a correct sequence with a single round of 

cloning and sequencing. A major limitation with removing full-length heteroduplexes is 

that it requires a substantial fraction of the sequences to be error-free in order to survive 

the MutS binding filtration.   
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Figure 2-2: Schematic of error removal strategies using MutS mismatch-

binding protein. Assembled gene segments are denatured and re–annealed to form 

heteroduplexes where errors are revealed as mismatches between correct (blue) and 

mutant (red) sequences. a) MutS proteins recognize and bind to mismatch structures. 

Full-length heteroduplexes with MutS bound can be separated from homodimers 

without MutS by gel-shift assay. b) Consensus Shuffling. Re-annealed constructs are 

fragmented by type IIS restriction endonucleases. Fragments containing mismatches 

are filtered away by MutS binding column. Error-free fragments that pass through the 

column are collected and reassembled into full-length genes by assembly PCR. 
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For error-rich sequences, an alternative MutS-based error-correction strategy is 

called “consensus shuffling” [88] (Figure 2-2b). Re-annealed polynucleotide products are 

first cleaved by a mixture of restriction endonucleases and the resulting overlapping 

short fragments are then subjected to MutS column filtration. Short, mismatch-

containing pieces are captured by immobilized Taq MutS, while error-free fragments are 

eluted and re-assembled into full-length constructs by assembly PCR. Two iterations of 

consensus shuffling improve the error rate 3.5- to 4.3-fold to 1 error per 3.5kb [88]. 

Consensus shuffling is a mechanism that resembles DNA shuffling where several 

iterations can be made until the consensus sequences are concentrated enough to far 

outnumber other species. Consensus shuffling provides several advantages over direct 

MutS filtration of full-length sequences: i) it is more effective on longer DNA constructs 

where perfect hybridization after re-assortment is rare; ii) it tolerates more errors in the 

starting material; iii) the removal of the entire DNA heteroduplex is not necessary. 

Importantly, fragmentation is ideally performed with type IIS restriction endonucleases 

that cut outside of the recognition sites. In this way, distinct ends can be generated by 

the same restriction endonuclease so as to minimize nonspecific hybridization of cut 

fragments after error-filtration. However, despite the merit of the idea, consensus 

shuffling requires extraneous use of endonucleases and the reaction conditions may still 

need to be improved to achieve better outcome [88].  
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2.4.2 Error-correction using mismatch-cleaving enzymes 

Mismatch-cleaving enzymes here refer to a group of mismatch-specific 

endonucleases that recognize and cleave at or near mismatch sites in DNA 

heteroduplexes, including mutations, insertions or deletions. The family embraces a 

variety of members including but not limited to: i) resolvases, such as phage T4 

endonuclease VII[89], T7 endonuclease I[90] and E.coli endonuclease V; ii) mismatch 

repair endonuclease MutH[87]; 3) single-strand specific nucleases[91], such as S1 

nuclease from Aspergillus oryzae, P1 nuclease from Penicillium citrinum, mung bean 

nuclease, and CEL nuclease from celery[91, 92]. The ability of these endonucleases to 

cleave heteroduplex DNA at the mismatch sites has led to their extensive applications as 

probes for mutation and polymorphisms detection [91, 93-97]. The mismatch-cleaving 

activity also makes them very useful in error removal for gene synthesis and several 

different assays were developed utilizing this activity. 

 

2.4.2.1 Resolvases 

T7 endonuclase was used in an early report: after assembly and amplification of 

a target DNA, the purified product was denatured, re-annealed and treated with T7 

endonuclease I. Afterwards, the pool was run on a gel and the remaining intact band 

was excised and extracted, while the cleaved fragments were discarded [98]. This way of 
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enriching error-free sequences seems to work for high-quality synthetic products where 

correct sequences out number mutants. 

The efficacy of various resolvases was systematically explored to recognize and 

cleave single-base mismatches using a different error-removal assay, which is applicable 

for low-quality sequences. Three resolvases, T4 endonuclease VII, T7 endonuclease I and 

E.coli endonuclease V were tested respectively in the process of ligation-based gene 

synthesis and functional cloning of bacterial chloramphenicol-acetyltransferase (cat) 

gene. After treatment with T4 endo VII and E.coli endo V, the fraction of “functional 

clones” increased over 10-fold, and sequence analysis revealed an over 4-fold reduction 

of error-rate. T7 endonuclease I was not fully characterized in this setting [82]. Instead of 

using gel purification, it was demonstrated that following mismatch-cleavage, an 

additional 3’to 5’ exonuclease treatment to remove single-stranded overhangs was 

essential for error removal; either by adding E.coli exonuclease I or using the intrinsic 

3’to 5’ exonuclease activity of proof-reading DNA polymerases (Figure 2-3). The 

processed DNA fragments were reassembled into full-length products by assembly 

PCR. 
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Figure 2-3: Schematic diagram showing the principal of error removal using 

mismatch-cleaving enzymes. The re-annealed heteroduplexes are cleaved in both 

strands by mismatch-specific enzymes 2–5bp downstream of the mismatches, 

generating stagger ends that are immediately dissociated at the reaction temperature. 

The single-stranded overhangs which contain mismatch base(s) are degraded by an 

exonuclease in the reaction mixture. Full-length genes with fewer errors are recovered 

by overlap assembly PCR[82]. 
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Another method, called circular assembly amplification, combines exonuclease 

and endonuclease treatments to improve gene synthesis quality [99]. In this method, the 

overlapping and complementary oligonucleotides are first ligated into circular 

molecules under stringent conditions. An exonuclease is added to degrade any un-

circularized polynucleotides. The circular DNA constructs are then treated with E. 

coli endonuclease V, which linearizes and degrades the mismatch-containing circles in 

concert with the exonuclease. By using the above three tiers of selections, the method is 

able to reduce error-rate by at least 7-fold compared to the conventional PCA assembly 

protocol [99].  

A problem with phage resolvase-based mismatch cleavage is that they were 

reported to preferentially cleave certain types of mis-matches. For instance, T7 

Endonuclease I failed to achieve quantitative cleavage for selected mis-pairs in 

Fuhrmann’s work[82]. In addition, the degree of specificity of T4-endonuclease VII has 

been found to be highly dependent on the length of the substrate and the sequence 

surrounding the mismatch sites [100, 101]. This enzymology limitation is intrinsic as 

these resolvases naturally function to recognized holiday junction rather than 

mismatches in heteroduplex[102]. Their potency and efficacy of mismatch cleavage are 

therefore compromised by both low sensitivity and high undesired background. 
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2.4.2.2 MutHLS 

E. coli proteins MutH, MutL and MutS constitute a bacterial mismatch repair 

mechanism where MutS detects and binds to mispaired bases and small single-strand 

loops, MutL couples the MutH endonuclease to the MutS bound mutant sites, leading to 

incision of the unmethylated strand of a hemi-methylated dsDNA. The error containing 

staggered ends are trimmed by a helicase and an exonuclease, and the resulting gap is 

filled by a DNA polymerase and a ligase[65]. Smith & Modrich (1997) reported the 

MutHLS-mediated removal of polymerase-produced mutant sequence in PCR 

products[87]. Treating re-annealed PCR products with MutHLS complex allows binding 

of MutS to the mismatches and incision of both unmethylated strands at d(GATC) in 

remote vicinity to the mismatch sites. The cleaved heteroduplex are then removed by gel 

electrophoresis. It was reported that mismatch removal using E. coli MutHLS reduced 

the error rate by one order of magnitude and that it was effective to G-T, A-C, G-G, A-A 

and small insertion/deletion mis-pairs, while less effective to other type of 

mismatches[87].  

 

2.4.2.3 Single-strand specific nucleases 

Single-strand specific nucleases are a family of multifunctional enzymes that are 

present ubiquitously and display a wide variety of characteristics. Although more than 

30 single strand nucleases have been isolated from various sources, only a few have been 
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thoroughly characterized. The most widely used single strand nucleases are almost 

exclusively extracellular glycoproteins, including S1 and P1 nucleases from fungi, or 

mung bean nuclease and the CEL nuclease from plant. These nucleases are reported to 

vary drastically in the degree of specificity towards different types of mismatches. For 

instance, S1 and P1 nucleases appear to be strongly specific to AT-rich regions[102]; S1 

nuclease seems incapable of recognizing single base mismatches[103]; and quantitative 

single nucleotide mismatch cleavage by mung bean nuclease occurs only at pH 6-6.5 

range[104]. Moreover, contradictory results have been reported regarding the use of S1, 

P1 and mung bean nucleases in detecting different types of single nucleotide 

polymorphism in heteroduplex DNA[104]. The incomplete capability of these single 

strand nucleases to identify all possible types of mismatches greatly discourages their 

general use in synthetic gene error correction.       

CEL endonuclease is an ortholog of the S1 nucleases isolated from celery[92, 105]. 

The uniqueness of CEL endonuclease is that it is the first eukaryotic endonuclease 

known to cleave DNA with high specificity towards all types of base mismatches and 

DNA distortions at neutral pH. Following the discovery of CEL nuclease, the techniques 

for high-throughput mutation detection have significantly improved, and CEL has 

become the most commonly used enzyme in TILLING (targeting-induced local lesions 

in genomes)[106-109], polymorphism analysis[110, 111] and disease diagnosis[105, 110-

115].  
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CEL endonuclease is a mannosyl glycoprotein that nicks a DNA strand at the 3’ 

side of the base-substitution mismatch and DNA distortion. Prolonged incubation and 

high enzyme to substrate ratio facilities double-stranded cleavage by CEL at opposite 

phosphodiester bonds 3’ to the mismatch, generating two single-base 3’ overhangs in the 

case of base-substitutions or a short stagger end in the case of insertion/deletion[92, 105]. 

The commercialization of CEL endonuclease as Surveyor™ nuclease by Transgenomic, 

Inc (Omaha, NE, USA) has led to its extensive applications in mutation detection as a 

simple yet cost-effective method, resulting in the discovery of many novel mutations 

associated with human genetic disorders, including BRCA1[92, 105, 116], EGFR[112], 

HCDC4[113], p53[114], mitochondrial[110, 111] and kidney-related[115] genes, etc. The 

broad substrate specificity and low undesired activity of CEL nucleases make them the 

most promising candidates for error-correction in synthetic gene assemblies.  

Recent studies employing on-chip gene synthesis technology, we explored the 

effectiveness of Surveyor™ nuclease in error correction of microchip synthesized genes 

[28, 58] (Figure 2-4). Incorporation of a 60-minute digestion step with Surveyor™ 

nuclease followed by PCR assembly with Phusion DNA polymerase was able to reduce 

the error rate of the synthetic gene products from 1 error per 526 bp to 1 error per 3,883 

bp. Two iterations of enzymatic error cleavage reactions further reduced the error rate to 

1 error per 8,701bp, representing an over 16-fold error reduction[28]. Selective sub-pool 

amplification of chip-synthesized oligonucleotides achieve an error-rate of 1 error per 
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7,017bp after enzymatic error correction using ErrASE kit, a commercially available 

CEL-based enzyme cocktail that corrects mismatches [19] in a similar fashion to [29].  

The combined actions of mismatch cleavage by CEL nuclease and proof-reading 

by Phusion DNA polymerase makes the procedure particularly robust and suitable for 

correcting error-rich synthetic sequences. Re-annealing of low-quality synthetic 

sequences often yield little error-free duplexes that can survive the mismatch-binding 

filtration or mismatch-cleavage. Rather than discarding all error-containing 

heteroduplexes, CEL nuclease makes double-stranded cuts next to the mismatches. The 

mismatch bases are then chewed away by the exonuclease activity of the proof-reading 

DNA polymerase. The resulting error-free fragments are reassembled into full-length 

gene constructs by overlap PCR (Figure 2-4). This method enables us to eliminate errors 

at the single-base level, while salvaging a majority of the correct portions of the 

sequences. More importantly, the “inspection-correction-reassemble” cycle can be 

iterated multiple times until products with desired purity are obtained.  
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Figure 2-4: Schematic diagram of error correction strategy using CEL mismatch-

specific endonuclease. Multiple CEL error-correction cycles maybe integrated into a 

gene synthesis process. Each cycle consists of four steps: 1) Re-annealing of 

assembled gene constructs to present erroneous bases as mismatches; 2) CEL nuclease 

cleavage on both strands at the 3’ side of the mismatches; 3) Exonuclease trimming of 

single-stranded mismatch overhangs by added exonuclease or the 3’->5’ exonuclease 

activity of the proof-reading PCR enzyme; and 4) Reassembly and amplification of 

the processed fragments by assembly PCR. The final products are used for down-

stream applications such as cloning and sequencing. 
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2.5 Minimizing errors in genome synthesis 

Identifying and correcting errors in synthetic genomes appears to be costly and 

painful due to the length of the sequences and difficulty of construct assembly. The key 

then is to use error-free starting materials (i.e. sequence-confirmed intermediate 

sequences) and avoid the introduction of errors during the genome assembly process. 

Single-step assembly using yeast homologous recombination could produce long, high 

quality DNA constructs with a very low error-rate (0.054%), comparable to many in 

vitro error-removal protocols as discussed previously. A microbial genome over 1 Mb 

has successfully been assembled using this strategy [51, 117]. This technique has also 

been applied to rapid assembly of metabolic pathways with multiple parts [49]. In 

addition to using overlapping dsDNA fragments as starting material, yeast 

recombination mechanism has recently been successfully applied to direct assembly of 

single-strand oligonucleotides into double-stranded gene constructs [48]. 
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2.6 Conclusions and perspectives 

Over the past half century, de novo chemical DNA synthesis and enzymatic gene 

and genome assembly techniques have been continuously improved. The longest 

published synthetic DNA has extended from less than 1kb to over 1Mb, which encoded 

functional genes, genetic pathways, and viral or bacterial genomes[2, 51, 63, 118]. 

Nevertheless, the gap between the expanding demand and the capability to deliver 

synthetic genes and genomes in accurate, economical and high-throughput fashion is 

still wide. To close the gap, current efforts in automation and miniaturization of gene 

synthesis need to seamlessly incorporate convenient and effective error prevention and 

error removal strategies. The methods discussed in this review reflect current thinking 

and practice in error correction. There is still plenty of room for improvements and 

innovations. For example, the new high-fidelity DNA synthesis chemistry has yet to be 

put into general use, which can reduce error generation from the beginning. The error-

correction enzymes can be further engineered to be more effective on correcting single-

base mutations. The cloning and sequencing process used to select correct sequences 

should be eliminated or simplified and automated using advanced NGS technology.  

Ultimately, what the field is looking for is a simple, effective and automatable 

method that ensures maximum quality of DNA synthesis at minimum cost. Concerted 

efforts combining more efficient DNA synthesis chemistry, more effective error-

correction enzymes, and more powerful NGS sequencing technology seems to be the 
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way to go. With continued innovation, this goal is expected to be accomplished in the 

near future, which will significantly benefit the synthetic biology and biotechnology 

fields. 
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3. Automated High-throughput Gene Synthesis from 
Functionalized Microchips 

The development of DNA microarray technology for high-throughput gene 

synthesis is hampered by poor sequence quality and inefficient gene assembly. In this 

chapter we describe the development of an in situ gene synthesis technology, which 

integrates on a single programmable microchip the synthesis of DNA oligonucleotides 

using inkjet printing, isothermal oligonucleotide amplification and parallel gene 

assembly.  Thermoplastic cyclic olefin copolymer (COC) was functionalized with 

hydrophilic SiO2 thin film arrays, creating physically isolated picoliter-sized reactors 

that constrain liquid via differential wettability. These functionalized SiO2-COC 

microchips exhibit enhanced droplet confinement and reduced edge-effect during in situ 

DNA synthesis, producing high-quality oligonucleotide arrays. Further, we demonstrate 

accurate and effective on-chip gene assembly from complex and heterogeneous 

microarray oligonucleotides by integrated amplification and assembly of sub-arrays in 

physically-isolated reaction chambers.  
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3.1 Introduction 

Gene and genome syntheses play an increasingly important role in synthetic 

biology and biotechnology [11, 27, 47, 57, 119]. The high cost and limited throughput of 

column-based oligonucleotide synthesis have nevertheless become a bottleneck for 

large-scale gene synthesis and genome assembly projects in the new synthetic biology 

era. Emerging technologies on highly parallelized and miniaturized synthesis hold the 

potential to significantly increase the throughput and decrease the cost of gene 

synthesis. Recent advances in DNA microarrays[7, 19, 21, 25, 26] that can produce pools 

of up to a million oligonucleotides for gene assembly, albeit in minute quantities (~105–

106 molecules per sequence), has driven the rapid development of gene synthesis 

technology.  

A number of challenges exist in adapting microarray technology for gene 

synthesis. In practice, sequence integrity can be significantly compromised by “edge 

effects” caused by droplets misalignment, light beam drifts or improper reagent 

sequestration. To achieve high-quality DNA synthesis, we sought to design microchip 

with reduced edge effect by utilizing differential wettability between hydrophilic 

features and their hydrophobic background. Glass and silicon have traditionally been 

used for microarray fabrication due to prominent physical properties and diverse 

surface functionalization chemistries[120].Recently, thermoplastic materials such as 

cyclic olefin copolymers (COC) have been tested as low-cost alternative array substrates, 
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especially for devices integrating microarrays with microfluidics[121-123]. COC presents 

a chemically inert and highly hydrophobic surface with low auto fluorescence and 

moisture absorption.. Its compatibility with inexpensive and easily replicable fabrication 

techniques like injection modeling and hot embossing allows rapid prototyping and 

potential integration of microfluidics system. Silica deposition can be used to 

functionalize COC surface to create hydrophilic reactors by constraining liquid via 

differential wettability. The well-established surface chemistry of SiO2 thin film allows a 

variety of functional groups and linkers to be readily conjugated to the surface. We 

describe here the fabrication and characterization of SiO2-COC hybrid material with 

reduced edge effect, and demonstrate in situ synthesis of high-quality oligonucleotide 

arrays using a custom-built inkjet DNA synthesizer.  

Oligo pools produced from microarray provide a cheap source of oligos but do 

not simplify or reduce the cost of down-stream gene assembly process. In many cases, 

large complex oligo pools make gene assembly more challenging and prone to error. A 

number of strategies have been developed to circumvent the problem, including more 

efficient assembly strategies[26]] and selective amplification of oligos[19]. To address 

this issue, we divide the entire microarray into subarrays, each containing only the 

oligos needed to assemble a longer DNA molecule of about 0.5–1kb in total length. 

Subarrays were physically isolated from the rest of the chip by being located in 

individual wells, eliminating the need for post-synthesis partitioning of the oligo pool. 
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We then integrated array oligo synthesis; amplification and gene assembly steps in 

physically isolated wells on the same chip. The entire process is performed on-chip to 

increase throughput and minimize turn-around time and spurious hybridization. Using 

this platform, we are able to produce full-length gene constructs from the patterned and 

functionalized COC microchip in a high-throughput and low cost manner. 
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3.2 Materials and Methods  

3.2.1 Materials 

 Cyclic olefin copolymers (COC) resins (Topas 6015S-04) and COC plates (Topas 

6015, 6’’x6’’) were purchased from TOPAS Advanced Polymers (Florence, KY). Positive 

photoresist Shipley 1813 and developer were purchased from MicroChem Corp. 

(Newton, MA). 3‐Triethoxysilylpropyl‐4‐hydroxybutyramide (3TSP4HB) was purchased 

from Gelest Inc. (Morrisville, PA). Nucleoside phosphoramidites (Pac-dA-CE, Ac-dC-

CE, iPr-Pac-dG-CE and dT-CE), 5-ethylthio-1H-tetrazole, Cap Mix A (5% Phenoxyacetic 

anhydride in THF), and oxidizer (0.02 M iodine in pyridine/tetrahydrofuran/water) were 

purchased from Glen Research (Sterling, VA). Phosphoramidites and 5-ethylthio-1H-

tetrazole were dissolved at 0.25 and 0.625 M, respectively, in a mixture of 50% 3-

methoxypropionitrile and 50% glutaronitrile (Sigma, St. Louis, MO). The solvents were 

dried for 2 days on molecular sieves before use. Synthesis-grade anhydrous acetonitrile, 

Cap Mix B (n-methylimidazole in THF) and deblocking solution (trichloroacetic acid in 

DCM) were purchased from Azco Biotech (San Diego, CA). 

 

3.2.2 Patterning COC Slides and Functionalization 

COC plates were cleaned in a clean-room environment by immersing in acetone, ethanol 

and deionized water sequentially with sonication, and dried with a stream of nitrogen. 

Samples were baked in a vacuum oven at 110 °C for 10min. Prior to silica deposition; an 
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array of microwells with bare COC bottom was created with a layer of positive S1813 

photoresist following standard photolithography procedures. The samples were then 

plasma ashed at 100W for 3min prior to silica deposition. Silicon dioxide films were 

deposited by using a Kurt Lesker PVD 75 (Kurt J. Lesker Company, Pittsburgh, PA) RF 

magnetron sputtering system. A 3’’ SiO2 sputteing target (99.995% purity) was used. 

Substrates were fixed on a holder on top of the target and the holder rotated at constant 

speed for uniform deposition. The chamberF was pumped down to 5.0 x 10-6 Torr and 

gases were purged into chamber by opening the gas valve. High-purity Ar and O2 were 

mixed by pre-set program “MODE 2” and were introduced to the chamber to reach the 

desired gas pressure and stabilize. RF power was gradually increased to 350W with the 

shutter closed at a ramp rate of 10W/min. The shutter was opened at the desired rf 

power level and deposition was performed for 1h – 2hs. Silanization was performed via 

solution-based method. Hydroxyl silane (3TSP4HB) was dissolved at 1% (v/v) 

concentration in a solvent of 95% methanol and 5% dIH2O, and patterned samples were 

incubated at room temperature for 15min. the samples were washed with original 

solvent, dried with a nitrogen stream, and baked in a vacuum oven at 110 °C for 10min. 

The remaining photoresist was stripped by sonication in acetone. All patterned samples 

were immersed into a 1:1 H2SO4:H2O2 solution for 15min to remove resist residue and 

finally rinsed with deionized water and blown dry.  
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3.3.3 Characterization Methods  

The SEM images were taken on a FEI XL30 SEM machine at the Shared Materials 

Instrumentation Facility (SMIF) at Duke University. Chemical binding energy analyses 

of materials were performed using a Kratos Analytical axis ultra-x-ray photoelectron 

spectrometer (Kratos Analytical Inc., New York) with a monochromatic Al KR x-ray 

source radiation at 1486.6 eV. The survey spectrum was an average of five sweeps at a 

pass energy of 160eV, 1eV/step resolution, and 200ms dwell time. For high-resolution 

regions spectra of C 1s, O 1s, and Si 1p were an average of ten sweeps at a pass energy of 

20eV, 1eV/step resolution, and 200 ms dwell time. The deposited film thickness was 

measured with an optical interferometer, Nanometrics 210 (Nanometrics Incorporated, 

CA). A 10x objective lens for small spot size focus and the standard “Oxide on Silicon” 

thickness measurement program were employed. A total of five points for each sample 

were randomly chosen for measurement. Due to the close refractive indices between 

SiO2 film and the COC substrate, and the fact that both layers are transparent, the film 

thickness could not be directly measured by most optical techniques. Therefore, a small 

piece of silicon wafer was put into the deposition chamber along with the COC substrate 

for total film thickness measurements. Surface roughness was measured with a Bruker 

Dektak150 profilometer (Bruker, Billerica, MA). For each sample, six points were 

randomly chosen on the surface before and after film deposition. The roughness were 

calculated from the surface profile images and averaged. Contact angle measurements 
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were taken using a NRL CA goniometer (Ramé-Hart, NJ). For measurements 

determining the effect of sonication, samples were kept at maximum power in a Crest 

Tru-Sweep Genesis ultrasonic cleaner (Crest Ultrasonics, Trenton, NJ) for 10 min. For 

heat treatment affected measurements, samples were placed in a 100° oven for 1h. For 

DCM treatment, samples were exposed to the solvent for 1h at room temperature.  

 

3.3.4 In situ Oligonucleotide Synthesis and Elusion 

 In situ DNA microarray synthesis was carried out on a custom-built 

piezoelectric inkjet platform based on standard phosphoramidite chemistry. 1:1 mixture 

of methyl glutaronitrile (MGN) and 3-methoxypropionitrile (3MP) was used as solvent 

instead of volatile acetonitrile. Four channels on the printhead delivered 

phosphoramidite monomers (A, T, G, and C) and one delivered an activator 

(ethylthiotetrazole). Bulk reagents (i.e., oxidizer, deprotection acid, acetonitrile, Cap A, 

Cap B) and waste were stored in glass bottles with GL-45 screw-top caps. Bulk reagents 

were controlled using PTFE solenoid valves leading to delivery lines collocated near the 

printhead (or to the slide holder for the waste line). Approximately 0.5 mL of each bulk 

reagent was added at a time, which was enough to cover the slide surface. An optical 

system is also collocated near the printhead, which captures high contrast images of 

printed droplets using a CCD detector and collimated LED light, enabling alignment of 

the printhead with a slide’s silica features. After synthesis, the COC slides were removed 
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from the synthesis platform and rinsed with acetonitrile and then 95% ethanol. The base-

protecting groups were removed by 2 h incubation in EDA/EtOH (anhydrous, 1:1 v/v) at 

room temperature. The deprotected slides were rinsed five times with deionized water, 

dried, and stored in a desiccator.  

Oligos used for gel analysis were cleaved from patterned samples that had been 

silanized prior to synthesis. Slides were affixed with a Biorad hybridization chamber 

and loaded with 300 μL of NH4OH. Once loaded, the slides were placed under 80 psi 

of pressure using a pneumatic clamp assembly (Biolytic Lab Performance Inc., Newark, 

CA) for 18 h at room temperature. The eluate was collected from slides and dried down 

in a speed vacuum centrifuge (Eppendorf, Hamburg, Germany) and the precipitate was 

resuspended in sterile Milli-Q water (where the precipitates from three slides were 

pooled and resuspended in 5 μL). The oligos were separated by polyacrylamide gel 

electrophoresis for 50min using a 15% Urea-TBE gel at 180V. The gels were then stained 

with SYBR Gold and virtualized by UV illumination in a Fluorchem gel documentation 

and analysis system (Alpha Innotech, San Leandro, CA, USA).  

 

3.3.5 Staining and Fluorescence Imaging 

After synthesis and deprotection, the COC slide was placed in a 3% (w/v) 

Pluronic F108 solution for 10 min (45). Pluronic (BASF, Research Triangle Park, NC, 

USA), a triblock copolymer consisting of PEO-PPO-PEO units, hydrophobically adsorbs 
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onto the background COC via its PPO unit while the hydrophilic PEO chains minimize 

nonspecific adsorption. Slides were then blown dry. For SYBR Gold staining, 1 μL of 

SYBR gold (S-11494, Invitrogen) was dissolved in 10 mL of Tris/Borate/EDTA (TBE) 

buffer. Slides carrying synthesized oligos and blocked with Pluronic were incubated for 

15 min in the SYBR gold solution. Slides were then rinsed in DI water three times by 

soaking them in a staining jar at room temperature (5 min each time). Slides were 

imaged using a Genepix 4000B scanner (Molecular Devices) at a wavelength of 532 nm 

(Cy3) and 635 nm (Cy5). Slides were scanned with the photomultiplier tubes (PMT) set 

at 600 and 100% lamp power. A focus point of 0 was used for all samples. All scans were 

saved as multi-image TIFF files and processed using Genepix Pro 5.1 software. 

 

3.3.6 In situ Gene Assembly 

 On-chip oligo amplification and gene assembly using combined nicking strand 

displacement and polymerase cycle assembly (nSDA–PCA) reaction was performed as 

described elsewhere. Briefly, an 8-well incubation adapter (Sigma-Aldrich) was fitted 

onto the COC slide so that each well contained a synthesized oligo array. The wells were 

filled with the nSDA–PCA reaction cocktail composed of 0.4 mMdNTP, 0.2mg/ml BSA, 

Nt. BstNBI, Bst large fragment and Phusion polymerase in an optimized Thermopol II 

buffer. The slides with sealed chambers were placed on the in situ slide-adapter of a 

Mastercycler Gradient thermocycler (Eppendorf) to perform combined nSDA–PCA 
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reactions. Oligos were first amplified and released into the fluid by nSDA reaction. 

When sufficient copy numbers of each oligo strands were accumulated, the reaction was 

switched to polymerase chain cycles to produce full-length gene products. After the 

nSDA–PCA reaction, 1–2μl of the reaction from each chamber was used for PCR 

amplification with end primers. Reaction mixture collected from the reaction chamber 

before and after PCR enrichment were separated by 1% agarose gel electrophoresis and 

virtualized by UV illumination in a Fluorchem gel documentation and analysis system 

(Alpha Innotech, San Leandro, CA, USA).  
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3.3 Results and Discussion  

3.3.1 Fabrication and characterization of functionalized thermoplastic 
microchip 

We used a custom-built inkjet system to synthesize oligonucleotide microarrays 

on prepatterned SiO2−COC slides. The patterned SiO2−COC slides were prepared 

following the procedure as illustrated in Figure 3-1. Prior to silica deposition, an array of 

microwells with bare COC bottom was created in a layer of photoresist that was spin-

coated on the COC slide surface. After sputter deposition of silica thin film, the 

photoresist was removed by acetone and a silica thin film pattern was left behind only 

on the previously exposed microwell bottom. Subsequently, oligos were synthesized on 

the hydrophilic surface of prepatterned silica features using a custom-built inkjet DNA 

synthesizer. Oligos were either synthesized directly on native silanols (−OH) presented 

on the silica arrays after hydroxylating with Piranha solution or on arrays silanized with 

a cleavable linker. 



 

63 

 

 

Figure 3-1: Schematic illustration of in situ synthesis of DNA oligonucleotide 

microarray on patterned SiO2−COC slides using inkjet synthesizer. A) Fabrication 

process of the patterned SiO2−COC slide via photolithography and RF sputtering 

techniques; B) Scheme of in situ oligonucleotide microarray synthesis on SiO2−COC 

slides with piezoelectric inkjet microarray platform consisting of a controller PC, 

DAQ-electronics, and a servo controller, which together control the movement and 

the printing of the inkjet printhead onto slide surfaces. 

 

A 

B 
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Proper formation of the silica arrays on COC was confirmed by scanning electron 

microscopy (SEM) (Figure 3-2) on several chip designs with feature size ranging from 

100μm to 300μm. Under higher-magnification, these features showed well-defined and 

smooth boundaries. The lack of any defects or missing features indicated that the 

bonding between silica and COC was sufficiently strong to sustain extensive sonications 

during the microfabrication process. It was also noticed that the silica−COC bonding 

was able to withstand repeated attempts to dislodge them by sticking and peeling of an 

adhesive tape from the slide surface. 

The surface chemistry of the thermoplastic substrates before and after silica 

deposition was investigated by X-Ray photoelectron spectroscopy (XPS) analysis (Figure 

3-3). As all the thermoplastics are saturated hydrocarbons, they present primarily two 

elemental peaks in their chemical spectra. A representative survey spectra collected from 

untreated COC indicated typical C(1s) peak (284.5 eV), O(1s) peak (529.5 eV) and O KLL 

peaks (973.5 eV) (Figure 3-3a).  
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Figure 3-2: SEM images illustrate the proper formation of silica dioxide arrays with 

different feature sizes. A) Arrays with feature diameter of 100μm; B) Arrays with 

feature diameter of 150μm; C) Arrays of feature diameter of 300μm; D) 2500x 
magnification of one 300μm diameter feature. 
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Figure 3-3: XPS survey scans of COC samples. (a) Without SiO2 deposition. (b) With 

SiO2 deposition. A take-off angle (t.o.a.) of 90° was used for all XPS measurements. 

 

 

 

A 
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The survey spectra of SiO2 sputtered COC showed dramatic increase in O(1s) 

intensity and equally dramatic decrease in C(1s) intensity (Fig. 3b). In addition, the two 

prominent peaks at 153.6 eV (Si 2s) and 102.6 eV (Si 2 p) agreed well with the reported 

binding energies of SiO2[124], which further confirmed the presence of SiO2 film on the 

polymer surface (Figure 3-3b). Concentrations of carbon, oxygen and silicon atoms on 

both sample surfaces were estimated from peak areas. Ratios of oxygen-to-carbon (O/C) 

and silicon-to-carbon (Si/C) were calculated using atomic percentage in spectra and the 

results for both samples are listed in Table 1: XPS compositional analysis of COC 

samples with and without SiO2 film deposition. Comparing the modified with the bare 

surface, the average O/C ratios changed from 0.047 to 8.68, while the average Si/C ratios 

for 0 to 3.86. This result was consistent with the expected surface modification. A 

reduction in C (1s) intensity was expected when the surface was coated by SiO2. In 

addition, the incorporation of oxygen and silicon atoms was also expected to increase 

the ratios of O/C and Si/C. The high ratios of O/C and Si/C on coated sample 

demonstrated the high efficiency of the sputtering process. 
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Table 1: XPS compositional analysis of COC samples with and without SiO2 film 

deposition 

 
Atomic Conc. (%) 

  

 
Xc Xo Xsi Xo/Xc Xsi/Xc 

COC 95.52 4.48 - 0.0469 - 

COC/SiO2 7.38 64.09 28.53 8.6842 3.8658 

- Element not present 

 

The mean surface roughness (Ra) and root-mean-square roughness (Rq) of SiO2 

coated and uncoated COC samples were measured with a profilometer on a surface area 

of 500 m linear range). Two samples were used for profilometer measurements. Six 

points were randomly chosen on the surface of each sample before and after film 

deposition. The roughness were calculated from the surface profile images and 

averaged. The roughness data on both coated and uncoated samples (Table 2) indicates 

that the deposition caused very slight increase in roughness on the surface.  
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Table 2: Surface roughness (Ra, Rq) and contact angle measurements of COC samples 

with and without SiO2 film deposition 

 

Mean Surface 

Roughness (Ra) 

Root-mean Surface 

Roughness (Rq) 
Contact Angle 

COC 3.44±0.84 4.32±0.74 100.05° 

COC/SiO2 3.75±0.53 4.79±0.61 17° 

 

The surface thin film roughness is strongly related to the deposition mechanism, 

which is controlled by the mobility of atoms on the surface. The increase in atom 

mobility will result in lower roughness. During sputtering deposition, the atom mobility 

can be enhanced by using higher power to bombard the target atoms. In our study, 

although we did not compare roughness of different samples made by different 

deposition powers, the sample we studied was made at a power level of 350 W, which 

provided enough energy to the atoms to produce a smooth coating surface. On the other 

hand, higher power produced a higher-energy dispersion of deposited atoms and 

caused the substrate to self-heat. If the heating temperature became higher than the Tg, 

the plastic substrate would deform and increase surface roughness. In our study, 

although the substrate temperature increased during the deposition, we did not observe 

any significant damage or increase in roughness of the substrate surface. 

The surface wettability change after SiO2 deposition was characterized by water 

contact angle measurements and illustrated in Table 2 as well. The contact angle of the 

water drop was 100.5° on the COC surface before silica film deposition. After film 
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deposition, the contact angle decreased to 17°. The dramatic surface wettability change 

was clearly caused by the SiO2 film deposition. 

 

3.3.2 Oligonucleotide array synthesis from functionalized microchips 

To investigate the feasibility of employing sputtered SiO2 features on COC for 

microarray DNA synthesis, the coated samples were immersed in fourteen different 

solvents separately for 24 h to access the chemical compatibility. Following incubation, 

samples were rinsed by deionized water and dried by nitrogen gas. As summarized in 

Table 3, there were no obvious changes in morphology for samples in water, PBS buffer, 

TE buffer, acidic aqueous solutions as well as polar organic solvent such as acetone, IPA, 

ethanol, or methanol. No obvious damage was observed on the SiO2 film or the COC 

substrate in ACN. In basic aqueous solutions, the sample in NH4OH showed no damage 

on either the SiO2 film or the COC substrate. However, the SiO2 film was stripped from 

the COC surface when immersed in 1M NaOH solution, although there was no surface 

damage to the COC substrate. Severe damages to the SiO2 film were observed in 

methylene chloride and THF. Damages to both samples might be attributed to the COC 

swelling and deformation in the solvents. We also tested the mechanical stability of the 

hybrid material and found that the bonding between COC and the silica dioxide was 

sufficiently strong to sustain extensive sonication. These results indicated that although 

there is no covalent bond formed between COC and the silica coating, the adhesion 
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strength of the features are sufficient for microarray DNA synthesis with standard 

phosphroamidite chemistry.  

 

Table 3: Chemical compatibility of SiO2-COC hybrid microchip 

Damage Non Silica film Substrate & Silica 

H2O ✔ 
  

PBS, 1X ✔ 
  

TE, 1X ✔ 
  

HCl, 1M ✔ 
  

Acetone ✔ 
  

IPA ✔ 
  

Ethanol ✔ 
  

Methanol ✔ 
  

NH4OH, 27% ✔ 
  

Acetonitrile ✔ 
  

Ethylenediamine ✔ 
  

3-methoxy-propionitrile ✔ 
  

2-methyl glutaronitrile ✔ 
  

NaOH, 1M 
 

✔ 
 

THF 
  

✔ 

Methylene Chloride 
  

✔ 
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As we expected these silica features were able to constrain liquid via differential 

surface wettability between the COC and the deposited oxide, and this effectively 

formed individual picolitter reactors. We found this effect to be even enhanced with 

conjugation of hydroxyl silanes. In one practice, hydroxyl silane 3TSP4HB was coupled 

to the silica film prior to the remove of photoresist. The successful formation of silanized 

features was confirmed with surface composition analysis using XPS (Figure 3-4B). 

During microarray synthesis, we found that silanized features required only half of the 

reagents volume to cover the entire spot. And since there was much higher population 

of readily accessible hydroxyl groups on the surface, the coupling efficiency of the first 

nucleotide was drastically improved.  

We also found these arrays were very effective at reducing edge effect. As shown 

by images taken with the onboard camera after printing (Figure 3-4C), the droplets were 

well confined by these patterned features and there was no observable distortion. We 

synthesized 48nt oligos arrays onto the patterned microchip and stained it with SYBR 

Gold. As indicated by the fluorescence profile (Figure 3-4D), the features demonstrated 

relatively sharp boundaries and the morphology and signal intensity were uniform 

across the arrays. 
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Figure 3-4: Silanization of patterned SiO2 arrays on COC with reduced edge effect. A) 

Schematic illustration of the chemistry used for surface modification; B) XPS survey 

scans of 3TSP4HB silanized oxCOC surface. The N(1s) peak demonstrates successful 

functionalization; C) Image taken from on-broad camera on the synthesizer after 

printing; D)Fluorescence image of an in situ oligonucleotide array on SiO2-COC 

slides. 
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The patterned and functionalized COC microchip bearing SiO2 arrays were then 

tested for in situ oligonucleotide array synthesis and gene assembly. We synthesized 

oligos into segregated arrays on patterned COC chip and fit them into individual 

chambers. The chambers were than filled with corresponding reaction mixtures to allow 

ammonia hydrolysis or enzymatic reactions happen inside. We first synthesized arrays 

with unisequensd olligos of different length and cleaved them off the chip. The 

synthesized oligos were visualized on a 15% TBE-urea gel by electrophoresis. The oligo 

density determined from silanized arrays was 10-20pmol/cm2, which is 0.6-1.2fmol per 

spot/sequence with typical feature diameter at 250um.  Figure 5A illustrated products 

ranging from 60 to 85bases long. 
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Figure 3-5: Different length oligonucleotide synthesized and cleaved from 

functionalized microchip 
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3.3.3 Integrated oligonucleotide amplification and gene assembly on 
chip 

Oligo pools produced from microarray provide a cheap source for oligos but do 

not simplify or reduce the cost of down-stream gene assembly process. In many cases, 

large complex oligo pools make gene assembly more challenging and prone to error. As 

shown previously, microchip oligonucleotide synthesis produces only 106-108 molecules 

per spot (~2fmol), which is six orders of magnitude lower than those of column-

synthesized oligonucleotides and is too low for gene assembly without amplification. To 

effectively use all the oligos synthesized on a microarray, we integrated array oligo 

synthesis, amplification and gene assembly steps in individual wells on the same chip. 

We divided the whole microarray into subarrays, each containing only the oligos that 

are needed to assemble a longer DNA molecule of about 0.5–1 kb in total length. 

Subarrays are physically isolated from the rest of the chip by being located in individual 

wells, eliminating the need for post-synthesis partitioning of the oligo pool. 

First, instead of chemically cleaving oligonucleotides off the chip for gene 

assembly, we developed isothermal nicking and strand-displacement amplification 

(SDA) reactions to amplify and release overlapping gene-construction oligonucleotides 

into the sealed wells. Then without switching buffer or hands-on manipulations, 

polymerase cycling assembly (PCA) reaction takes place in the same cells to construct 

gene sequences. The entire procedure is performed on-chip to increase throughput and 

minimize turn-around time and spurious hybridization.  



 

77 

 

Figure 3-6: Combined in situ nicking endonuclease-mediated strand-displacement 

DNA synthesis and polymerase chain assembly. A primer containing nicking 

recognition site hybridize to the in situ target oligo and initiate polymerase extension. 

The newly synthesized strand was cleaved by nicking endonuclease and polymerase 

binds to the nicking site and extends from the 3’OH, displacing the downstream 

strand and regenerating the recognitions site. The continuous combined actions of the 

nicking endonuclease and DNA polymerase result in the linear amplification of the 

complementary strand of the target Oligo. The resultant oligo pool contains 60bp 

oligos overlapping with each other by 20bp, which are assembled into successively 

longer DNA assemblies through multiple rounds of annealing and extension by DNA 

polymerase. 
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The basic principle of nicking endonuclease-mediated strand-displacement in 

situ amplification is illustrated in Figure 3-6. The oligos are 85mer containing a 60mer 

constructing region, and to its 3’ end the reverse complement of recognition sequences 

for different nicking enzymes and additional 18-20 nucleotides of random sequence to 

increase the melting temperature of the upstream fragment following nicking activity. 

The accompanying primers (~23bp) containing the recognition region will hybridize to 

the 3’ end of the oligos, allowing nicking endonuclease to bind and cleave. A DNA 

polymerase then binds to the nicking site and extends from the 3’OH group, displacing 

the downstream strand. The extension by polymerase regenerates the nicking 

recognition site and continues the cycle.  

A number of DNA polymerases and nicking endonucleases were examined. The 

DNA polymerases include Bst (large fragment) and Sequenase 2.0, both of which seem 

to possess the desired characteristics for SDA. Nicking endonuclease were chosen based 

on their a) ability to nick outside the target sequence rather than within; b) rapid 

turnover kinetics; c) recognition site with 4 or more nucleotides, such as Nt. BsmAI, 

Nt.AlwI, Nt.BstNbI all have 5bp recognition site [125]. To adopt the amplification gene 

assembly of long DNA targets, nicking endonucleases with long recognition sequences 

are essential. The engineered nicking enzyme Nt.BspQI has 7-bp recognition sequences 

[126], which are 16× more specific than an enzyme with a 5-bp recognition sequence. On 

average, they would nick only once every 16,000 bp (47= 16,384) in a DNA molecule with 
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random sequence, ensuring that for most templates amplification only occurs at nicking 

sites introduced by the primers.  

SDA reaction is known to be highly sensitive to nicking enzyme concentration 

[127]. Higher concentrations inhibit the reaction while lower concentrations may not be 

sufficient to sustain the reaction rate. We first use commercial oligos to determine the 

optimal concentration unique to each nicking endonuclease (shown in Table 4). Then we 

compare the efficiency of these enzymes with different polymerase. As shown in Figure 

3-7, Nt.BstNBI and Nt.BspQI are more efficient than the other two nicking endonuclease. 

Specifically, Nt.BstNBI gives higher yield and less non-specific backgrounds when 

paired with Bst Large fragment rather than Sequenase 2.0 and vice versa for Nt. BspQI.  

We chose these two combinations for further investigation with in situ oligos. We 

synthesized oligos in segregated arrays on patterned COC chip and fit them into 

individual hybridization chambers. The chip was then filled with different SDA reaction 

mixtures and in situ amplified at different time point. The amplification reactions follow 

a linear kinetic and plaque after 2hs with a total ~4x or 6x amplification for BstNBI or 

BspQI (Figure 3-8).   
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Table 4: SDA optimization conditions and optimal concentration of nicking 

endonucleases 

 

Figure 3-7: SDA of 60mer product from a 85mer template with different nicking 

enzyme and polymerase. Specific conditions are listed in Table 1 

 

 

 

 

 

 

Lane No. 1 2 3 4 5 6 7 8 

Nicking enzyme Nt.Alwl Nt. BsmAI Nt.BstNBI Nt.BspQI Nt.Alwl Nt. BsmAI Nt.BstNBI Nt.BspQI 

Recognition site 
GGATCNN

NN^ 
GTCTCN^ 

GAGTCNN
NN^ 

GCTCTTCN
^ 

GGATCNN
NN^ 

GTCTCN^ 
GAGTCNN

NN^ 
GCTCTTCN

^ 
Optimal Conc. 20nM 50nM 10nM 3nM 20nM 50nM 10nM 3nM 

Polymerase 
Bst Large 
Fragment 

Bst Large 
Fragment 

Bst Large 
Fragment 

Bst Large 
Fragment 

Sequenase 
2.0 

Sequenase 
2.0 

Sequenase 
2.0 

Sequenase 
2.0 

Incubation temp 37C 37C 50C 50C 37C 37C 37C 37C 
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Figure 3-8: On chip SDA of 60mer product from a 85mer template. The reactions were 

with either Nt BspQI and sequenase 2.0 or NtBstNBI and Bst Large fragment (left 

panel).  Time points were taken at 5, 10, 30, 60, 90, 120, 180, 240min. The products were 

quantified and plotted (right panel). As we can see, the reactions of both enzymatic 

conditions follow linear kinetics initially but plateau after ~2hs. Reactions performed 

with BstQI and Sequenase 2.0 yield ~6x amplification while those with BstNBI and 

Bst large fragment yield ~4x amplification. 
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We next sought to achieve additional increases in throughput by integrating 

oligo synthesis with amplification and gene assembly on the same chip. Instead of 

chemically cleaving oligonucleotides off the chip for gene assembly, we synthesize 

subarrays with individual unique oligo sequence that has overlapping ends and could 

construct a full-length product. Then we applied a chamber on top to create physically 

isolated in situ reactors, where each chamber covered only the certain oligo blotch to 

construct a certain gene fragment. Each chamber was then filled with an enzymatic 

cocktail and the chip was placed on an in situ thermo-cycler to allow reaction. The 

enzymes first use linear strand displacement reaction (SDA) to amplify these oligos into 

the fluid, and when sufficient copy numbers of each oligo are accumulated, the reaction 

is switched to polymerase chain assembly (PCA) where oligos overlap with each other 

and form a full-length gene. Combining both amplifcation and assembly enzymes into a 

reaction cocktail allow both steps to be finished in one round of thermal cycling reaction. 

We were able to retrieve full-length construct from the reaction chamber. We tested this 

method to a variety of genes with different sequence and length, from the 160bp LacZ 

that consists of only 6 oligos to the 1KB gene consisted by 26 oligos (Figure 3-9). The size 

range of the combined nSDA-PCA reaction products is currently set at 0.5–1 kb for 

overall throughput and assembly efficiency considerations. Longer sequences can be 

hierarchically assembled from these 0.5–1 kb building blocks. 
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Figure 3-9: Combined on-chip nSDA-PCA and PCR amplification results of 

different length gene construct. A) nSDAPCA results of 180bp lacZ fragment (middle 

lane) and PCR amplification result (right lane); B) nSDAPCA results of 360bp 

transcription factor (middle lane) and PCR amplification result (right lane); C) 400bp, 

600bp and full length (723bp) RFP gene fragment amplified from nSDAPCA product 

using selective primers; D) PCR results of an 993bp gene encoding CELI mismatch 

specific endonuclease. 
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3.4 Conclusions  

In this study, we developed an automated microarray based gene synthesis 

platform integrating in situ oligonucleotide array synthesis, amplification and gene 

assembly. We developed a robust and efficient technique to pattern and functionalize 

thermoplastic. The resultant enhanced droplet confinement and reduced edge-effect 

during in situ DNA synthesis, producing high-quality oligonucleotide arrays. With 

integrated on-chip amplification and assembly, full-length gene products could be 

synthesized from these microchips in a single round of reaction. Our design allowed a 

standard 1′′ × 3′′ chip surface to be divided into 8 or 30 subarrays, each containing 432 or 

361 silica spots for synthesizing a unique DNA oligonucleotide sequence.  

With the setup used in this study, >3000 different 85-mer oligo sequences could 

be synthesized on a single chip, providing a capacity to produce up to 8-30 kb of 

assembled DNA. The integration of oligo synthesis and gene assembly on the same 

microchip facilitates automation and miniaturization, which leads to cost reduction and 

increases in throughput. With multiplexing and more advanced chip design, greater 

throughput and lower costs are potentially achievable. 
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4. Error-correction of Microchip Synthesized Genes 

Gene synthesis plays a pivotal role in many synthetic biology and biotechnology 

applications. Recent development of economical and high-throughput gene synthesis 

technology using microarray and microfluidics has been hampered by the high 

occurrence of errors in the synthesized products, which requires expensive labor and 

time to correct. A number of error correction methods have been proposed which 

involves using HPLC or mismatch binding proteins/enzymes to select or enrich of 

correct genes. Here, we describe an effective way to correct microarray synthesized 

genes using Surveyor nuclease, a mismatch-specific DNA endonuclease bearing the 

broadest substrate specificity towards all type of mismatches. In this method, errors are 

revealed as mismatches by re-annealing of the synthetic gene products. Mismatches are 

recognized and excised by a combination of mismatch-specific endonuclease activity 

and 3'→5' exonuclease activity present in the reaction mixture. Finally, overlap 

extension polymerase chain reaction (OE-PCR) re-assembles the resulting fragments into 

intact genes. The process can be iterated for increased fidelity. With two iterations, we 

were able to reduce errors in synthetic genes by >16-fold, yielding a final error rate of ∼1 

in 8700  bp.  
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4.1 Introduction 

The development of economical and high-throughput gene synthesis technology 

has been hampered by the high occurrence of errors in the synthesized products, which 

requires expensive labor and time to correct. To eliminate errors in longer synthetic gene 

constructs, slow and labor intensive cloning and sequencing methods are traditionally 

used. If the error rate is high or the sequence is long, large numbers of clones need to be 

sequenced in order to identify a correct one [128]. If a perfect clone cannot be isolated, 

site-directed mutagenesis has to be used to fix errors identified by sequencing [129-133]. 

Multiple rounds of cloning, sequencing, and site-directed mutagenesis can significantly 

increase the cost and turn-around time for gene synthesis as a result. 

In order to increase the chance of finding a correct clone, the overall error 

frequency in the synthetic gene pool needs to be significantly reduced. Methods of using 

mismatch-binding proteins (e.g. MutS) to remove error-containing DNA heteroduplexes 

have been developed [87, 88, 128]. However, such methods require cumbersome 

extraction of DNA from polyacrylamide gels (i.e: such as the ‘crush and soak’ method 

that take several hours more than simpler agarose gel extraction) or extraneous usage of 

multiple endonucleases. These methods may not work well for error-rich sequences, 

because the correct sequences have to be in large excess to the mutants in order to yield 

error-free homoduplexes to be gel purified and cloned. 

Conversely, methods using mismatch-cleaving enzymes are able to avoid those 

laborious purification steps as the enzymes can fragment such molecules. A number of 

enzymes have been tested, including T7 endonuclease I, T4 endonuclease VII, and 

Escherichia coli endonuclease V, all with various effectiveness [82, 98, 99]. The phage 

resolvase-based methods tend to be less effective and have high noise levels from 

nonspecific activity as these enzymes naturally function to recognize Holliday junctions 

and not mismatches [134].  
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The Surveyor nuclease is a new member of the S1 nuclease family which prefers 

double-stranded mismatched DNA substrates. It is not inhibited by high GC content, 

and can cut a mismatch heteroduplex efficiently at neutral pH whether the mismatch is 

a base substitution or an insertion or deletion anywhere from 1–12 nucleotides. Surveyor 

is able to act efficiently on molecules with multiple mismatches, even with only five 

nucleotides between mismatches. Additionally, it can handle substrates anywhere from 

40 bp to approximately 30 kb. Its broad substrate specificity and low non-specific 

activity has made Surveyor one of the best tools for mismatch detection. [92, 95, 116, 134, 

135]. In this study, we describe an error correction reaction (ECR), which employs 

Surveyor, a mismatch-specific DNA endonuclease, to remove errors from synthetic 

genes. In ECR reactions, errors are revealed as mismatches by re-annealing of the 

synthetic gene products. Mismatches are recognized and excised by a combination of 

mismatch-specific endonuclease and 3’-> 5’ exonuclease activities in the reaction 

mixture. Finally, overlap extension polymerase chain reaction (OE-PCR) re-assembles 

the resulting fragments into intact genes. The process can be iterated for increased 

fidelity. With two iterations, we were able to reduce errors in synthetic genes by >16-

fold, yielding a final error rate of ~1 in 8700 base pair. 
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4.2 Materials and Methods 

4.2.1 Reagents  

Chemicals were purchased either from Sigma-Aldrich or VWR. Enzymes were 

from New England Biolabs. The Surveyor nuclease was purchased from Transgenomic 

as part of the Surveyor Mutation Detection Kit. GC5 chemical competent cells were 

purchased from Invitrogen. 

 

4.2.2 Oligonucleotide synthesis and on-chip gene assembly   

Oligonucleotides were synthesized on a plastic chip using a custom-made inkjet 

DNA microarray synthesizer [136]. Gene construction oligos were designed to be 60-nt 

long with overlapping regions of similar melting temperatures (Tm=65 ± 2°C). The exact 

oligos synthesized are listed in Appendix A. On-chip oligo amplification and gene 

assembly using combined nicking strand displacement and polymerase cycle assembly 

reaction (nSDA-PCA) was performed as described with minor modifications [29]. 

Briefly, an 8-well incubation adapter (Sigma-Aldrich) was fitted onto the COC slide so 

that each well contained a synthesized oligo array. The wells were filled with the nSDA-

PCA reaction cocktail composed of 0.4 mM dNTP, 0.2 mg/ml BSA, Nt.BstNBI, Bst large 

fragment, and Phusion polymerase in an optimized Thermopol II buffer. The slides with 

sealed chambers were placed on the in situ slide-adapter of a Mastercycler Gradient 

thermocycler (Eppendorf) to perform combined nSDA-PCA reactions. nSDA involved 

incubation at 50°C for 2 hours followed by 80°C for 20 mins; the PCA reaction involved 

an initial denaturation at 98°C for 30 sec, followed by 40 cycles of denaturation at 98°C 

for 7 sec, annealing at 60°C for 60 sec, and elongation at 72°C for 15 sec/kb, and finished 

with an extended elongation step at 72°C for 5 min. 

After the nSDA–PCA reaction, 1–2 ml of the reaction from each chamber was 

used for PCR amplification with Phusion polymerase and end primers (Appendix A). 
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End primers were employed at a concentration of 0.5 mM. The PCR reaction involved an 

initial denaturation at 98°C for 30 s, followed by 30 cycles of denaturation at 98°C for 10 

s, annealing at 60°C for 60 s and elongation at 72°C for 30 s/kb, and finished with a final 

elongation at 72°C for 5 min.  

 

4.2.3 Error correction reaction of assembled genes.   

Once PCR amplification of the on-chip assembled gene was completed, the gene 

products were purified by agarose gel electrophoresis and extracted to yield a 

concentration of >100 ng/ml (measured using a Nanodrop analyzer). These PCR 

products were then diluted with either 1X Taq buffer or 1X Phusion HF buffer to yield a 

final concentration of 50 ng/ml. This was then melted by heating at 95°C for 10 min, 

cooled to 85°C at 2°C/s and held for 1 min. It was then cooled down to 25°C at a rate of 

0.3°C, holding for 1 min at every 10°C interval.  

For ECR using a 20 min Surveyor cleavage incubation, 4 ml (200 ng) of the re-

annealed gene product was mixed with 0.5 ml of Surveyor nuclease and 0.5 ml enhancer 

[which is known to be DNA ligase in nature and enhances the reaction [58, 95, 102]] and 

incubated at 42°C for 20 min. Two microliter of the reaction mixture was used for 

subsequent overlap extension–PCR (OE-PCR) using the same reaction conditions as the 

PCR above. The OE-PCR product was cloned and sequenced to serve as the result from 

the first iteration of error correction. For the second iteration of error correction, the OE-

PCR product band was diluted to 50 ng/ml using 1X Taq buffer and reannealed as 
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before. Similar to the first iteration, a 5 ml reaction consisting of 4 ml re-annealed 

product, 0.5 ml of Surveyor nuclease and 0.5 ml enhancer was incubated at 42°C for 20 

min. Two microliter of the product was subjected to OE-PCR, cloned and sequenced to 

serve as the result from the second iteration of error correction.  

For ECR using a 60 min Surveyor cleavage incubation, 8 ml of the re-annealed 

gene product in 1X Phusion buffer (final DNA concentration of 50 ng/ml) was added to 

2 ml of Surveyor nuclease and 1 ml enhancer to yield a total of 11 ml that was then 

incubated at 42°C for 60 min. Two microliter of the reaction mixture was then subjected 

to OE-PCR, and the resulting PCR product was cloned and sequenced to serve as the 

result from the first iteration of error correction. For the second iteration, the product 

from the first iteration was diluted to 50 ng/ml using 1X Phusion buffer and re-annealed 

as before. Similar to the first iteration, an 11-ml reaction consisting of 8 ml of re-annealed 

product, 2 ml of Surveyor nuclease and 1 ml of enhancer was incubated at 42°C for 60 

min. Two microliter of the product was used for OE-PCR and the PCR product was 

cloned and sequenced to serve as the result from the second iteration of error correction. 

In the trial of different enzyme amounts and incubation temperatures, the 

reaction composition was the same as that used for the 20 min incubation ECR, whereby 

4μl of melted product in 1X Taq buffer was added to 0.5μl, 1μl and 2μl of nuclease and 

enhancer each to yield total reaction volumes of 5μl, 6μl, and 8μl. Different temperature 

incubations were performed in two separate thermocyclers. After incubation, 2μl of each 

was amplified using the OE-PCR protocol outlined previously. 



 

91 

4.2.4 Cloning, sequencing, and functional analysis of synthetic 
genes.  

Synthetic gene products, before or after ECR, were cloned into pAcGFP1 vector 

using circular polymerase extension method (CPEC) [38, 39]. Briefly, 250 ng of the linear 

vector was mixed with the synthetic gene products at 1:2 molar ratios in a 25μl CPEC 

reaction using Phusion polymerase. The reaction involved 10 cycles of denaturation at 

98°C for 10 seconds, annealing at 55°C (rfp), 58°C (lacZ) or 60°C (gfp fusion genes) for 30 

seconds and extension at 72°C for 15 seconds, and finished with an extended elongation 

step at 72°C for 5 min.  

2μl of the cloning product was transformed into GC5 chemically competent cells 

(Invitrogen) according to the manufacturer’s instructions. Cells were grown on agar 

plates with 100μg/ml carbenicillin for approximately 16 hours and then kept at room 

temperature for 48 hours before been imaged in an AlphaImage gel documentation 

system. The percentage of fluorescent colonies was automatically determined using 

CellC (http://sites.google.com/site/cellcsoftware/download). The results were verified by 

thresholding the UV images using Adobe Photoshop and counting using ImageJ. 

Sequence analysis was done by extracting plasmids from selected colonies using a mini-

prep kit (Qiagen) and sequencing in-house at Duke University Sequencing Facility.  
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4.3 Results and Discussion 

4.3.1 Synthesizing full-length gene constructs from DNA microarrays  

Gene constructs were synthesized from the microarray platform we developed 

and described in Chapter 3.  Briefly, oligonucleotides were synthesized on a plastic 

microchip using a custom-made inkjet DNA microchip synthesizer. The printing area in 

each subarray was patterned with 150-μm spots of silica thin film to reduce 'edge-

effects', which could lead to poor oligo synthesis. We next sought to achieve additional 

increases in throughput by integrating oligo synthesis with amplification and gene 

assembly on the same chip. We first use isothermal nicking and a strand displacement 

amplification reaction (nSDA) to amplify oligos from the microarray surface, followed 

by polymerase cycling assembly (PCA) reaction in the same chamber. Briefly, 60-mer 

gene construction oligo sequences are synthesized with a 25-mer universal adaptor 

added at the 3′ end, which is anchored on the chip surface. This adaptor contains a 

nicking endonuclease recognition site. After array synthesis, a universal primer 

hybridizes to the adaptor and initiates continuous elongation and nicking on the 

extending strand. This is catalyzed by a combination of a strand-displacing polymerase 

(e.g., Bst large fragment) and a nicking endonuclease (e.g., Nt.BstNBI). The amplification 

is linear so as to keep the ratios constant among amplified oligos. The extent of the 

amplification is adjusted by controlling the reaction time. We estimate that a ~2 h 

reaction time results in an approximately fourfold amplification. 

To avoid complex microfluidic manipulations that would otherwise be required 

to collect and purify the amplified oligos for downstream gene assembly reactions; we 

designed the gene-assembly reaction cocktail to allow the PCA reaction to take place 

immediately after nSDA without a buffer change. After appropriate concentrations of 

the amplified oligos were accumulated by nSDA, the reaction mode is switched from 

isothermal amplification to thermal cycling, which results in assembly of the amplified 
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oligos into gene fragments in the same reaction chamber. The gene products are further 

amplified off-chip by PCR (Figure 4-1). 

 

 

 

 

 

Figure 4-1. Assembly of target genes by on-chip nSDA-PCA reactions. 

(a)Agarose gel image of the nSDA-PCA reaction product showing as a typical smear 

(left lane) and the PCR amplified lacZα gene product (right lane). The middle lane is 

100-bp DNA ladder. (b) Assembly of different sized segments of  the Red Fluorescent 

Protein (RFP) gene by on-chip nSDA-PCA reaction followed by PCR amplification. 
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4.3.2 General design of the ECR using Surveyor nuclease 

In this study, we aimed to develop a simple and convenient method to effectively 

remove errors from synthetic genes. The general strategy of using the Surveyor 

endonuclease to correct errors in synthetic genes is illustrated in Figure 4-2. After gene 

synthesis, the products are denatured and re-annealed to form mismatch-containing 

heteroduplexes (left panel). The subsequent ECR, right panel involves incubation of the 

re-annealed product with the Surveyor nuclease, followed by OE-PCR using a 

proofreading DNA polymerase. The 3’->5’ exonuclease activity of the DNA polymerase 

removes 30 overhangs that contain the mismatch base(s) and allows OE to proceed 

efficiently.  

Mismatch structures formed at the deletion, insertion and substitution sites in the 

heteroduplexes are recognized by the Surveyor mismatch-specific endonuclease, which 

cuts each strand at the phosphodiester bond at the 30 side of the mismatch site [102]. 

During the subsequent OE-PCR reaction, the 3’->5’ exonuclease activity of the proof-

reading DNA polymerase chews away any 30 overhangs that contain the mismatch 

base(s) (substitutions and insertions). Finally, the error-free fragments are extended and 

amplified into full-length gene constructs by the DNA polymerase. One round of ECR 

may not completely remove all errors and we are interested to determine whether more 

iterations of the ECR can be used to further remove any remaining errors. 
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Figure 4-2: Outline of steps involved in error correction of synthetic DNA constructs. 

Gene synthesis products are heat denatured and then slowly cooled down to form 

heteroduplexes containing mismatches at the error sites (left panel). Heteroduplexes 

are cleaved by the Surveyor nuclease at the sites flanking the mismatch bulges. The 

resulting single-stranded overhangs, where mismatch bases are located, are removed 

by the proofreading exonuclease activity of Phusion polymerase used in the OE-PCR. 

The resulting fragments with mismatch bases removed are efficiently assembled back 

into full-length gene constructs during OE-PCR (right panel). 
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4.3.3 Determine error frequency of on-chip gene synthesis 

Integrating oligo synthesis with gene assembly on a microchip can significantly 

reduce synthesis cost and increase throughput. As described in the Materials and 

Methods section, we synthesized DNA microarrays using a custom-built inkjet DNA 

synthesizer and used a combined nSDA–PCA reaction for on-chip oligo amplification 

and gene assembly. To determine error frequency of on-chip gene synthesis without 

error correction, we chose red fluorescent protein (rfp) as a test gene for convenient 

screen of functionally correct genes, which served as a good approximation of sequence 

correct genes. After the nSDA–PCA reaction, the 723-bp rfp construct was amplified by 

PCR (Figure 4-3, lane 1) and inserted into a modified pAcGFP1 expression vector using 

the CPEC cloning method as described in the Materials and Methods section. After 

transformation into bacteria, the colonies produced were either non-fluorescent, dimly 

or brightly fluorescent. A rough approximation of synthesis quality without error 

correction could be made using colony counts on agar plates. Using automated colony 

counting, it was found that 50.2% of the rfp colonies formed from uncorrected product 

fluoresced brightly (Figure 4-5A).  
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Figure 4-3: Cleavage and reassembly of synthetic gene product during ECR. Synthetic 

rfp gene (lane 1) was incubated with Surveyor nuclease for 20 min (lane 2) and 60 min 

(lane 3) at 42_C. The cleavage reaction products (lanes 2 and 3) were then re-

assembled by OE-PCR into full-length gene products (lanes 4 and 5, respectively, 

marked by arrow). The reaction products were analyzed by agarose gel 

electrophoresis with DNA molecular weight marker (lane M). 
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DNA sequencing was performed on 42 randomly picked rfp colonies from both 

directions. The sequencing results indicate an error rate of ~1.9/kb (Table 5). Deletions 

were found to be the dominant form of errors (75.4%), which was similar to column 

DNA synthesis where monomers are not successfully added to all of the growing 

polymer chains.  

 

4.3.4 ECR with Surveyor nuclease  

Surveyor nuclease has typically been used for mutation detection. We devised a 

strategy of using it for eliminating errors in synthetic genes, as shown in Figure 4-2. To 

determine the optimal reaction conditions of using Surveyor nuclease for error 

correction, we systematically varied reaction parameters, such as reagent amount, buffer 

composition, incubation time, temperature and number of iterations.  

In the first set of experiments, varying amounts of the Surveyor nuclease 

reagents, including the enzyme and the enhancer were tested. 0.5, 1 and 2 ml of 

Surveyor nuclease reagents were mixed with 200 ng of re-annealed synthetic rfp 

product. Incubations were performed either at 42°C for 20 min or 25°C for 60 min. After 

OE-PCR amplification, products from all variations were run on an agarose gel (Figure 

4-4). All bands on the gel appeared to be similar, indicating little difference with 

increased enzyme concentration.  
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Table 5: Error analysis of synthetic gene sequences before and after ECR with 

Surveyor nuclease 
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Figure 4-4: RFP gene product that underwent ECR (incubated with Surveyor) 

and then amplified by OE-PCR. Amount of nuclease and enhancer in Surveyor 

incubations was varied: Lane 1 and 4 (0.5 μl each), lane 2 and 5 (1 μl each), and lane 3 

and 6 (2 μl each). Incubation temperature was also varied: Lane 1-3 (42° for 20 min) 

and lane 4-6 (25° for 60 min). Results from all lanes appear similar, with no noticeable 

difference with increased enzyme amounts. 
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Depending on the length and sequence quality of the synthetic gene products, 

after re-annealing and incubation with the Surveyor nuclease, the amount of intact full 

length product that can survive the cleavage may be very limited. To assess the extent of 

cleavage of our on-chip synthesized rfp genes, we incubated the re-annealed product 

with Surveyor for either 20 or 60 min at 42°C. Figure 4-3 shows that after 20 min of 

Surveyor treatment, a fraction of the synthetic genes was cleaved into smaller fragments 

(lane 2); after 60 min, the majority of the genes were cleaved (lane 3). The results 

suggested that the cleavage by Surveyor nuclease was relatively efficient. It also 

suggests that the Surveyor cleavage assay can be used as a quick assessment of the 

sequence quality of the synthetic products. Following cleavage, OE-PCR was able to 

assemble and extend the fragments back to full-length genes, as shown in Figure 4-3 

(lanes 4 and 5).  

 

4.3.5 Reduction of error frequencies after ECR  

Both functional colony counting and DNA sequencing were performed to 

estimate error frequencies of chip-synthesized genes after ECR with 20-min or 60-min 

Surveyor treatment. It was reasoned that in one round of ECR, error sequences could 

form homodimers by chance during annealing and thus escape detection and cleavage. 

We therefore tested whether an additional round of ECR could eliminate more errors. 

Two iterations of ECR were performed with both 20 min and 60 min incubations as 
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outlined in the Materials and Methods section. Full-length gene products were cloned 

and used for functional assays and Sanger sequencing in order to estimate error 

frequencies.  

As shown in Figure 4-5A, increasing Surveyor cleavage time and number of 

iterations led to increases in the number of brightly fluorescent colonies. Using 20-min 

Surveyor treatment, the fluorescent population increased from 50.2% (untreated) to 74% 

and 84% in the first and second iteration, respectively. Using 60-min Surveyor treatment 

resulted in 78.4% and 94% fluorescent colonies after the first and second iteration. 

Example images showing the fluorescent colonies can be found in Figure 4-6.  
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Figure 4-5: ECR results as measured by gene function or reporter assays. Percentage of 

functional or fluorescent clones was measured before and after one or two iterations 

of ECR for five different gene constructs. (A) The effects of Surveyor incubation time 

(20 and 60 min) and number of ECR iterations on the synthesis of rfp gene by 

counting fluorescent colonies. (B) The percentage of blue (lacZa-v1&2) or fluorescent 

colonies (constructs 3 and 4) after 1 or 2 ECR iterations. 
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To investigate the repeatability and robustness of the method, we applied it to 

synthesis of four additional gene constructs and measured its effectiveness using 

functional or reporter assays. Of the four constructs, two were codon variants of the 

lacZα gene, the expression of which cause the colony to turn blue in the presence of X-

gal. The other two constructs could not be screened by their own functions and therefore 

were fused to the N-terminus of the green fluorescent protein (GFP) (Figure 4-5B). Blue 

or fluorescent colonies indicated that there were no frame shifts or mutations in the gene 

constructs that could abolish the function or expression of the genes. Therefore, the 

percentage of positive colonies could be used as an approximate indicator of the quality 

of the sequences. The results from the four additional constructs showed iterative 

increase in positive populations after each round of ECR (Figure 4-5B). As expected 

from the model predictions shown in Figure 4-7A, the small lacZα genes had a large 

fluorescent population even before error correction (~80% positive) as it had fewer errors 

to begin with due to their short length (174 bp). In comparison, the longer constructs (#3 

and 4) had lower percentages of correct colonies to begin with (~500 bp, ~55–60% 

positive), but the effect of ECR was more obvious, reaching >90% positive after two 

iterations (Figure 4-5B).  
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Figure 4-6: Employing error correction increases the percentage of fluorescent RFP 

colonies. Images below are examples of the increased fluorescent population derived 

by employing ECR with Surveyor nuclease. Image A1/A show colonies derived from 

the uncorrected RFP synthesis product that only yields 50.2% fluorescing colonies. 

Iterations of correction, using 20 min incubations in this case, yield colonies with an 

increased fluorescent population as shown in B1/B and C1/C. Images A1-C1 are the 

same images as A-C with an added pseudo-colored red mask to highlight the brightly 

fluorescent colonies. 
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Results from DNA sequencing analysis of randomly selected colonies correlated 

with the observations made with the colony counting experiments and revealed more 

details on the correction efficiency of different types of errors. The results in  

 

Table 5 showed that ECR with Surveyor was very efficient in reducing errors 

arising from deletion and insertion events. Most deletion and insertion type of errors 

could be eliminated after one round of 60-min treatment or two rounds of 20-min 

treatment. 

Surveyor treatment was also effective toward substitutions albeit with reduced 

efficiency. Substitution types of errors were still present after two rounds of 60-min 

incubations.  

For the purpose of developing the most efficient ECR procedure, data in  

 

Table 5 indicated that increasing incubation time from 20 to 60 min reduced 

error frequency from 0.31 to 0.26 error/kb (~16% reduction); while adding another round 

reduced error frequency from 0.31 to 0.18 error/kb for 20-min incubations (~42% 

reduction) and from 0.26 to 0.11 error/kb for 60-min incubations (~58% reduction). It 

appeared that adding a second round of ECR was more effective than increasing the 

Surveyor incubation time with only one round of ECR, although the accumulative 

effects of more iterations and longer Surveyor incubation was most dramatic.  
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Figure 4-7: Predicted effects of ECR as a function of sequence length. (A) Purity of 

gene synthesis products (percentage of error-free clones) decreases exponentially with 

the length of the product synthesized. Employing ECR (1 error in 8701 bp, blue line) 

dramatically increases the probability of locating an error-free clone than the 

uncorrected population (1 error in 526 bp, red line). (B) Employing ECR significantly 

reduces the number of colonies that need to be screened to have a high (95%) 

probability of obtaining at least one error-free clone. Two iterations of 60 min 

cleavage incubations with Surveyor (blue line) could yield a correct 10 kb product by 

sequencing eight random clones. Plots are derived from the result of model 

calculations as described in the text. 
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Following the model predictions of Carr et al. [128] and Furhmann et al. [137], 

we performed statistical analysis to better understand the implication of our results. As 

can be seen in Figure 4-7A, the percentage of gene synthesis products that yield error-

free clones decreases exponentially with the length of the product synthesized. 

Employing ECR for error correction (1 error in 8701 bp for two iterations of 60-min ECR, 

blue line) significantly increases the probability of locating an error-free clone than 

without error correction (1 error in 526 bp, red line). From the practitioner’s perspective, 

this means that dramatically fewer clones need to be sequenced (Figure 4-7B). For 

example, as predicated in Figure 4-7B with ECR, one will have to screen, on average, 

only 8–10 clones of a 10 kb treated or a single 1 kb clone in order to locate a correct one. 

The model prediction correlated well with our sequencing analysis results. Analyzing 

sequencing data of 77 random colonies from the second iteration of the 60-min ECR, we 

found 72 of the colonies contained the correct rfp gene. The determined error rate of 

0.11/kb meant a >16-fold reduction of errors present in the synthetic pool. With such an 

improvement, larger DNA targets can be conveniently synthesized and corrected within 

2–3 h without resorting to additional cloning or excessive sequencing. 
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4.4 Conclusions 

The method presented here performs enzymatic error correction on synthetic 

genes using Surveyor nuclease, which has the broadest substrate specificity toward all 

types of mismatches as compared to other known mismatch specific binding proteins or 

endonucleases. The method utilizes the mismatch-specific endonuclease activity of the 

Surveyor enzyme to cut heteroduplex sequences at the mismatch sites and uses the 

exonuclease activity of the proof-reading DNA polymerase to remove the mismatch 

bases, followed by an OE-PCR reaction to re-assemble the cleaved fragments into full-

length gene constructs. The results from the current study demonstrate that the 

optimized ECR procedure is robust and effective for all error types, especially insertions 

and deletions, yielding superior results than previous methods. The ECR method is 

probably more suitable for long and error-rich synthetic products and can be performed 

in less time than MutS-based procedures, which require gel-shift assay and DNA 

extraction from PAGE. Additionally, in comparison to the commercial ErrASE kit [138], 

the ECR reaction mitigates the need for tittering and excessive enzyme usage. Using the 

protocol developed in the current study, two ECR iterations could be completed in <5 h 

and reduces the error frequency by >16-fold. Future research to improve ECR may 

involve increasing its efficiency toward substitution types of errors. 
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5. High-Throughput Screening of Microchip 
Synthesized Genes in Programmable Double-Emulsion 
Droplets 

The rapid advances of synthetic biology and biotechnology increasingly demand 

high-throughput screening technologies that resolve a large population of information 

on a single cell, protein or gene level. Compartmentalization of single cells in water-in-

oil emulsion droplets provides an opportunity to screen vast numbers of individual 

assays with quantitative readouts, and has been recently advanced towards automation 

through microfluidics devices. However these single-emulsion droplets are 

incompatible with aqueous phase analysis and are not controllable through molecule 

transports.  

We present a high-throughput screening platform for synthetic gene libraries 

using microfluidics generated water-in-oil-in-water (w/o/w) double emulsion droplets 

that overcome these limitations and revolutionize both the scale and speed of the 

screening. Synthetic gene variants of fluorescent proteins are synthesized with a custom-

built inkjet synthesizer, isothermal oligonucleotide amplification and parallel gene 

assembly, which are then screened for expression in E. coli cells. Bacterial cells baring 

individual gene variants are encapsulated as single cells into double-emulsion droplets 

where cell populations are enriched by up to 1000 times within several hours of 

proliferation. Permeation of Isopropyl β-D-1-thiogalactopyranoside (IPTG) molecules 

from the external solution allows induction of target gene expression. The induced 
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expression of the synthetic fluorescent proteins from at least ~100 bacteria per droplet 

generates clearly distinguishable fluorescent signals that enable droplets sorting through 

fluorescence-activated cell sorting (FACS) technique. This technology obviates the needs 

for time- and labor-intensive cell culture and handling in conventional bulk experiment. 

Millions of cells can be screened in hours, significantly reducing the cost and turn-

around time.  
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5.1 Introduction 

For over sixty years, the tools and resources to synthesize, manipulate and 

analyze DNA have grown to encompass new extremes of both scales and precisions. 

Driven by miniaturization technologies, our ability to read and write DNA has been 

both dramatically improved over the last decade. High-throughput sequencing 

technologies such as next-generation sequencing (NGS), has revolutionized the 

discovery and understanding of natural DNA sequence, enabling the analysis of many 

genetic and biochemical processes at unprecedented scale and low cost (~15 petabases 

per year)[139, 140]. However this enhanced capability in generating hypothesis and 

measuring the outcomes yielded by NGS-based tools is still lagged by our ability to test 

such hypotheses experimentally, which remains to be one of the most limiting and cost-

prohibitive steps in the study of natural and engineering biology. Emerging technologies 

on highly parallelized and miniaturized synthetic techniques to construct DNA 

sequences over the previous years has led to significant improvements in our ability to 

understand and engineer biology.  Transition from column-synthesized oligos to array-

based oligos holds the potential to reduce the cost of gene synthesized by 3-5 orders of 

magnitude ($1 per 103-105bp) [141], a benefit of productivity gain on the same order of 

NGS. Following the early demonstrations of gene assembly using microarray-derived 

oligo pools [21-23], exciting new developments have been made to improve the quality, 
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efficiency, and automation of microarray-based oligo synthesis and gene assembly [19, 

26, 29, 142, 143].  

Despite tremendous improvements in both DNA synthesis and sequencing, one 

might be supersized by how little the impact affects the throughput and scale of current 

experimental workflow in real practice. This is due to a bottleneck existing in the 

screening step where the downstream cost of testing individual biological constructs for 

function is often far more expensive than the cost of the synthetic constructs themselves. 

We are limited by our ability to perform even-higher-throughput measurement on very 

large numbers of biochemical reactions and to screen large population of data 

qualitatively and quantitatively. In addition, since the engineering information is 

encoded in the genotype, while the selection functionality exhibit on the phenotype, this 

requires the genotype and phenotype to be linked in any screening activity.  

Cells are most commonly used to link genotype to phenotype. Synthetic 

constructs are usually introduced in recombinant forms and individual cells are picked 

from culture plates and analyzed accordingly either by hand [29] or by robotic-pickers 

[144]. The process is labor-intensive and time-consuming. While eukaryotic cells 

screened by FACS can potentially access libraries larger than 108 [145], flow cytometric 

analysis of bacteria cells is still infrequent due to their small size and the range of 

screening is limited to survival or cell-bound products [29, 146, 147]. The limitation of 

screening based on extracellular metabolite levels can be addressed by 
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compartmentalizing clonal populations in separate wells in a microtiter plate. In this 

system, the concentration(s) of the metabolite(s) of interest can be measured and used to 

select strains[148]. However, this method is still laborious, expensive, low-throughout 

and poorly suited for screening large (≥104 unique clones) mutant libraries. Automation 

through the use of colony pickers and liquid handling robots increases the throughput 

to 104 clones/day but cannot handle larger libraries unless multiple machines are used in 

parallel. Furthermore, both colony pickers and liquid handling systems cost hundreds of 

thousands of dollars and have a large footprint. These cost and space issues are further 

exacerbated when using multiple machines. 

In vitro compartmentalization (IVC) [149] of individual element of the library in 

discrete, miniaturized aqueous droplets of water-in-oil (W/O) emulsions is an attractive 

alternative for coupling genotype and phenotype, while offering improved cost-

effectiveness and screening sensitivity by reducing sample consumption and enhancing 

signal response.  Bulk emulsions allow screening of libraries as large as 1011 [147, 150, 

151], but the polydispersity of emulsion and the lack of control of reaction volumes, 

timing and generality ultimately limit the use of this technology for quantitative studies. 

These problems can be overcome by using droplet-based microfluidics system which 

allows the production of homogeneous and uniform droplets for various biochemical 

and cell analysis [152-157]. However the W/O emulsions are incompatible with 

sustained cell culture or any aqueous phase-based analysis (e.g. flow cytometry), as the 
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immiscible oil phase is prone to evaporation and inhibit continuous supply of 

nutrients[158].  

The problem can be circumvented by entrapping W/O droplets in another 

aqueous phase, forming water-in-oil-in-water (W/O/W) double emulsions. The external 

aqueous phase effectively prevents desiccation and enables droplet sorting via FACS. 

The sandwiched oil shell functions as a selective barrier to regulate molecule transport, 

allowing supply of nutrients or input of small inducer molecules. In this study, we 

present the development of a high-throughput screening platform for synthetic gene 

libraries using microfluidics generated W/O/W double emulsion droplets that provides 

the revolutionary improvements required to significantly advance our screening 

capabilities. 

 As illustrated in Figure 5-1, we synthesized fluorescent proteins with a custom-

built inkjet synthesizer, isothermal oligonucleotide amplification and parallel gene 

assembly technique, and inserted then into E. coli cells for screening. We then 

encapsulated individual bacterial cells baring individual gene variants into double-

emulsion droplets where cell proliferation enriches the phenotype signal by over 100-

fold within several hours of incubation. Permeation of Isopropyl β-D-1-

thiogalactopyranoside (IPTG) molecules from the external solution allows induction of 

target gene expression, demonstrating that the microenviroment of the droplets could be 

easily controlled by chemical diffusion.  The induced expression of the synthetic 
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fluorescent proteins from at least ~100 bacteria per droplet generates clearly 

distinguishable fluorescent signals that enable stringent selection through fluorescence-

activated cell sorting (FACS) technique. This technology obviates the needs for time- and 

labor-intensive cell culture and handling in conventional bulk experiment. The capacity 

of double emulsion system (millions discrete compartments in 1ml solution) combined 

with high-throughput sorting by FACS provide the basis for screening complex gene 

libraries for a broad range of functionality and activity, and the potential for the study of 

complex biological processes.  
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Figure 5-1: Modules of the high-throughput microarray gene synthesis and 

microfluidic screening platform. A) In situ gene synthesis from a custom array-based 

oligo synthesizer that prints oligos in microcells, where enzymatic reactions take 

place to first amplify and displace displace overlapping oligos from the original 

synthesized strand, and then assembles them via polymerase chain assembly to 

generate full length DNA. B) Cloning and transformation of synthetic genes into 

bacteria with preferred vectors. C) Single-cell encapsulation into W/O/W double 

emulsion droplets with microfluidics platform followed by cell amplifications within 

the emulsion droplets. D) High-throughput phenotyping with fluorescent activated 

droplet sorting. 
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5.2 Materials and Methods 

5.2.1 Microfluidics device fabrication 

Microfluidics devices were fabricated by conventional soft lithography 

techniques. The device design was drawn in AutoCAD and printed on transparencies to 

be used as photomask (CAD/Art Services, Inc., Bandon, OR). Patterned silicon mold of 

50 μm in height was prepared from SU-8 2150 (MicroChem, Newton, MA) according to 

protocol. PDMS prepolymer and curing agent (Sylgard 184 Silicon Elastomer Kit, Dow 

Corning, Midland, MI) were mixed at 1051 mass ratio before poured on top of the silicon 

mold. After curing at 75 ⁰C for 1 hr, PDMS was peeled off from the mold before holes at 

inlets and outlets were punched (Hole puncher, Technical Innovations, Brazoria, TX). A 

cover slide was bonded with the device after oxygen plasma treatment for 40 s at 20 W 

(Plasma Asher, Quorum Technologies, West Sussex, and RH). To create a hydrophilic 

surface along the channels, the devices were coated following a two-step sol-gel coating 

procedure 37. (All chemicals listed below were obtained from Sigma-Alrich, St. Louis, 

MO.) Briefly, the sol-gel solution was prepared from tetraethylorthosilicate (TEOS), 

methyltriethoxysilane (MTES), (heptadecafluoro-1, 1, 2, 2-tetrahydrodecyl)- 

triethoxysilane, trifluoroethanol and 3-(trimethoxysilyl)- propylmethacrylate at a 

volume ratio of 2515451. Sol-gel solution, methanol, trifluoroethanol and hydrochloric 

acid solution (pH 5 2) was mixed at a volume ratio of 5595951 and heated at 85uC for 2 

min. The activated mixture solution was filled to the devices after bonding with cover 
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slide and the device was heated to 180uC for 1 min. Finally, de-ionized water (500 mL), 

acrylic acid (200 mL), ammonium persulfate (10 wt%, 100 mL), and 

tetramethylethylenediamine (TEMED) (16 mL) were mixed and injected continuously to 

the devices at 20 mL/min while the device was heated at 80 ⁰C for 10 min. 

 

5.2.2 DE droplets generation and characterization 

DE droplets were generated as described in the main text. Bacteria culture 

medium was used as the inner aqueous phase. The oil phase used was HFE-7500 (Miller-

Stephenson Chemical Co. Inc., Danbury, CT) supplemented with Pico-Surf TM 1 

surfactant (1%) (Dolomite Microfluidics, Charlestown, MA). The outer aqueous phase 

comprised culture medium supplemented with Pluronic F-127 (2.5 wt. %). The flow 

rates of inner aqueous phase, middle oil phase of HFE7500 (3 M, St. Paul, MN) and outer 

aqueous were controlled by a Harvard Apparatus PHD 2000 Syringe Pump. To study 

the mass transport through the oil layer, various dyes (rhodamine B, rhodamine 6G, 

FITC) or dextran conjugated to FITC (MW 5 4000 Da & 70000 Da) (50 mM) (all obtained 

from Sigma-Aldrich, St. Louis, MO) (50 mM) were prepared and encapsulated in the 

droplets. Images were taken at various time points using a Nikon Eclipse TE2000-U 

fluorescence inverted microscope fitted with appropriate filters and connected to a 

camera. The optimal exposure time for each dye was determined at time 0 and the same 

exposure time was used for the following time points. All other parameters (no binning, 



 

120 

same lamp intensity, same brightness/contrast level) were kept the same during the 

course of experiments. The intensity of the core of at least 10 droplets was measured at 

different time points using ImageJ software (NIH). To determine the partition coefficient 

of various molecules, culture medium (with 20% FBS) containing rhodamine B, 

rhoadmine 6G or FITC (50 mM) was added on top of HFE7500 containing Pico-Surf TM 

1 (1%) in an eppendorf tube. The tube was left on an orbital shaker operating at 100 rpm 

for 24 hr before the fluorescent signal in the aqueous phase was determined by a plate 

reader. The amount of fluorescent dye left in the aqueous phase was determined by 

interpolation from a standard curve. Partition coefficient was calculated by the following 

formula: Partition coefficient 5 (Initial dye concentration 2 dye concentration after 

incubation)/Initial dye concentration.  

 

5.2.3 Partition coefficient determination 

Water (inner aqueous phase) or water with 2% F127 (outer aqueous phase) 

containing 50 m M of rhodamine B is added gently and dropwise on top of HFE7500 

containing 2% PFPE-PEG surfactant. The solution was then left on an orbital shaker 

operating at 100 rpm for 24 h to allow partition of chemical into the organic phase. 

Vigorous vortexing was avoided to prevent emulsion formation. After that, amount of 

Rhodamine B left in the aqueous phase was determined by intrapolating from a 

standard curve of rhodamine B. Rhodamine B concentration in the oil phase was thus 
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determined by the difference before and after incubation. Partition coefficient was 

calculated by the following formula: 

Partition coefficient = (Initial rhodamine B concentration - rhodamine B 

concentration after incubation)/Initial rhodamine B concentration. 

 

5.2.4 Gene synthesis and error correction 

The construction and error correction of synthetic fluorescent protein genes is 

detailed in our previous publication [28].  Briefly, oligonucleotides were synthesized on 

a plastic chip using a custom-made inkjet DNA microarray synthesizer [136]. Gene 

construction oligos were designed to be 60-nt long with overlapping regions of similar 

melting temperatures (Tm=65 ± 2°C). The exact oligos synthesized are listed in 

Appendix A. On-chip oligo amplification and gene assembly using combined nicking 

strand displacement and polymerase cycle assembly reaction (nSDA-PCA) was 

performed as described with minor modifications [29]. Briefly, an 8-well incubation 

adapter (Sigma-Aldrich) was fitted onto the COC slide so that each well contained a 

synthesized oligo array. The wells were filled with the nSDA-PCA reaction cocktail 

composed of 0.4 mM dNTP, 0.2 mg/ml BSA, Nt.BstNBI, Bst large fragment, and Phusion 

polymerase in an optimized Thermopol II buffer. The slides with sealed chambers were 

placed on the in situ slide-adapter of a Mastercycler Gradient thermocycler (Eppendorf) 

to perform combined nSDA-PCA reactions. nSDA involved incubation at 50°C for 2 
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hours followed by 80°C for 20 mins; the PCA reaction involved an initial denaturation at 

98°C for 30 sec, followed by 40 cycles of denaturation at 98°C for 7 sec, annealing at 60°C 

for 60 sec, and elongation at 72°C for 15 sec/kb, and finished with an extended 

elongation step at 72°C for 5 min. 

After the nSDA–PCA reaction, 1–2 ml of the reaction from each chamber was 

used for PCR amplification with Phusion polymerase and end primers (Appendix A). 

End primers were employed at a concentration of 0.5 mM. The PCR reaction involved an 

initial denaturation at 98°C for 30 s, followed by 30 cycles of denaturation at 98°C for 10 

s, annealing at 60°C for 60 s and elongation at 72°C for 30 s/kb, and finished with a final 

elongation at 72°C for 5 min.  

Once PCR amplification of the on-chip assembled gene was completed, the gene 

products were purified by agarose gel electrophoresis and extracted to yield a 

concentration of >100 ng/ml (measured using a Nanodrop analyzer). These PCR 

products were then diluted with 1X Phusion HF buffer to yield a final concentration of 

50 ng/ml. This was then melted by heating at 95°C for 10 min, cooled to 85°C at 2°C/s 

and held for 1 min. It was then cooled down to 25°C at a rate of 0.3°C, holding for 1 min 

at every 10°C interval to allow efficient formation of mismatches at erroneous bases.  

Then, 8 ml of the re-annealed gene product in 1X Phusion buffer (final DNA 

concentration of 50 ng/ml) was added to 2 ml of Surveyor nuclease and 1 ml enhancer to 

yield a total of 11 ml that was then incubated at 42°C for 60 min. Two microliter of the 
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reaction mixture was then subjected to OE-PCR, and the resulting PCR product was 

cloned and sequenced to serve as the result from the first iteration of error correction. 

For the second iteration, the product from the first iteration was diluted to 50 ng/ml 

using 1X Phusion buffer and re-annealed as before. Similar to the first iteration, an 11-ml 

reaction consisting of 8 ml of re-annealed product, 2 ml of Surveyor nuclease and 1 ml of 

enhancer was incubated at 42°C for 60 min. Two microliter of the product was used for 

OE-PCR and the PCR product was cloned and sequenced to serve as the result from the 

second iteration of error correction. 

 

5.2.5 Cloning of synthetic genes 

 Synthetic gene products (gfp, cfp, and rfp) were cloned into pAcGFP1 vector 

using circular polymerase extension method (CPEC) [38, 39]. Briefly, 250 ng of the linear 

vector was mixed with the synthetic gene products at 1:2 molar ratios in a 25μl CPEC 

reaction using Phusion polymerase. The reaction involved 10 cycles of denaturation at 

98°C for 10 seconds, annealing at 55°C for 30 seconds and extension at 72°C for 15 

seconds, and finished with an extended elongation step at 72°C for 5 min. 2 μl of the 

cloning product was transformed into GC5 chemically competent cells (Invitrogen) 

according to the manufacturer’s instructions. Cells were grown on agar plates with 

100μg/ml carbenicillin for approximately 16 hours and then kept at room temperature 

for 48 hours.  
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To prepare the pET expression plasmid, synthetic gfp gene was inserted into 

pET-28a(+) (Novagen Inc., Madison, WI, USA) vector containing a lacI gene which codes 

for the lac repressor protein, a T7 promoter which is specific to only T7 RNA polymerase 

(not bacterial RNA polymerase) and also does not occur anywhere in the prokaryotic 

genome, a lac operator which can block transcription, an f1 origin of replication (so that 

a single-stranded plasmid can be produced when co-infected with M13 helper phage), 

an ampicillin resistance gene, and a ColE1 origin of replication. Cloning product was 

transformed into BL21(DE3) Chemically Competent E. coli cells (Invitrogen) according 

to the manufacturer’s instruction. Cells were grown on agar plate with 50μg/ml 

kanamycin for approximately 16 hours.  

Sequence analysis was done by extracting plasmids from selected colonies using 

a mini-prep kit (Qiagen) and sequencing in-house at Duke University Sequencing 

Facility. 

 

5.2.6 Encapsulation of bacteria cells 

Single colonies containing rfp, gfp and cfp genes were selected from the previous 

prepared LB agar plate using a sterile pipette tip,  transferred and suspended into 200ml 

M9 broth or diluted LB broth (1:1 LB medium : PBS) containing the corresponding 

antibiotics. The inoculated culture was then thoroughly mixed and diluted to reach the 

desired cell density (e.g. ~106 cells/ml to obtain 0.06 cell per 60pl droplet) before 
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encapsulated into double emulsion droplets. The flow rates of three phases (inner 

aqueous: middle oil: outer aqueous) were set at 1:2:30μL/min respectively. The droplets 

were collected and transferred to 96-well plates containing M9 or diluted LB media for 

subsequent culture and analysis. 

For  bacteria growth study, GFP-expressing E. coli were grown at 37oC under 

shaking with 250 rpm for 24 hours in M9 growth medium with 0.1% Kanamycin to 

allow saturation. On the following day, a 1/10 dilution of saturated E. Coli culture in 

fresh medium was made and used for bacterial encapsulation in w/o emulsion, which 

was performed in a flow-focusing droplet generator at a control flow rate of 5 L/min 

for both disperse phase (diluted bacterial culture) and continuous phase (2 wt% PFPE1-

Tris1.0 in HFE-7500 oil). Generated w/o emulsion droplets were collected off-chip and re-

injected into a trapping array and analyzed for GFP signal (500600 nm) under 

illumination of 488 nm using confocal laser scanning microscopy (Leica TCS SP5, 

Germany). The obtained images were further analyzed using ImageJ software to 

quantify GFP fluorescence signal intensity per droplet.[159] Five individual droplets 

were defined as Region of Interest (ROI) for analysis to obtain a data point. Besides, the 

proliferation rate of GFP-E. coli in conventional batch/bulk culture (50 L or 2 mL) was 

assayed using 96-well microplate reader (FLUOstar OPTIMA, BMG Labtech) with 

excitation filter of 485 nm and an emission filter at 520 nm to quantify GFP signal. The 
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obtained signal or fluorescence intensities were normalized to the initial value (time = 0 

h). 

 

5.2.7 IPTG induction of gene expression 

Single colony containing pET-gfp plasmid were picked from the LB agar plate 

and transferred into 200ml M9 broth or diluted LB broth (1:1 LB medium : PBS) 

containing 50μg/ml kanamycin. The inoculated culture was then thoroughly mixed and 

diluted to reach the desired cell density, then encapsulated into double emulsion 

droplets. The droplets were collected and transferred to 96-well plates containing 200ml 

M9 or diluted LB media. IPTG was added immediately to the outer aqueous media to 

obtain a series of concentration: 0mM, 0.5mM, 2mM, 5mM, 10mM and 20mM. Droplet 

fluorescent intensity was then analyzed at various time points with fluorescence 

microscopy.   

 

5.2.8 Fluorescence microscopy  

Droplets containing fluorescence-bearing bacteria were suspended in a 96-well 

plate and examined by Nikon Eclipse TE2000-U fluorescence inverted microscope at 

various time points following encapsulation. Fluorescence intensity was analyzed by 

Image J. For each sample, about 20 droplets were analyzed to obtain average 

fluorescence intensity per droplet. 
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5.2.9 Flow cytometry analysis 

Escherichia coli constitutively expressing GFP were diluted in PBS buffer and 

encapsulated in the double emulsion droplets. Equal number of droplets was then 

suspended in PBS solution or M9 growth medium for comparison of cell growth over 

time by flow cytometry (FACSCanto II, BD Biosciences, Franklin Lakes, NJ). The 

FSC/SSC was gated with empty droplets and free bacteria to specifically determine the 

population of droplets with bacteria encapsulated. A 405 nm laser was chosen as the 

excitation to record green fluorescence and a 633nm laser was chosen as the excitation to 

record red fluorescence. The ultimate signal output is compensated across these two 

channels. More than 10,000 droplets were measured each time to ensure reliable 

statistics. FlowJo (v.7.6, Tree Star, Ashland) was used to analyze the data.  
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5.3 Results and Discussion  

5.3.1 Generation of size controllable double emulsion droplets 

The high-throughput generation (>20 Hz) of picoliter-sized DE droplets was 

carried out in two polydimethylsiloxane (PDMS) flow-focusing devices connected 

serially (Figure 5-2A): the first device produced w/o emulsions; the second device was 

used to supplement an outer aqueous phase to form w/o/w emulsions (Figure 5-2B). 

This two-chip modular design not only eases the preprocessing of PDMS but also 

enables combination of chips with different dimensions to form double emulsions of on-

demand geometrical properties. Although a small number of droplets with no inner 

droplet core or more than one droplet cores would be generated in the process, the 

resultant double emulsion droplets are highly mono-dispersed with homogenous 

morphology and uniform inner and outer diameters (Figure 5-2C). 

 The probability of having one droplet co-encapsulated into one oil droplet is 

determined by a few factors, such as the relative flow rates of various phases, the 

dimension and configuration of the device and the presence of junk inside the channels. 

The occurrence of having no droplet co-encapsulated in an oil droplet (empty droplet) or 

more than one droplets co-encapsulated in an oil droplet seemed to exert little effect to 

the overall cell culture conditions (as cells were confined in the droplets they were 

situated it).  
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Figure 5-2: A) Microfluidics platform adopted for generating DE. The first 

PDMS chip was used to generate w/o emulsion before they were transferred to the 

second chip where the w/o/w emulsion were created and collected. B) Formation of 

w/o and w/o/w emulsions in two flow-focusing devices. C) The appearance of DE 

droplets generated in device with 100 μm channel width after collection. 
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Double emulsion droplets thus obtained are stable for at least 1 year when stored 

submerged in aqueous buffer at room temperature, without any coalescence observed 

by microscopy. Further manipulation of the double emulsion droplets is possible: they 

maintain their structural integrity despite heating, freezing, or shrinking or expanding 

by osmosis, and they are amenable to sorting in a standard FACS instrument (described 

below). 

The oil layer in the W/O/W scheme serves as a selective membrane, through 

which small chemicals or molecules may diffuse in or out, rendering double emulsion 

an adjustable micro-incubator for cellular studies. We encapsulated various dyes or 

dextrans of different molecular weights conjugated with fluorescein isothiocyanate 

(FITC) inside the DE droplets and recorded the intensity of dyes in the core over time 

(Figure 5-3). A molecular weight-dependent diffusion of molecules out from the core 

was observed. Molecules with lower molecular weight (MW ~400 Da) were able to 

diffuse across the oil layer while larger molecules (MW ~70k Da) were trapped within 

the droplets. Among molecules with similar molecular weight, their oil/water partition 

coefficient determines the permeability. Rhodamine 6G, rhodamine B and FITC with 

partition coefficient of 0.87, 0.26 and 0.08 diffused out from the droplets at a descending 

rate respectively. The selective permeability ensures nutrients to be delivered from the 

outer aqueous phase into the core and wastes to be removed in the opposite direction, 

thereby constituting an isolated bioreactor in each DE droplet for cell culture and study.  



 

131 

 

Figure 5-3: A) Diffusion curve of different dyes encapsulated in DE droplets. 

Molecular weight (MW) and partition coefficient (PC) of the dyes are provided in the 

legend. B) Diffusion of rhodamin B from the core of a particular double emulsion 

droplet from 0h to 5h. C) Example of diffusion of fluorescent dye from the DE 

droplets.  Fluorescent images showing rhodamine b encapsulated-DE droplets at a) 0 

hr, b) 2 hr and c) 4 hr (Scale bar = 100 μm).  
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 The size of the “bioreactor“, or the droplet core, could be tuned by varying the 

flow rates of the inner aqueous phase versus the oil phase in the first device, or varying 

the microfluidics channel dimensions. As an example, two microfluidics devices with 

different channel widths (100 μm and 200 μm) were used and the inner aqueous phase 

flow rate was fixed at 2 μL/min. The diameter of the core of droplets could be tuned 

from 65 μm to 90 μm (100 μm device) and from 150 μm to 210 μm (200 μm device) by 

increasing the oil flow rate from 3 μL/min to 15 μL/min (Figure 5-4). The polydispersity 

indexes of the droplet core were 0.027 and 0.022 for each case which suggested the 

droplet size was monodisperse. The tunability of this platform provides a means to 

precisely control the number of cells inside the droplets, which follows a Poisson 

distribution. 
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Figure 5-4: Size of core of DE droplets controlled by fixing inner aqueous 

phase flow rate at 2 μL/min and altering oil phase flow rate (n ≥ 30). Using a device 

with a channel width of 100 and 200, we could produce droplet with size ranging from 

50 to 200 um in diameter. 
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5.3.2 Single cell encapsulation and amplification in double emulsion 
droplets 

Integrating oligo synthesis with gene assembly on a microchip can significantly 

reduce synthesis cost and increase throughput. As described in the Materials and 

Methods section, we synthesized DNA microarrays using a custom-built inkjet DNA 

synthesizer and used a combined nSDA–PCA reaction for on-chip oligo amplification 

and gene assembly. We chose green, red and cyan fluorescent proteins (gfp, rfp, cfp) as 

test genes for convenient screen of functionally distinguished genes, which served an 

over simplified pseudo-library to access the capabilities of the screening platform. After 

the nSDA–PCA reaction and PCR amplification, the gfp, rfp and cfp constructs were error 

corrected by surveyor nuclease treatment and inserted into a modified pAcGFP1 

expression vector using the CPEC cloning method as described in the Materials and 

Methods section. The recombinant products were then transformed into bacteria, and 

brightly fluorescent the colonies were selected and sequence verified respectively for 

each gene constructs.   

The distribution of cells in a droplet follows a Poisson distribution where the 

probability of finding a droplet with k cells follows the equation:  

 

Where λ is the average cell number in each droplet or the expected value and k is the 

specific cell number in the droplet. In a microfluidics setup described here, the number 
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of cells placed in droplets is dependent on the incoming cell density. The latter can be 

precisely manipulated to ensure the loading elements are encapsulated as single 

molecules in each discrete droplet and minimize co-localization of more than one cells in 

the same droplets.   

To demonstrate single cell encapsulation and the subsequent population 

enrichment of bacteria cells in double emulsion droplets, E.coli cells expressing synthetic 

gfp, rfp and cfp fluorescent proteins were suspended and premixed in media and 

encapsulated into 50μm-diameter DE droplets at a density of lower than 1x 106 

bacteria/ml, which gives an average of <0.06 bacteria per 60pl droplet. The resultant 

emulsion droplets were incubated at 37°C for different periods of time and the 

fluorescence signals of the emulsions were visualized and recorded with a fluorescent 

microscope.  
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Figure 5-5: Separation of individual bacteria cells expressing gfp, rfp and cfp 

synthetic proteins in double emulsion droplets 24h post-encapsulation. The 

appearance of droplets and bacteria cells can be visualized under bright field 

microscope (top panel). Green, red and cyan fluorescent signals were detected at 

different excitation/emission wavelengths and superimposed to create the bottom 

panel. Images were taken at 4x, 10x and 20x magnification for left, middle and right 

columns. 
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After 24 hour of incubation, the proliferation of bacteria cells generated 

distinctive red, green and cyan fluorescent signals in individual droplet which could be 

easily detected under fluorescent microscope. No co-localization of different types of 

bacteria was observed upon superimposition of images obtained from different 

fluorescent channels, indicative of the successful separation of bacteria at single cell level 

(Figure 5-5). Analysis over a large pool of droplets indicated a bacteria distribution 

matching the Poisson distribution of 0.01 bacteria per droplet on average. In this case, 

the probability of having two or more bacteria per droplet was negligible; suggesting 

that such a loading cell density could effectively separate all bacteria into single cell per 

droplet. 
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Figure 5-6: Poisson distribution of cell number in droplets suggesting single 

cell encapsulation of bacteria cells. A) Plot of experimental data (distribution of cell 

number in 200 DE droplets) versus Poisson estimation. The diameter of droplet core 

was 50 μm and the loading cell density used was less than 1x106 cells/ml, which gives 

an average of <0.06 bacteria per 60pl droplet. B) Absolute data value used to plot the 

chart above (n ≥ 200) (Data = mean ± SD). 
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When DE was used to encapsulate single bacterium in growth medium (1:1 

LB/PBS), rapid bacteria cells growth was observed as indicated by the increase of 

fluorescent intensity. The bacterial growth curve displayed the typical three phases: lag 

phase, exponential growth phase, and stationary phase. Cell population per droplet was 

enriched by approximately 1000 times over a period of 24 hours, resulting in an over 

100-fold increase of the overall fluorescent intensity from the entire droplet.  This 

observation further evidenced that culturing bacterium inside the droplets allows both 

bacteria separation as well as signal amplification from single bacterium carrying 

distinct gene variants. 

 To further understand bacteria growth in emulsion droplets, we encapsulated 

approximately 50 bacteria cells per 250pl droplet and compared their proliferation curve 

to the bulk culture environment.  Interestingly, the bacteria in droplets were able to 

propagate at a comparable rate, if not higher, than that incubated at bulk cultre . This 

might be attributed to the more efficient gas transport that benefits bacterial growth in 

the smaller culture volume. The culture in 50 μL had a much shallower depth of 

medium in the culture dish than the 2 mL culture. The 250 pL droplet in turn had a 

much higher surface-to-volume (S/V) ratio than the culture dish format. This is 

consistent with literature reports that bacterial growth rates are highly dependent on the 

S/V ratio of liquid cultures [160, 161]. 
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Figure 5-7: Bacterial growth in double emulsion droplets. A) Fluorescent 

microscope image showing the proliferation from a single rfp-expressing E. coli cell 

encapsulated in droplet after incubation for 1h, 4h and 12h. B) Relative RFP level per 

droplet after as a function of time (n ≥10). C) Proliferation rate of RFP expressing E. 

coli cells cultured in droplets (250 pL) and comparison with conventional batch/bulk 

culture (50 μL or 2mL) (n = 5). Initial cell density is 2x108 bacteria/ml for all three 

conditions.  
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Efficient proliferation of single bacteria cell in double emulsion droplets is critical 

in phenotypes screening as sufficient number of target molecules per unit volume of 

sample is essential to all biological detection applications. Single bacterium is very 

difficult to be visualized under optical microscope as it often measures at a single 

micron wide and moves rapidly at erratic trajectory inside the droplet. The signal 

intensity often falls below the detection threshold of many screening technologies. 

Therefore, efficient enrichment, ideally saturation, of bacterial population inside the 

droplet through self-replication significantly amplifies the selective signals and enables 

stringent screening of a board range of functionalities. A saturated cell population 

confines the collective motion of the cells, allowing cell distribution to be spatially 

uniform and temporally static, which in turn reduces potential screening errors 

introduced by these spatial and temporal variations. The resultant enhancement in 

signal intensity and uniformity increases both the resolution and sensitivity of the 

screening process.  
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5.3.3 Tunable induction of synthetic gene expression through 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) diffusion  

The pET expression system is one of the most widely used systems for the 

cloning and in vivo expression of synthetic and recombinant proteins in E. coli. This is 

due to the high selectivity of the pET system's bacteriophage T7 RNA polymerase for its 

cognate promoter sequences, the high level of activity of the polymerase and the high 

translation efficiency mediated by the T7 gene 10 translation initiation signals. In the 

pET system, the protein coding sequence of interest is cloned downstream of the T7 

promoter and then transformed into E. coli strains. 

Protein expression is achieved either by IPTG induction of a chromosomally 

integrated cassette in which the T7 RNA polymerase is expressed from the lacUV5 

promoter, or by infection with the polymerase-expressing bacteriophage lambda CE6. 

Due to the specificity of the T7 promoter, basal expression of cloned target genes is 

extremely low in strains lacking a source of T7 RNA polymerase. Upon induction the 

highly active polymerase essentially out-competes transcription by the host RNA 

polymerase. This phenomenon, together with high-efficiency translation, generates 

protein expression in which the target protein constitutes the majority of the cellular 

protein upon several hours of induction. 

To investigate the potential application of microfluidics generated double 

emulsion droplets as a pertubable microenvironment to screen and characterize 

synthetic gene expression, we first studied the feasibility of inducible gene expression in 
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double emulsions through the diffusion of IPTG from the external aqueous phase. We 

encapsulated BL21(DE3) E. coli cells carrying a microarray synthesized green fluorescent 

protein (gfp) controlled by a pET vector. In bulk environment, the expression of GFP in 

these cells could be activated within few hours by the application of IPTG in the culture 

medium at a concentration between 0.5 to 2mM. Initially the inner aqueous phase was 

encapsulated with bacteria at approximately 5 x 108cells/ml in growth medium without 

IPTG. This yield about 30 bacteria per 60pL aqueous shell and is the ideal cell density 

(OD=0.6) for IPTG induction. Upon collection of the double emulsion droplets, IPTG 

was added to the external aqueous phase at 10x conventional concentration (5mM). GFP 

expression became detectable 4 hours after IPTG, which was not detectable in the 

control droplets cultured in absence of IPTG (Figure 5-8A).  Relative GFP intensity 

observed per droplet increased overtime, which was both contributed by increased GFP 

expression per cell (indicated by brighter bacteria cells), and bacteria growth over time 

(Figure 5-8B). The rapid appearance of GFP signal in the bacterial cells suggests effective 

transport of IPTG molecule across the oil shell, which is consistent with our earlier note 

that the organic layer is permeable to small chemical dyes. 



 

144 

 

Figure 5-8: IPTG diffusion and induction of GFP expression. A) Fluorescence 

microscope images of droplets containing bacteria in absence of IPTG (top panel) and 

in presence of IPTG (bottom panel). Image was taken at 4h, 8h and 12h time point. B) 

Relative GFP level per droplet after IPTG addition as a function of time (Left), and 

relative GFP level per droplet as a function of IPTG concentration (right). (n=9, Scale 

bar: 100µm) 
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To further study the induction of GFP expression by IPTG diffusion, we 

compared the relative florescent intensity change overtime in droplets to that in bulk 

culture environment. Fluorescence intensity per droplet was quantified every 3 hours 

after IPTG addition. As shown in Figure 5-8B, gene expression was delayed by about 4 

hours in droplets compared to in conventional culture environment, which is likely the 

time course required for IPTG molecule to permeate into the inner core and exert its 

efficacy. To understand the impact of IPTG concentration on gene expression induction, 

bacteria-containing droplets were suspended in medium with a gradient of IPTG 

concentration. Fluorescent intensity per droplet was quantitated 8 hours after IPTG 

addition. A concentration-dependent activation of GFP expression was observed (Figure 

5-8B). However noticeably, even at low IPTG concentration, 0.5mM, the system was still 

able to achieve almost 80% of the maximum gene expression level obtained in higher 

concentration conditions within 8 hours of induction. This observation further confirms 

the relatively robust and efficient transportation of IPTG across droplet shells, 

demonstrating the compatibility and feasibility of adopting double emulsion system as 

high-throughput screening vehicles for synthetic genes and libraries.  

We then decided to explore the effect of IPTG diffusion on gene expression in 

droplets encapsulated with single cell, and how this process interferes with bacteria 

proliferation. Bacteria encoding synthetic GFP in pET vector were suspended in minimal 

medium and encapsulated into double emulsion droplets at a cell density of 1x107 to 
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yield no more than 1 bacterium cell per droplet. The resultant droplets were cultured in 

medium containing a broad range of IPTG concentration from 0.5mM to 40mM.  The 

accumulation of overall GFP intensity per droplet overtime was recorded and 

quantitated by fluorescent microscope, then plotted against different time points. 

Average GFP intensity increase overtime was both contributed by cell growth and 

increased GPF expression per cell upon IPTG exposure.  

As shown in Figure 5-9, IPTG concentration above 5mM is inhibitive to the 

growth of bacteria. In these cases, cells were most likely overburdened with plasmid 

expression, which diverts cellular resources from making necessary proteins for 

proliferation and leads to a reduction in the growth rate. This observation is consistent 

with that reported in the literatures [162, 163]. Lower IPTG concentrations, between 

0.5mM to 2mM, were able to activate gene expression in pET vectors without 

interference with bacteria amplification. Noticeably upon onset, the collective GFP 

intensity was positively correlated with the supplied IPTG concentration with 2mM 

IPTG providing the highest induced expression level. Cell populations at this point were 

relatively low and uniform across different conditions. The collective GFP intensity is 

contributed majorly by gene expression in individual cells. Yet this correlation gradually 

inverts itself as cells proliferate overtime.  At 12h post-induction, droplets supplemented 

with 1mM IPTG started to exhibit higher GFP intensity than that induced by 2mM IPTG, 

whereas droplets activated by 0.5mM IPTG generated the highest collective GFP 
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intensity at the end point. This was due to effective exponential growth of bacteria cells 

post-induction, generating a large cell population encoding green fluorescent protein.   

 

 

 

Figure 5-9: Average GFP intensity per droplet as function of time with the 

external diffusion of IPTG at concentration ranges from 0.5mM and 40mM. Average 

GFP intensity increase overtime was both contributed by cell growth and increased 

GPF expression per cell upon IPTG diffusion. Fluorescent intensities were quantified 

from fluorescence microscope images. (n=9) 
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Figure 5-10: Florescence microscope images showing GFP expressing cell 

clusters per droplet at 8hour, 12hour and 24hour time point post-IPTG induction. 

IPTG was delivered from the external aqueous medium at concentration ranges from 

0.5mM or 40mM. Images were taken at 20x magnification.  
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We then characterized and compared the appearance and morphology of 

bacteria cell clusters for droplets in each IPTG concentration (Figure 5-10). Despite 

generating the largest cell density and in turn exhibiting the highest collective GFP 

intensity, single bacteria cell induced by 0.5mM IPTG grew into stable and uniform cell 

clusters that saturate the entire inner sphere of the droplet. Small deviations of intensity 

were thus observed across individual droplets at the same condition. Nevertheless as 

IPTG concentration increased, average cell density dropped significantly while variation 

across droplets escalated within each condition, as indicated by the error bar on Figure 

5-9. Furthermore, the rapid and stochastic motion of individual cells in aqueous 

environment caused them to periodically gather at the center or diffuse to the peripheral 

of the droplet, creating fluorescent signals that are temporally and spatially instable. The 

lack of uniformity and stability of signals from a particular genotype would greatly 

hinder the detection resolution and sensitivity when phenotyping with high-throughput 

platforms like FACS.   

To further investigate the optimal induction condition, we thought to shorten the 

induction time course by switching to a more notorious media i.e. LB/PBS (1:1). As 

single bacteria encapsulated with M9 broth transitioned into log phase amplification 

upon 6hour of incubation, bacteria was still in lag phase when IPTG diffused into the 

inner core after approximately 4 hours. We should be able to boost bacterial metabolism 
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and reduce lag time by facilitating the initial growth of bacteria and reducing the time 

required to reach induction density. In this case, IPTG diffusion rate and bacteria growth 

curve are synchronized to provide the maximized overall effect. 

We encapsulated double emulsion droplets with single bacteria cell with either 

M9 or LB/PBS (1:1) media and suspended the droplets in 0.5mM and 2mM IPTG culture. 

Bacterial cell cultured in LB/PBS broth reached exponential growth around 4h upon 

encapsulation, which coordinated with the diffusion rate of IPTG thus generated much 

higher overall intensity at both 12h and 24h time point in comparison with M9 media 

(Figure 5-11). This enhanced signal was due to a combined effect of both a larger cell 

population and a higher expression per cell observed in each droplet. Particularly for 

0.5mM IPTG added to the outer core, intensity achieved at 12h in LB/PBS broth 

outweighed that obtained from M9 broth at 24h time point. In consistent with previous 

observation, lower IPTG concentration allowed single cell to proliferate into saturated 

cell density, resulting in uniform and consistent signal in each droplet. Whereas cells 

induced by higher IPTG concentration, albeit being brighter themselves, generated 

enhanced signal variation due to the presence of lower cell number and dispersed cell 

pattern in each droplet.  These observations suggest that both bacteria growth rate and 

IPTG concentration will affect overall signal intensity per droplet.  
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Figure 5-11: GFP intensity per droplet as a function of time upon IPTG induction in 

minimal M9 vs growth LB/PBS media. IPTG was introduced into the external aqueous 

medium at 0.5mM or 2mM concentration (Left panel). Florescence microscope images 

showing GFP expressing cell clusters per droplet at 12hour and 24hour time point 

post-IPTG induction. Images were taken at 20x magnification. 
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To further understand how IPTG affects the growth of single bacteria in droplet, 

we introduced moderate amount of IPTG to bacteria culture prior to encapsulation. As 

shown in Figure 5-12, single cell that comes in direct contact with IPTG, even at ultralow 

concentration, proliferates at much lower growth rate than one that is activated by slow 

diffused IPTG from external environment. This is further confirmed our previous note 

that IPTG is inhibitive to bacteria growth when they came in contact with the cell before 

they reach the lag phase. We also noticed that the effect is proportional to the 

concentration of IPTG in the environment.   

These observations again demonstrated that double emulsion system is a 

miniaturized, uniform and tunable microenvironment suitable for single cell analysis as 

it allows selective transport of inducer chemicals to activate gene expression and enables 

efficient signal amplification through robust cell proliferation. The delayed-onset of 

IPTG-triggered gene activation through molecular diffusion can be fine-tuned to 

synchronize with the cell growth curve, facilitating the effective activation and 

amplification of synthetic genes from single bacteria cell. Vigorous cell growth is critical 

to ensure the magnitude and quality of signal enhancement, as sufficient cell number 

guarantes the temporal and spatial uniformity of the output signal from any particular 

staring cell/gene, creating scalable amplification that effectively improves the resolution 

and signal-to-noise ratio of the input signal. When coupled with high-throughput 



 

153 

screening platform, this system has the potential of resolving a large capacity of cellular 

phenotypes.  

 

 

Figure 5-12: GFP intensity per droplet as a function of time with IPTG 

introduced prior to encapsulation at various concentrations. Droplets were filled and 

suspended in LB/PBS growth medium. Fluorescent intensity curves are compared to 

the condition with IPTG introduced from external aqueous environment (read line). 
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5.3.4 Analysis of gene expression by fluorescence-activated high-
throughput droplets sorting 

The high capacity microfluidics based droplet technology requires automated, 

high-throughput screening system to process and sort large volume of activities. Double 

emulsion droplets immersed in conductive aqueous fluids allows effective charging 

when passing through an electric filed, thus compatible with most flow cytometric 

analysis platforms. In addition to throughput, the ability to precisely discriminate 

among double emulsions based on their fluorescence is crucial for accurate screening. 

Monodisperse double emulsions enable more accurate discrimination thus stringent 

sorting, because they are more uniform size and morphology as shown in Figure 5-2C. 

The size of droplet is around 70um in diameter which can be loaded into FACS machine 

without self-disrupting or clogging the nozzles. 

To demonstrate stringent fluorescent-activated sorting of synthetic genes in 

double emulsion droplets, we mixed and suspended equivalent amount of E.coli cells 

carrying synthetic GFP and RFP genes in LB/PBS growth media. The bacteria mixture 

was then encapsulated into 50μm-diameter DE droplets at a density of 1x 107 bacteria/ml, 

which ensures the occupation of no more than one cell per droplet. The resultant 

emulsion droplets were incubated at 37°C overnight to allow sufficient cell propagation 

to saturate the droplet inner sphere.   
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Figure 5-13: Separation of double emulsion droplets containing GFP and RFP 

expressing cells. A) Intensity histogram of GFP and RFP channels. B) Overlay of 

green and red channels showing RFP-positive and GFP-positive populations  
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We then suspended the droplets in PBS and analyzed them with a flow 

cytometry sorter. Free flowing bacteria mixture and empty droplets, which generated 

data point at much lower FSC and SSC value, were used as negative controls to gate out 

the main population of positive droplets for downstream fluorescent analysis. GFP and 

RFP signals were excited with a 488nm and 633nm lasers and analyzed respectively in 

individual channels.  As shown in intensity histograms, both GFP-positive and RFP-

positive droplets revealed confined and distinctive peaks, representing strong and 

uniformed signal intensities (Figure 5-13A).  With proper channel compensation, 

droplets containing GFP and RFP expressing cells were sorted into different reservoirs 

(Figure 5-13B).  

Interesting to note is that unlike conventional mammalian cells, where the FSC vs 

SSC value reveals the size and morphology information of the sample, double emulsion 

droplets are transparent thus does not generate similar scatter pattern when excited by 

the lasers. In contrast, the forward and side scatter information observed here is mostly 

likely generate from the spherical structure of the cell cluster confined by the inner 

droplet. The robust yet confined signal intensity measured during FACS indicates 

sufficient cell population in each droplet. This is consistent with our previous 

observation that efficient signal amplification through cell proliferation could be readily 

achieved from a single copy of bacteria/genotype with this system. The concentrated 
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localization of data points from positive droplets on FSC vs SSC plot further confirms 

that emulsion droplets were highly uniform in terms of size and internal structure.   

To demonstrate that these monodispersed droplets enable accurate reading and 

better discrimination between drops by FACS, we conducted the parallel analysis of 

multiple double emulsion species present in the same sample. Double emulsion droplets 

encapsulated with four different densities of GFP-positive cells at 1, 10, 100, 

1000bacteria/droplet were created. We analyzed these four samples respectively in flow 

cytometer. We found out that both signal intensity and spatial resolution were enhanced 

with increased average number of cells present per droplet, as indicated by the 

decreased peak width yet increased peak height. Upon overlying the intensity histogram 

for all four emulsions conditions, peaks corresponding to droplets containing 100 and 

1000 bacteria/droplet were distinctive enough to be distinguishable from adjacent peaks 

(Figure 5-14A). To further validate the hypothesis, we mixed at equal volumes of these 

four bacteria loaded droplet samples and analyzed the joint sample in a flow cytometer. 

As expected, only droplets loaded with higher cell density could be accurately 

discriminated, while droplets with lower cell population generated faint and broad 

signals that could not be resolved from each other or from empty droplets (Figure 

5-14B).  
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Figure 5-14: Flow cytometry analysis of double emulsion droplets loaded with 4 

different concentrations of GFP-positive cells. (A) Overlay of signal intensities 

obtained for each conditions respectively. B) Analysis of droplet mixture containing 

all four species with 1, 10, 100 and 1000 bacteria/droplet   
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Although droplets used in all FACS analysis were created at same size and 

internal structure, the latter compound sample exhibited a much spread out pattern in 

terms of FSC and SSC measurement compared to the GFP/RFP mixture, further confirms 

our previous postulation that scatter information are representative of the size and 

structure of the inner cell clusters rather than the emulsion droplet.   

These observations demonstrated that possibilities of coupling FACS with 

microfluidics double emulsion system to achieve the ultimate capacity, throughput and 

automation of synthetic genes/libraries screening. More importantly, what showed here 

also highlighted the significance of signal enrichment in stringent sorting during FACS 

as sufficient cell population is essential to generate solid and uniform signals that 

guarantees the detection sensitivity and resolution. This ability also allows us to 

enumerate rare events in a large population when identifying desired activities and 

functionalities. As shown in the next section, we employed the emulsion sorting 

platform to isolate accurate clones for error-prone microarray synthesized genes.  
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5.3.5 Screening of accurate clones for microarray synthesized and 
error-corrected genes 

To determine how the purposed screening system compares to the conventional 

culture plate method in terms of productivity and reliability, we applied the platform to 

identify error-free sequence in microarray synthesized genes. We chose red fluorescent 

protein (rfp) as a test gene for convenient screening of functionally correct genes. Freshly 

synthesized RFP gene construct before and after error-correction were transformed into 

E. coli cells and encapsulated into double emulsion droplet as single cell. The resultant 

droplets were incubated in growth medium overnight to allow ample cell proliferation 

to saturate the inner droplet. Under fluorescent microscope, occupied droplets contained 

cells populations that were either non-fluorescent, dimly or brightly fluorescent (Figure 

5-15A). Using droplet counting, it was found that 52.8% of bacteria positive droplets 

formed from uncorrected product contain cells that fluoresced brightly. Synthesis 

quality approximated from droplet system is consistent with that calculated using 

colony counting on agar plates (Figure 5-15B, Figure 5-16). Employing error correction 

increased the percentage of brightly fluorescent RFP droplets to 90.6%, which is also 

consistent with previous results conducted in conventional agar plate condition 

described in Chapter 4 [28]. (Figure 5-15B, Figure 5-16).  

Droplets described above were then analyzed by FACS and intensity threshold 

was set to only isolate samples that are brightly fluorescent. The isolated droplets were 

then chemically disrupted to release the content, which were later plated and selectively 
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sequenced to confirm the sequence integrity of their RFP inserts. Although the 

percentage of positive droplets was much lower for uncorrected gene construct as 

compared to the corrected one, droplet sorting by FACS was able to accurately identify 

the desired population/variants. For both conditions, isolated bacteria yield over 99.9% 

positive RFP colonies after plated on agar plate and the sequencing results measures the 

same as well.  
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Figure 5-15: Characterization of fluorescent cell population transfected with 

synthetic RFP gene before or after error correction. A) Fluorescent microscope images 

showing increased percentage of fluorescent droplet after error correction. Circled 

droplets contain bacteria that are either fluorescent (pink) or inflorescent (blue). B) 

Images showing increased percentage of fluorescent colonies after error correction. 

Images are processed with pseudo-colored red mask to highlight the brightly 

fluorescent colonies. 
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Figure 5-16:  Error correction results as measured by gene function assays. 

Percentages of fluorescent clones was measured before and after one or two iterations 

of error correction for RFP gene construct using positive droplet counting (A) and 

positive colony counting (B) 
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5.4 Conclusions 

In conclusion, the study demonstrated the development of a microfluidic based 

platform that generates well-controlled monodispersed double emulsions for high-

throughput single cell screening. We demonstrated the potential of creating individual 

genotype-phenotype linkage in single droplets and enabling signal enrichment for 

stringent selection. The selectively permeable oil barrier creates a discrete 

microenvironment whose aqueous core could be well defined and precisely modulated 

to cultivate cells, induce gene expression or assay cellular responses. The effective 

compartmentalization and signal amplification of single cell enables assays that, 

previously, yielded too little signal to be measured or distinguished with conventional 

setups. The high sensitivity and the ability to simultaneously characterize 8-12 

fluorescence channels of flow cytometer should enable greater reaction multiplexing. 

The capacity of double emulsion system (millions discrete compartments in 1ml 

solution) combined with high-throughput sorting by FACS provide the basis for 

screening complex gene libraries for a board range of functionalities and activities. 
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Appendix A 

Supplementary sequences 

Nicking Enzyme Recognition Site 

Nt.Alwl: GGATCNNNN^ 

Nt. BsmAI: GTCTCN^ 

Nt.BstNBI: GAGTCNNNN^ 

Nt.BspQI: GCTCTTCN^ 

 

 

>rfp (723-bp) 

AATTTCACACAGGAAACAGCTATGATGGCTTCCTCCGAAGACGTTATCAAAGAG

TTCATGCGTTTCAAAGTTCGTATGGAAGGTTCCGTTAACGGTCACGAGTTCGAAA

TCGAAGGTGAAGGTGAAGGTCGTCCGTACGAAGGTACCCAGACCGCTAAACTG

AAAGTTACCAAAGGTGGTCCGCTGCCGTTCGCTTGGGACATCCTGTCCCCGCAGT

TCCAGTACGGTTCCAAAGCTTACGTTAAACACCCGGCTGACATCCCGGACTACC

TGAAACTGTCCTTCCCGGAAGGTTTCAAATGGGAACGTGTTATGAACTTCGAAG

ACGGTGGTGTTGTTACCGTTACCCAGGACTCCTCCCTGCAAGACGGTGAGTTCAT

CTACAAAGTTAAACTGCGTGGTACCAACTTCCCGTCCGACGGTCCGGTTATGCA

GAAAAAAACCATGGGTTGGGAAGCTTCCACCGAACGTATGTACCCGGAAGACG

GTGCTCTGAAAGGTGAAATCAAAATGCGTCTGAAACTGAAAGACGGTGGTCACT

ACGACGCTGAAGTTAAAACCACCTACATGGCTAAAAAACCGGTTCAGCTGCCG

GGTGCTTACAAAACCGACATCAAACTGGACATCACCTCCCACAACGAAGACTA

CACCATCGTTGAACAGTACGAACGTGCTGAAGGTCGTCACTCCACCGGTGCTTA

AGAAACCGTGCGTTTCCAGTCT 

 

Chip oligos: 

RFP-f1-1, 

TTCAAATGGGAACGTGTTATGAACTTCGAAGACGGTGGTGTTGTTACCGTTACCC

AGGACGCATGACTCGACCATCCGATTTTTT 

RFP-f1-2, 

TTCATAACACGTTCCCATTTGAAACCTTCCGGGAAGGACAGTTTCAGGTAGTCCG

GGATGGCATGACTCGACCATCCGATTTTTT 

RFP-f1-3, 

CCAGTACGGTTCCAAAGCTTACGTTAAACACCCGGCTGACATCCCGGACTACCT

GAAACTGCATGACTCGACCATCCGATTTTTT 

RFP-f1-4, 



 

166 

CGTAAGCTTTGGAACCGTACTGGAACTGCGGGGACAGGATGTCCCAAGCGAAC

GGCAGCGGCATGACTCGACCATCCGATTTTTT 

RFP-f1-5, 

ACGAAGGTACCCAGACCGCTAAACTGAAAGTTACCAAAGGTGGTCCGCTGCCG

TTCGCTTGCATGACTCGACCATCCGATTTTTT 

RFP-f1-6, 

GCGGTCTGGGTACCTTCGTACGGACGACCTTCACCTTCACCTTCGATTTCGAACT

CGTGAGCATGACTCGACCATCCGATTTTTT 

RFP-f1-7, 

CATGCGTTTCAAAGTTCGTATGGAAGGTTCCGTTAACGGTCACGAGTTCGAAATC

GAAGGGCATGACTCGACCATCCGATTTTTT 

RFP-f1-8, 

CATACGAACTTTGAAACGCATGAACTCTTTGATAACGTCTTCGGAGGAAGCCAT

CATAGCGCATGACTCGACCATCCGATTTTTT 

RFP-f1-9, 

AGCCTGGATGACGTTTTCATCAAAATTTCACACAGGAAACAGCTATGATGGCTT

CCTCCGGCATGACTCGACCATCCGATTTTTT 

RFP-f2-1, 

CGGGAAGTTGGTACCACGCAGTTTAACTTTGTAGATGAACTCACCGTCTTGCAGG

GAGGAGCATGACTCGACCATCCGATTTTTT 

RFP-f2-2, 

CGTGGTACCAACTTCCCGTCCGACGGTCCGGTTATGCAGAAAAAAACCATGGGT

TGGGAAGCATGACTCGACCATCCGATTTTTT 

RFP-f2-3, 

TCAGAGCACCGTCTTCCGGGTACATACGTTCGGTGGAAGCTTCCCAACCCATGGT

TTTTTGCATGACTCGACCATCCGATTTTTT 

RFP-f2-4, 

CGGAAGACGGTGCTCTGAAAGGTGAAATCAAAATGCGTCTGAAACTGAAAGAC

GGTGGTCGCATGACTCGACCATCCGATTTTTT 

RFP-f2-5, 

TTTAGCCATGTAGGTGGTTTTAACTTCAGCGTCGTAGTGACCACCGTCTTTCAGTT

TCAGGCATGACTCGACCATCCGATTTTTT 

RFP-f2-6, 

GAAGTTAAAACCACCTACATGGCTAAAAAACCGGTTCAGCTGCCGGGTGCTTAC

AAAACCGCATGACTCGACCATCCGATTTTTT 

RFP-f2-7, 

GTGTAGTCTTCGTTGTGGGAGGTGATGTCCAGTTTGATGTCGGTTTTGTAAGCACC

CGGCGCATGACTCGACCATCCGATTTTTT 

RFP-f2-8, 
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CCTCCCACAACGAAGACTACACCATCGTTGAACAGTACGAACGTGCTGAAGGTC

GTCACTGCATGACTCGACCATCCGATTTTTT 

RFP-f2-9, 

AAATTGAGACTGGAAACGCACGGTTTCTTAAGCACCGGTGGAGTGACGACCTTC

AGCACGGCATGACTCGACCATCCGATTTTTT 

 

PCR primers: 

RFP-F, AATTTCACACAGGAAACAGCTATGA 

RFP-R, AGACTGGAAACGCACGGTT 

RFP-M, TGTTGTTACCGTTACCCAGGACTCCTCCCTGCAAGACGG 

 

Vector primers for CPEC: 

RFP_VECTOR_RV, ATGATGATGGTGGTGCATAGCTGTTTCCTGTGT 

RFP_VECTOR_FW, 

ACCGTGCGTTTCCAGTCTGTCGCCACCGTGAGCAAGGGCGCCGAGCT 

 

 

> lacZα-v1 (174-bp) 

AATTTCACACAGGAAACAGCTATGACCATGATTACGCTGGCCGTCGTTTTACAA

CGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACAT

CCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCCATCATCATCAC

CACCACTAGTTA 

 

PCR primers: 

mini-lacZ_L, AATTTCACACAGGAAACAGCTATGA 

mini-lacZ_R, TAACTAGTGGTGGTGATGATGATGG 

 

Vector primers for CPEC: 

mini-lacZ_R, CATCATCATCACCACCACTAGTTAAGCCAGCCCCGACAC 

mini-lacZ_L, CAATTTCACACAGGAAACAGCTATG 

 

 

> lacZα-v2 (174-bp) 

AATTTCACACAGGAAACAGCTATGACCATGATTACGCTGGCCGTCGTTTTACAA

CGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACAT

CCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCCATCATCATCAC

CACCACTAGTTA 

 

PCR primers: 

mini-lacZ_L, AATTTCACACAGGAAACAGCTATGA 
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mini-lacZ_R, TAACTAGTGGTGGTGATGATGATGG 

 

Vector primers for CPEC: 

mini-lacZ_R, CATCATCATCACCACCACTAGTTAAGCCAGCCCCGACAC 

mini-lacZ_L, CAATTTCACACAGGAAACAGCTATG 

 

 

> Construct-3 (501-bp) 

CAAATCAATACTATTACCGCCCATGTCGGAAGTAAATCCCACATGCATAGGTTG

ATGAATGTCTCCCATGAAGTGTGAAAGGAAGAGCAAAGCTCCAGTCATATTGTA

TCGCCTATCACTTGTACCGTGACGGAAATGCCCCAATTGAGAGGTGAAATTTTG

AATCGCGCCGGCAACGCACATGTCCTTCCCACCATGGGGATCATGACAGTCACG

TTGATAGTCAAAGGAACATGCTTGGTCAGGGGTATCAATGAAATGTAAGGAGGA

GGTCCAACGGTACTTGTACCAATGACGGATCTGATCTGGCCAAACACATAGGCT

TGATAAGTTTCCGTTGGCATAATCAGGCAACAACATCTTTACCGCATGAGCGGCT

TCTGGCTCAAGAAGGTCCTGGGCAATCTGACAGGTCATAACATGTCCTTCCTTTG

ACCAAGCTCTTACACCGGGCTCCACGACAAGGGCGAGAAGTAGAAAGAACACG

GAGTACAGTCTGGT 

 

Chip oligos: 

GFP-FRGA-1, 

CAAATCAATACTATTACCGCCCATGTCGGAAGTAAATCCCACATGCATAGGTTG

ATGAATGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-2, 

TGAAGCTTTGCTCTTCCTTTCACACTTCATGGGAGACATTCATCAACCTATGCATG

TGGGGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-3, 

GAAAGGAAGAGCAAAGCTTCAGTCATATTGTATCGCCTATCACTTGTACCGTGA

CGGAAAGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-4, 

TGCCGGCGCGATTCAAAATTTCACCTCTCAATTGGGGCATTTCCGTCACGGTACA

AGTGAGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-5, 

ATCGCGCCGGCAACGCACATGTCCTTCCCACCATGGGGATCATGACAGTCACGT

TGATAGGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-6, 

TTTCATTGATACCCCTGACCAAGCATGTTCCTTTGACTATCAACGTGACTGTCATG

ATCCGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-7, 
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TTGGTCAGGGGTATCAATGAAATGTAAGGAGGAGGTCCAACGGTACTTGTACCA

ATGACGGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-8, 

AAACTTATCAAGCCTATGTGTTTGGCCAGATCAGATCCGTCATTGGTACAAGTAC

CGTTGGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-9, 

GCCAAACACATAGGCTTGATAAGTTTCCGTTGGCATAATCAGGCAACAACATCT

TTACCGGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-10, 

AGATTGCCCAGGACCTTCTTGAGCCAGAAGCCGCTCATGCGGTAAAGATGTTGT

TGCCTGGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-11, 

CAAGAAGGTCCTGGGCAATCTGACAGGTCATAACATGTCCTTCCTTTGACCAAG

CTCTTAGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-12, 

TTCTTTCTACTTCTCGCCCTTGTCGTGGAGCCCGGTGTAAGAGCTTGGTCAAAGG

AAGGAGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-13, 

ACAAGGGCGAGAAGTAGAAAGAACACGGAGTACAGTCTGGTCTCGAGATCATC

CTTGTCAGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-14, 

CCCCGATCCAAATACGCACTATAATCTAGATTTAACGCTGACAAGGATGATCTC

GAGACCGCATGACTCGACCATCCGATTTTTT 

 

PCR primers: 

GFP-FRGA-F, 

TTCACACAGGAAACAGCTATGACCAGACTGTACTCCGTGTTCTTTCTA 

GFP-FRGA-R, 

CTTGCTCACGGTGGCGACCAAATCAATACTATTACCGCCCATGTCGGA 

 

Vector primers for CPEC: 

GFP-FRGA_VECTOR_RV, 

GGAGTACAGTCTGGTCATAGCTGTTTCCTGTGTGAAATTGTTATC 

GFP-FRGA_VECTOR_FW, 

GGTAATAGTATTGATTTGGTCGCCACCGTGAGCAAGGGC 

 

 

>Construct-4 (498-bp) 

ATGATGATGATGATGATGTGCCAACGAATGGTCAGCAGACGAACCCAGGACAC

GGTTAAGAATCATGCTTAATCTGATTCCTCCTTGGGCGATACGTTTCATAACAAT
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TGGCATTCGCGTGTTAAAATATTTATCCGACAATGTCTCTCCACTTTCTACATCCT

TATACCCCCAGTTACAAGCCAACTTAATTGATTACTTAGCATATTTGTTTGCACA

AGTAGAGATATCATCGCATTCTTTCCAAGATTCCACGTCTTGCAACCAAGAACCC

TCCGTAAAATTTCTCTGAATGTCTTGAAGCAAGGAATGCATATCCTTTCCGTGAT

AATCAGCAGCAGCAGTTAGAATGATCTCTCGATCCCAGACGTGATGCAGGTTTG

ATTTATGACGAAACCACCTCAAATCAATACTATTACCGCCCATGTCGGAAGTAA

ATCCCACATGCATAGGTTGATGAATGTCTCCCATGAAGTGTGAAAGGAAGAGCA

AAGCTTC 

 

GFP-FRGB-1, 

TATTTAATTACCTGCAGGGAATTCTTAATGATGATGATGATGATGTGCCAACGAA

TGGTCGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-2, 

GATTAAGCATGATTCTTAACCGTGTCCTGGGTTCGTCTGCTGACCATTCGTTGGC

ACATCGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-3, 

GACACGGTTAAGAATCATGCTTAATCTGATTCCTCCTTGGGCGATACGTTTCATA

ACAATGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-4, 

GACATTGTCGGATAAATATTTTAACACGCGAATGCCAATTGTTATGAAACGTATC

GCCCAGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-5, 

CGTGTTAAAATATTTATCCGACAATGTCTCTCCACTTTCTACATCCTTATACCCCC

AGTTGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-6, 

AAATATGCTAAGTAATCAATTAAGTTGGCTTGTAACTGGGGGTATAAGGATGTA

GAAAGTGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-7, 

GCCAACTTAATTGATTACTTAGCATATTTGTTTGCACAAGTAGAGATATCATCGC

ATTCTGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-8, 

GGGTTCTTGGTTGCAAGACGTGGAATCTTGGAAAGAATGCGATGATATCTCTACT

TGTGCGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-9, 

CGTCTTGCAACCAAGAACCCTCCGTAAAATTTCTCTGAATGTCTTGAAGCAAGG

AATGCAGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-10, 

TCATTCTAACTGCTGCTGCTGATTATCACGGAAAGGATATGCATTCCTTGCTTCA

AGACAGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-11, 
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TCAGCAGCAGCAGTTAGAATGATCTCTCGATCCCAGACGTGATGCAGGTTTGAT

TTATGAGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-12, 

ACATGGGCGGTAATAGTATTGATTTGAGGTGGTTTCGTCATAAATCAAACCTGCA

TCACGGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-13, 

CAAATCAATACTATTACCGCCCATGTCGGAAGTAAATCCCACATGCATAGGTTG

ATGAATGCATGACTCGACCATCCGATTTTTT 

GFP-FRGB-14, 

TGAAGCTTTGCTCTTCCTTTCACACTTCATGGGAGACATTCATCAACCTATGCATG

TGGGGCATGACTCGACCATCCGATTTTTT 

 

PCR primers: 

GFP-FRGB-F, 

TTCACACAGGAAACAGCTATGGAAGCTTTGCTCTTCCTTTCACACTTCAT 

GFP-FRGB-R, 

CTTGCTCACGGTGGCGACATGATGATGATGATGATGTGCCAACGAATG 

 

Vector primers for CPEC: 

GFP-FRGB_VECTOR_RV, 

AAGGAAGAGCAAAGCTTCCATAGCTGTTTCCTGTGTGAAATTGTTATC 

GFP-FRGB_VECTOR_FW, 

GGTAATAGTATTGATTTGGTCGCCACCGTGAGCAAGGGC 
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