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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 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 technology has far lagged behind that of gene and genome sequencing. This 

has meant that numerous ideas go unfulfilled due to scale, cost and impediments in the 

quality of DNA due to synthesis errors.  

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

at gene synthesis. An inkjet oligonucleotide synthesizer is constructed to synthesize 

DNA microarrays onto silica functionalized cylic olefin copolymer substrates. 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.  This platform has the potential to be particularly low-cost since it 

employs standard phosphoramidite reagents and parts that are cheaper than optical and 

electrochemical systems. Genes sized 160 bp to 993 bp were successfully harvested and, 

after error correction, achieved up to 94% of intended functionality. 
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1. An introduction to Gene Synthesis Technologies  

The rapid growth of synthetic biology has been recognized by its broad and 

promising applications in design and engineering of biological systems of every kind 

and at every level. The overall development of DNA synthesis technology has far lagged 

behind that of DNA sequencing and therefore not being able to meet current and future 

demands from synthetic biology. New engineering tools and technologies such as 

microfluidic systems, ink-jet printing technology, digital photolithography, 

electrochemistry and robotics stand primed to alleviate this need. With the cumulative 

possibility of all such researches, de novo DNA synthesis could offer the freedom of 

obtaining any DNA molecule of any sequence or size with convenience. This capability 

could then transform biomedical research in the near future. 

1.1 Statement of Purpose 

The ability to de novo synthesize DNA constructs of any size rapidly, accurately 

and economically is critical for synthetic biology.  Today, the process of DNA 

oligonucleotide synthesis has been automated. Methods for synthesizing longer DNA 

molecules, which mainly rely on assembly of pre-synthesized oligomers, are being 

improved. However, the overall development of DNA synthesis technology has far 

lagged behind that of DNA sequencing and therefore not being able to meet current and 

future demands from synthetic biology. This thesis will review the use of new 
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engineering tools and technologies such as microfluidic systems, ink-jet printing 

technology, digital photolithography, electrochemistry, robotics and enzymatic error-

correction. Following these, the applications, strategies, and trends of applying high-

throughput gene synthesis in synthetic biology to design and engineer biological 

systems will be reviewed. The development of DNA and gene synthesis technology is at 

a critical turning point and its success will spur exponential growth of biomedical 

research. This purpose of this dissertation has been to devise methods, chemistry, and 

instrumentation of DNA synthesis that aims at increasing the quality and throughput of 

genes and large DNA constructs by taking advantage of the above technologies.  

Inkjet-printed 
microarrays

COC substrate On-chip amplification 
& assembly

DNA error-correction 
and nanofabrication

 

Figure 1. Pathway to Gene Synthesis and Error-Correction, as undertaken by 

this dissertation. 

 In the long term view, this dissertation identifies the marriage of microarrays and 

microfluidics as the most economical pathway to achieving high-throughput gene 

synthesis and subsequent error-correction. It envisions easily embossed thermoplastic 

chips as the vehicle to achieve this goal. Thermoplastic chips would allow for arrays to 

be located within the embossed features of the chips, where such features enable the 
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harvesting of the inkjet synthesized DNA from arrays and forming large constructs   by 

maintaining the needed reagent concentration (of construction oligonucleotides that 

form the larger constructs) to drive the assembly reaction.  

 

Figure 2. The envisioned thermoplastic device that marries microfluidics with 

microarrays by having arrays situated within the chip’s embossed features. 

We have utilized inkjet synthesis in this work as it presents the most mature synthesis 

chemistry (as reviewed in the remainder of this chapter) in the literature and also has an 

open-source device design available from the Institute of Systems Biology. We look to 

extensively use thermoplastics, especially cylic olefin copolymer (COC), within this 

thesis because of the following benefits over the standard glass plates: COC is highly 

hydrophobic that eases the formation of hydrophobic/hydrophilic features on the 

surface (this allows for better alignment of inkjet printed droplets), it can be embossed 

easily and scaled to production level quantities, the plastic’s surface – even as a silica 
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hybrid (as explained in Chapter 3) – provides a smooth surface that is unreactive and 

will likely have little non-specific adsorption of biomolecules in the background. 

1.2 Chemical oligodeoxynucleotide synthesis 

Chemical oligodeoxynucleotide (ODN) synthesis is a cyclical process that 

elongates a chain of nucleotides from the 3’-end to the 5’-end. The phosphoramidite 

four-step process, developed in the early 80’s, has been the method of choice currently 

used by most commercial DNA synthesizers [1-3]. This process couples an acid-

activated deoxynucleoside phosphoramidite to a deoxynucleoside on a solid support.  
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Figure 3. The solid-phase, four-step phosphoramidite oligodeoxynucleotide 

synthesis cycle. 

In the first synthesis cycle, the nucleotide chain grows from an initial protected 

nucleoside tethered to a solid support via its terminal 3′ hydroxyl. The commonly used 

supports include the controlled pore glass (CPG) or polystyrene (PS) beads. Reagents are 

pumped onto and through the support to induce stepwise addition of nucleotide 

monomers to the growing oligonucleotide chain. Addition of each nucleotide monomer 

to the elongating oligonucleotide chain is carried out in four steps (Fig 1): (i) Acid is 
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used to de-block the 5’-o-4,4’-dimethoxytrityl (DMT) groups from preceding linked 

ODNs to release -OH groups. (ii) The incoming phosphoramidite is attached to the 

preceding oligonucleotide which has been activated by activators (i.e. tetrazole reagent). 

(iii) Uncoupled 5’-OH sites are blocked by a capping reagent, typically acetic anhydride. 

(iv) The phosphite linkage synthesized in step (ii) is oxidized by a strong oxidizer to 

form a phosphate linkage. Depending on applications, the final synthesis products can 

either be deprotected and/or cleaved off the solid support.  

Most recently, an alternative two-step ODN synthesis method has been 

developed [4]. The approach utilizes a peroxy anion as nucleophile in each synthesis 

cycle to simultaneously remove a 5’-carbonate and oxidize the internucleotide phosphite 

triester. The cyclical removal of the 5’-protecting group with peroxy anion under mildly 

basic conditions is essentially nonreversible and quantitative. This procedure can 

therefore completely eliminate depurination and reduce mutation frequencies in cloned, 

synthetic DNA. The two-step procedure also simplified ODN synthesis by eliminating 

several reagents. This should allow for simpler and potentially more robust automation 

and result in dramatic cost savings for the large scale synthesis of ODN.  

1.3 Current Bulk-synthesis Technologies 

Solid-phase synthesis makes automation possible because it eliminates the need 

to purify synthetic intermediates or unreacted reagents. These reagents are simply 
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rinsed off the column at the end of each step. Based on the four-step synthesis 

procedure, fully automated DNA synthesizers have been developed with throughput 

ranging from 1 to 1536 sequences [5-8]. The first machines built and sold by Applied 

Biosystems were capable of synthesizing only 2-4 independent sequences at a time and 

using relatively large reaction volumes (about one milliliter). A parallel synthesis 

machine capable of synthesizing oligonucleotides in a 96-well plate format was reported 

in 1995 at the Stanford Genome Research Center [7]. In this design, in order to 

synthesize a large number of oligonucleotides in a multiplexed fashion using the 

phosphoramidite synthesis chemistry, reagent bottles are connected by Teflon tubing to 

multiple solenoid valves which is individually controlled by computer to deliver 

reagents into wells of a reaction plate. Individual valve control is essential to make 

oligonucleotides of different length and sequence. Such a design allows highly parallel 

synthesis of oligonucleotides in multiplexing the reagents delivery without sacrificing of 

product quality. Based on similar designs, additional parallelization brought the 

throughput of synthesis of these instruments to 192, 384, and more independent reaction 

wells.  

1.4 Gene synthesis 

Chemical DNA synthesis is typically used for synthesizing oligonucleotide 

sequences shorter than ~150 bases. For synthesis of longer, gene-sized DNA, a number 
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of enzymatic methods have been used over the past decades. Among them, two general 

methods are most commonly used today for convenient synthesis of individual genes 

starting from short synthetic oligonucleotides (Figure 2).  

1.4.1 Ligation-based assembly 

Joining oligonucleotides with DNA ligase to form longer genes have been used 

in early examples of gene synthesis [9-13] and in certain commercial solid-phase gene 

synthesis set-ups. With the discovery of thermo-stable DNA ligases and the 

development of ligase chain reaction (LCR) [14-16], thermo-ligase or LCR-based gene 

assembly methods become very convenient [17-19]. One advantage of using thermo-

ligase over T4 DNA ligase is that less oligo secondary structure will form at the elevated 

ligation temperature.  
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Figure 4. Enzymatic methods for gene synthesis. A: Ligation-based assembly 

usually involves two steps, ligation and PCR amplification. B: Two-step PCR-driven 

assembly , in which the gene -end amplification primer pair (red) is used after the 

first PCR assembly reaction. C: One-step gene assembly reaction with gene -end 

amplification primer pair mixed with the gene -construction primers (blue) in a 

single-step PCR assembly and amplification reaction. 

In this approach (Fig.2A), carefully designed overlapping oligos that completely 

cover both strands of the gene sequence are chemically synthesized and phosphorylated 

at 5’-ends. The oligos are mixed together in buffer with a thermo-ligase and heat 

denatured. The mixture is then cooled down slowly to a temperature suitable for proper 

annealing and ligation. The denaturation and annealing/ligation steps can be repeated 
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for a number of cycles. In order to produce enough quantities of the full-length gene 

product, the ligation reaction is usually coupled with a polymerase chain reaction (PCR) 

using a pair of specific gene-end primers to amplify the full-length gene sequence. 

1.4.2 PCR-driven assembly 

Without ligation, a procedure similar to PCR alone can also assemble 

overlapping oligos into full-length gene constructs, either in two steps or a single step 

[20-23]. These methods were given various names, such as “assembly PCR”, 

“overlapping PCR”, “polymerase chain assembly (PCA)”, etc.  

In the two-step procedure (Fig. 2B), overlapping oligonucleotides that together 

cover the whole construct are mixed together in equal, low concentrations with a PCR 

mixture, including buffer, dNTPs, and a polymerase. Following the thermal cycling 

steps are carried out similar to a normal PCR. During this first PCR reaction, 

overlapping oligos will anneal and extend using each other as a template to form longer 

and longer DNA fragments and eventually reach full length. Then a second PCR is 

necessary to amplify the full-length construct. The second PCR reaction will use a pair of 

end primers and a small fraction of the first PCR reaction mixture as template. 

In the one-step procedure (Fig. 2C), the pair of end primers is added from the 

beginning and at a higher concentration than the rest of the oligos. Extra cycles maybe 

needed to assemble and amplify the full-length construct. 
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In an interesting variation, Oleinikov in a recent patent filing [24] adapted PCR-

driven assembly to synthesize a full product using synthesized microarrays as 

templates. These microarrays are used to provide the overlapping oligos but, instead of 

being in the solution-phase as in a standard PCR, are immobilized on the microarray 

support. The process comprises of several repeated steps of melting, annealing and 

extension that elongates the final product in a sequential manner. Initially, primers are 

added to extend the first immobilized oligonucleotide that contains an overlapping 

region with the second oligo. During the second cycle of melting and annealing, the 

complementary products from the first phase anneal to the second immobilized 

oligonucleotide. Upon extension, the initial primer now contains sequences 

complimentary to both the first and second microarray-immobilized oligonucleotide. 

These cycles are repeated until a full-length polynucleotide is formed and which point it 

can be amplified by PCR using two primers complimentary to the ends of the desired 

product. Despite having a long turnaround time (as the number of cycles will need to 

equal or more than the number of oligos on the entire microarray), the method could 

provide significantly less errors as the assembly is directed and results in minimum 

incorrect side products. 

Compared with the LCR-based approach, a difference may exist in the design of 

oligos. In PCR-driven assembly, gaps are allowed between adjacent oligos that belong to 
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the same sense or anti-sense strand. This gives PCR-driven assembly a slight advantage 

in terms of the amount of chemical DNA synthesis required over the ligation-based 

assembly, where no gap is allowed. The speed and convenience of single-step PCR-

driven assembly is another attractive feature. However, not all sequences can be 

assembled by PCR. For some difficult constructs involving repetitive sequences or 

excessive DNA secondary structures, ligation maybe the only option.  

1.5 Advanced Technologies for Synthesis 

Different from oligo synthesis on a bulk DNA synthesizer, where reactions occur 

in large separate compartments, advanced synthesis technologies utilize the surface of a 

silicon chip or glass slide with oligo growth confined to specific spots or regions. This is 

achieved through a variety of different mechanisms, including photolithography with 

physical masks, digital photolithography, electrode array, or inkjet printing. These 

mechanisms control whether or not a phosphoramidite monomer will be coupled to 

growing oligonucleotide chains on a particular spot during each synthesis cycle. The 

oligonucleotide chains are anchored to the surface via a special non-cleavable chemical 

linker if needed to perform as a microarray. Else a cleavable chemical linker can be used. 

1.6 Oligonucleotide synthesis from DNA microarrays 

Although synthetic oligonucleotides and genes have become commodities, the 

costs are still very high and the synthesis throughputs are limited. In searching for an 
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abundant source for inexpensive oligonucleotides for gene construction, attention has 

recently been focused on DNA microarrays.  

1.6.1 Photolithography 

Photolithography using physical masks and photolabile nucleoside monomers 

was the early system used to synthesize oligonucleotide microarrays [25-27]. The mask 

is employed to generate a light pattern that dictates which areas on the array need to be 

activated for chemical coupling. A stack of masks need to be prefabricated according to 

oligo sequences to be synthesized on the chip. Light exposure in specified areas removes 

photolabile blocking groups on the growing chains. After deblocking, a selected 

phosphoramidite monomer is added onto the entire surface, but coupling reactions only 

occur in areas under light exposure. The cycle repeats until the whole synthesis 

completes. 

Affymetrix Inc. applied this technology to large-scale fabrication of high-density 

GeneChip probe arrays for nucleic acid sequence analysis. The methodology utilized by 

Affymetrix employed 5’-(α-methyl-6-nitropiperonyloxycarbonyl), or “MeNPOC” 

photolabile nucleoside monomers to achieve capability of printing individual 10 μm2 

probe features at a density of 106 probes / cm2. 
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Figure 5. DNA array synthesis using digital photolithography . (a) The ends of 

the linkers on the microarray slides are protected with photo- or acid-labile protection 

groups . (b) Digitally controlled light patterns remove protection groups from 

specified locations either directly or via photogenerated acids (PGA). (c) 

Phosphoramidite monomers (N-) are added and the cycles repeat to synthesize 

different oligonucleotide sequences on chip surface. (d) Digital micromirror array 

from Texas Instruments. 

The cost of using large numbers of pre-fabricated photomaske is high, probably 

only justifiable for large-scale high-volume gene chip fabrication. A relatively low-cost 

and flexible alternative is digital photolithography using Texas Instrument’s Digital 

Micromirror Device (DMDTM) based on the Digital Light Processing (DLP™) technology. 
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DMD is normally used in commercial projectors. It is a reflective display device 

consisting of an electromechanically controlled array of micromirrors. The resolutions 

can be as high as 307,200 pixels (VGA) or 2,073,600 pixels (SVGA) with 16 x 16 μm2 area 

per pixel. A major advantage of using DMD over physical masks is that it is 

programmable. High resolution, precisely controllable light patterns can be generated in 

an automated manner. 

In one of the early maskless array synthesizers (MAS), a DMD consisting of a 600 

× 800 array of 16 μm wide micromirrors was used [28,29]. These mirrors were 

individually controlled by computer signal and could be used to generate any given 

pattern up to 480,000 pixels simultaneously. Theoretically, the device allows the 

synthesis of nearly half a million different oligonucleotide sequences on the substrate. 

The authors reported successful in synthesizing oligonucleotides (41mers) on base-labile 

slides with instrument and in assembling to form a larger DNA fragment (61mers). This 

amplification and assembly of chip-eluted DNA (AACED) method had the advantages 

of increasing the number of synthesis oligonucleotides and allowed for assembly of sub-

populations of DNA from the chip surface, making each chip useful for a variety of 

oligonucleotides syntheses. The authors had claimed that if the AACED was extended to 

its full potential, a single chip with 786,432 unique 40mer oligonucleotides could 

potentially be used to assemble >15 Mb of DNA. 
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Different photochemistry can be used with digital photolithography for DNA 

microarray synthesis. Some designs directly used photolabile protecting group (PLPG), 

such as (R,S)-1-(3,4-(methylenedioxy)-6-nitrophenyl)ethyl chloroformate (MeNPOC) or 

2-(2-nitrophenyl) propoxycarbonyl (NPPOC) to block function groups on the linker or 

the phosphoramidite monomers [28,29]. Other designs used photogenerated acid (PGA) 

in solution to perform the deblocking step in conventional nucleotide phosphoramidite 

chemistry [30]. The PGA solution at mM concentrations can effectively remove the DMT 

group to free the 5’-OH group of nucleosides or nucleotides. 

Zhang et al. [31] reported a synthesis method based on the photochemistry to in 

situ generate deblocking agents in alternative to the conventional strong acid deblocking 

or photolabile reaction. The major component of this approach is the acid precursors 

which generate acids by a photolytic process in the detritylation step. Historically, the 

photoacid generator (PAG) has been broadly used in the microelectronic industry [32]. 

The authors applied the concept to oligonucleotides synthesis which the generated acids 

cleaved the DMT group on the growing oligonucleotide chains to produce free 5’ –OH 

groups and else synthesis procedures are identical to the conventional phosphoramidite 

chemistry. In this study, the authors employed a photoacid generator, triarylsulfonium 

hexafluoroantimonate (ssb), as the detritylation agent and an UV light source was 

employed to induce deblocking reactions. The resulting synthesized octamers were 
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investigated by HPLC. The major advantage of this PAG method is its otherwise use of 

the conventional phosphoamidite chemistry without limited by the availability of 

suitable compounds and high costs in most photocontrolled methods. Additionally, the 

synthesis reactions are more efficient than photo-cleavage methods and less suffer from 

side reactions. Since only conventional synthesis chemistry used, the method can be 

extended to many different applications such as syntheses of RNA, peptides, 

oligonucleotide analogues or varieties of molecules.  

Although the technique using PGA to remove acid-labile blocking groups for in 

situ oligonucleotide synthesis has been demonstrated, most available PAGs are 

developed primarily to be employed in semiconductor industry and most may liberate 

free radicals to produce undesirable effects and unexpected errors.  Serafinowski and 

Garland [33] reported successfully developed novel photosensitive-2-nitrobenzyl esters 

as PAG agents to avoid such hassles. The resulting two ester: R-Phenyl-4,5-dimethoxy-2-

nitrobenzyltrichloroacetate and R-phenyl-4,5-dimethoxy-2,6-

dinitrobenzyltrichloroacetate showed appropriate photochemical characteristics and 

were tested for synthesis of a variety of oligonucleotides. The stepwise yield for 

synthesis of DMTr(T)10 in this report was 97.8% for the photochemical method using 

new PAG and 98% for the conventional method. Corresponding values for second ester 
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were 97.4% and 97.6%, respectively. Further research on new chemicals with absorption 

maxima at 380-395 nm were also reported. 

Zhou et al. [30] reported a new platform to synthesize DNA arrays via the PAG 

technique described above. The illumination apparatus consist of a 500W mercury arc 

lamp as the light source and a 480×640 digital micromirror device (DMD, Texas 

Instruments) was used to generate light patterns projected onto the surface of microwell 

array chip, which was installed in a flow-through cartridge. The cartridge was connected 

to a commercial oligonucleotide synthesizer (Expedite 8909, PerSeptive) which served as 

a reagent manifold. Using this method, the authors had successfully fabricated DNA 

chips with probes at high yields.  

Further developing on this technique, the authors presented the design and 

fabrication of microwell array chips for solution-based, PGA-catalyzed parallel 

oligonucleotide synthesis [34,35]. The authors applied microfabrication techniques to 

fabricate microwell array chips and used differential surface tension to isolate reaction 

sites during a photolytic reaction. The authors have constructed a microfluidic device, 

PicoArray, for miniaturization of synthesis and the method enables to ultra fast generate 

a large number of oligonucleotides in high quality. As reported, long DNA constructs up 

to 10 kb were assembled by ligation followed by fusion PCR. Most important, the 

microfluidic configuration provided a unique advantage to divide a large number of 
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synthesis oligonucleotides after cleaved from substrate and collected as subsets of 

sequence for assembling of genes.   

1.6.2 Inkjet printing 

 

Figure 6. DNA array synthesis with piezoelectric inkjet technology. The 

microarray synthesis platform consists of a controller PC, DAQ-electronics, and a 

servo controller, which together control the printing from the print head onto the 

slides. The inset shows the working mechanism of the piezoelectric inkjet head. 

Inkjet printer heads can be used to deliver small drops of reagents to a 

chemically modified slide surface, where they react to synthesize DNA. Piezoelectric 

jetting, high quality motion controllers and standard phosphoramidite oligonucleotide 

synthesis chemistry together allow synthesis of arrays of oligonucleotide sequences at 
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specific, closely spaced features on suitable solid substrates. This technology is primarily 

commercialized by Agilent.  

In the late eighties, the labs of Leroy Hood and Marvin Caruthers had been 

working on adapting the solution-based phosphotriester chemistry used for DNA 

synthesis onto solid supports. Caruthers and co-workers, using a modified version of 

phosphite triester chemistry worked out a method for synthesizing oligonucleotides on 

polymer support [36]. With the possibility of solid-phase synthesis now open, scientists 

in the field started pursuing novel methods of delivering reagents to these supports. 

This prompted Hood and co-workers to attempt a synthesis system on a strategy of 

mechanical miniaturization. 

In 1996, Alan Blanchard, working in Dr.Hood’s laboratory, demonstrated the 

first proof-of-principle oligonucleotide synthesis via inkjetting [37]. In the work, 

Blanchard et al. addressed two key issues: that of maintaining discrete features of 100 pl 

droplets using surface tension and delivering small amounts of synthesis reagents using 

in-house microfabricated ink-jet pumps. These ink-jet pumps essentially operated 

similar to a inkjet head found in one of today’s commercial inkjet printers. A 

piezoelectric inkjet head consists of a small reservoir with an inlet port and a nozzle at 

the other end. One wall of the reservoir consists of a thin diaphragm with an attached 

piezoelectric crystal. When a voltage is applied to the crystal, it contracts laterally thus 
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deflecting the diaphragm and ejecting a small drop of fluid from the nozzle. The 

reservoir then refills via capillary action through the inlet. One, and only one, drop is 

ejected for each voltage pulse applied to the crystal thus allowing complete control over 

when a drop is ejected. 

One of the critical points for successful inkjet synthesis, as noted in a patent filed 

by Blanchard [38], is the selection of a suitable solvent. Acentonitrile, the solvent of 

choice in standard DNA synthesis, is too volatile to work well during inkjet synthesis. 

The high velocities with which the picoliter-size droplets are flying through the air 

causes acetonitrile to evaporate. This high volatility results in frequent misplaced 

droplets, crystals of reagent sitting dry on the slide, and a very high rate of clogging the 

piezoelectric nozzles. The patents suggests that an alternative solvent should have low 

volatility, a higher boiling point than acetonitrile, higher vapor pressure, be compatible 

with phosphoramidite synthesis, and not harm the inkjet array head. Propylene 

carbonate 

(PC) was shown to meet these requirements and had a coupling efficiency close 

to that seen with acetonitrile. This solvent has since been patented by Agilent for 

oligonucleotide synthesis.  More recently, the Hood lab reported that a 1:1 mixture of 2-

methyl glutaronitrile (MGN) and 3-methoxypropionitrile (3MP) works as well as PC, 

and appears to cause less nozzle clogging [39]. 



 

22 

By 2001, the above system had evolved into a second-generation device at 

Agilent. Hughes et al. reported utilizing this system for synthesis of DNA microarrays 

that were targeted at the down-stream application of gene-expression profiling of 

complex biological samples [40]. Using established experimental systems, the 

researchers validated the ink-jet platform by comparing to existing technologies and 

conventional standards and took advantage of the flexibility of the inkjet-based 

expression profiling system. They varied the sequences of synthesized oligonucleotide 

on each array, showing that all that is required to create a new array design is sequence 

information. This demonstrated the possibility that virtually any organism for which 

gene sequences are known can be assayed, and sequence updates and re-analyses can be 

incorporated into array designs extremely rapidly. The researchers also used this system 

to experimentally verify expression and structure of predicted genes across the entire 

human genome. 

Execution of the inkjet-based synthesis process not only requires careful control 

of the ink used (i.e: assuring proper phosphoramidite dissolution and the solvent used), 

but also of the parameters for firing the ink jet and the surface onto which the droplets of 

the reagents are deposited and reacted. A refined process is absolutely necessary as the 

stepwise efficiency must be close to 99% in order to synthesize long oligonucleotides 

efficiently. On initial commercial introduction, Agilent made available 22,575 individual 
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features on a single 1 x 3’ glass slide substrate. As more was learned about the process of 

large-scale synthesis using this technology, Agilent upgraded its design to place ~44,000 

features on the same substrate area previously occupied by the 22,575 features.  

Recent publications by researchers within Agilent show the inkjet platform to 

now be a highly sophisticated and automated industrial process [41-43]. In addition to 

the fluid-handling and XYZ-robotic motion systems, the platform is now also equipped 

with print head maintenance modules, automated substrate handling and a multi-modal 

vision system. Further increases in feature density have been accomplished as a result of 

refinement of the software used to control the ink-jet writers; little or no chemical 

changes have been required. Currently, Agilent Technologies manufactures both custom 

and catalog oligonucleotide microarrays on the same 1 × 3-in. microscope slide format 

that can contain up to 244,000 features. 

Over the last few years, as inkjet-based oligonucleotide synthesis approached 

increased sophistication at Agilent, the Hood lab released a similar yet vastly simplified 

inkjet-based platform [39,44]. The designs are based on readily available parts and 

centers around an Epson piezoelectric inkjet-head. Dubbed PoSAM by the researchers, 

the platform utilizes a low-cost piezoelectric inkjet-head salvaged from a commercial 

photo printer. The head contains six fluid channels; four channels deliver 
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phosphoramidite precursors and one delivers an activator (ethylthiotetrazole), leaving 

one channel available for an optional linker or modified base.  

The researchers identified formation of virtual reaction wells by the inkjetting 

process as being the most problematic step of synthesis and ensured that the picoliter-

scale droplets were round and well formed. Interestingly, it was noted that printing a 

base prior to the activator, although both were dissolved in the same solvent, formed 

superior features that when done in reverse. Several sequences were then synthesized 

with a short turnaround time. Slides were fabricated with 9,800 features and were used 

to analyze hybridization specificity, array reuse and finally to track changes in the 

population fraction of barcoded yeast deletion mutants. 

1.6.3 Electrochemical array 

Instead of using photo-chemical methods to generate acid for the deblocking 

step, localized electrochemical reactions can also be used for DNA synthesis. Acid is 

produced only at specified sites by electrochemical oxidation using an array of 

individually addressable microelectrodes. The electrolyte used in one design is 25 mM 

hydroquinone and 25 mM benzoquinone with 25 mM tetrabutylammonium 

hexafluorophosphate in anhydrous acetonitrile [45]. When current is applied to 

microelectrodes, the electrolyte is oxidized at the anodes and therefore releases acid. The 

generated acids diffuses to the substrate in which oligonucleotide was synthesized. Acid 



 

25 

is confined in the region by adjacent cathodes which consume acid by reduction. 

Alternatively, the synthesis can be performed on a porous polymeric layer, which slows 

down the diffusion of the acid generated from a local electrode and increases the 

amount of oligonucleotides synthesized per unit area. The deblocking step can be 

complete in seconds and side reactions between chemical and synthesized 

oligonucleotide are minimal. The electrodes were made by thin-film photolithography of 

iridium metal (50 nm thickness) and were durable to use over 500 cycles without 

deteriorations. The authors had reported that a 6 and a 17 bases oligonucleotide were 

successfully synthesized and completely electrochemically deblocking step was as fast 

as 9 seconds. 
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Figure 7. DNA synthesis on an electrochemical array. (a) Diagram of a 

microelectrode array on top of a DNA synthesis slide with an acid-labile protecting 

group . Two designs are shown here in order to generate localized acid; in (b), the acid 

generated from the anodes is localized by using a polymer material to block its 

diffusion, while in (c), the diffused acid is consumed by the adjacent cathodes. (d) 

Phosphoramidite monomers (N-) are added and the cycles repeat to synthesize 

different oligonucleotide sequences on the chip surface. 
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1.6.4 Microfluidics 

Hua and Gulari [46] recently reported a versatile platform featuring a chemical 

resistant microvalve array for addressable multiplex oligonucleotide synthesis. In this 

work, the authors fabricated a silicon/PDMS hybrid pneumatic microvalve array with a 

parylene/PDMS double layer valve membrane. Trenches on PDMS layer served as the 

air lines and all microfluidic channels, microreactors and microvalve were located on the 

silicon layer. The membrane was sandwiched by the top PDMS and bottom silicon 

substrate. To address the specific reactor in the array, air was first pump to the desired 

air channels where the valve seats in this specific reactor were not under those air 

channels. Thus, when fluid filled the bottom channels under those unpressurized air 

channels, valves were opened by hydraulic pressure on the flexible parylene membrane. 

This was defined that the reactor was opened or addressed. If any of valve seats in this 

reactor was under a pressurized channel, the valve membrane would be pushed down 

and closed the valve. This was defined as reactor closed or “not addressed”. By 

conceptual calculation, the authors proposed that 12870 reactors can be controlled 

(addressed) by only 16 air channels which is more efficient than conventional valves 

based on binary tree multiplexing. The authors performed the 30mers oligonucleotide 

synthesis employed this technology and the resulting synthesis yield was 99.5%.  
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Combining the conventional phosphoramidite chemistry and soft lithography 

technique, Lu et al. [47] in situ synthesized oligonucleotide arrays on glass surfaces. Soft 

lithography was initially developed by Whiteside’s group [48] which use 

polydimethylsiloxane (PDMS) microstamps to transfer chemicals (ink) to substrate. The 

synthesis method relied on phosphoramidite chemistry but the coupling was replaced. 

Using pre-cast PDMS microstamps, a mixture of nucleoside monomer and tetrazole was 

transferred onto the glass slides surface. By using different stamps and their 

corresponding monomers, the coupling of nucleotides is completed on their 

corresponding predefined regions. The authors reported successfully synthesize 20mers 

oligonucleotides with high coupling efficiency. 

Although most high throughput synthesis techniques are carried out on light-

inducing reactions, little research has been done on improvement of light sources. Since 

their first introduction in the 1970s, light emitting diodes (LEDs) have been used in 

many different applications. With its broad availability with spectra from long to short 

wavelength, UV-LEDs have been utilized in oligonucleotides synthesis. Cerrina et al. 

[49] reported using LEDs as an alternative light source to the costly UV laser lamp. In 

their designed construction, glass capillary tubes were used as the synthesis cells and 

fitted into fluidic system to form a capillary synthesis cell (CSC). A LED illumination 

system was integrated with the CSC to form the whole synthesis platform. The UV-LED 
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used in this study was a GaN chip encased in a plastic package with 10 degree radiation 

at 365 nm. The synthesis was based on standard photolabile 2-nitrophenyl 

propoxycarbonyl (NPPOC) photolabile chemistry [50]. One advantage of using LEDs, as 

noted in the article, is the spectral purity of the light source. The LED used in this work 

has narrow band illumination at 360 nm which avoided damage to the DNA from 

shorter wavelength. Besides, there is no need to implement a bandpass filter unlike the 

normal UV lamp. The authors have reported to synthesize three different length 

oligomers, 15mer, 40mer and 70mer successfully using the technology. 

Beyond Si and glass, conventional elastomeric materials have also been used as 

array substrate or the material to fabricate high throughput devices for synthesis. The 

rise in the popularity of elastomers for oligonucleotides synthesis is due to its versatile 

and cost-saving benefits over silicon or glass for oligonucleotides synthesis. Besides, the 

versatility of fabrication technologies favors this kind of materials over silicon in mass 

production. Some of the elastomers that have been investigated include 

poly(dimethylsiloxane) (PDMS) with soft lithography technique as well as photocurable 

perfluoropolyether (PFPE).  

Southern et al. [51] introduced a method for in situ oligonucleotide synthesis on 

PDMS using conventional phosphoramidite chemistry. The authors provided a simply 

method to functionize a PDMS surface and immobilized linkers onto it for 
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oligonucleotide synthesis. The channel structures were molded to PDMS by a soft 

lithography process. PDMS microchannel surfaces were initially oxidized through an 

UV-Ozone system to increase silanol (SiOH) density. Vapor-phase silanization of an 

oxidized-PDMS substrate was performed by 3-glycidoxypropyltrimethoxysilane 

(GPTMS) in a high temperature (175 ºC) and low pressure (10 mBar) furnace. PEG was 

used as a spacer in the subsequent treatment. The resulting PEG-Silane-PDMS chips 

were cleaned and used in oligonucleotides synthesis. Since several chemical agents for 

oligonucleotide synthesis could easily swell the polymer, especially PDMS, the authors 

had modified the conventional synthesis protocol. Both solvents for oxidation and 

deblocking reagent were substituted. A 21mers was synthesized and reported based on 

this technique.    

To overcome PDMS microchannels swelling and clogging when exposed to 

synthesis chemicals, Quake et al. reported using a chemical resistant material 

perfluoropolyether (PFPE) to fabricate a oligonucleotides synthesis device [52]. A 

microfluidic oligonucleotide synthesis device was made of PFPE and synthesis was 

performed on porous silica beads using conventional phosphoramidite chemistry. The 

device was used to synthesize 60 pmol of 20mers oligonucleotides while consumed 60 

fold less chemicals compare with conventional synthesis.  
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In their recent published works, Gulari et al. [46] demonstrated that the parylene 

coated PDMS used in synthesis device can avoid the elastomer swelling. In their device, 

a parylene/PDMS double layer film was employed as interface between the top PDMS 

air channel microvalves and the bottom silicon-based microreactors. Device working 

mechanism has been described above. To fabricate the parylene/PDMS film, a layer of 

PDMS was spun coated on a Teflon carrier and a parylene layer was sequentially CVD 

coated on PDMS. The whole double-layer film was irreversibly bound to the silicon 

substrate. The chemical compatibility of both PDMS and parylene/PDMS film for 

deblocking and capping reagents showed that there was no noticeable decrease of flow 

rate on parylene-based devices but as high as 90% flow rate drop had been observed on 

PDMS only devices. The results demonstrated that parylene has excellent chemical 

resistance to the typical aggressive chemicals which were used in oligonucleotides 

synthesis.   

Although carbon-based DNA arrays [53,54] are not yet a mainstream tool 

because of their low density probe coverage, they showed extremely robust probes 

linkage between substrate and oligonucleotides due to intrinsic chemical stability of the 

substrate material. Smith et al. [55] have demonstrated the utility of carbon as substrates 

for the in situ DNA arrays synthesis by light-directed technique. In this study, the 

authors used two types of carbon materials, glassy carbon and CVD diamond, as 
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substrate for in situ DNA synthesis. Glass substrate was also used for oligonucleotides 

synthesis to permit comparisons between two carbon materials. One important issue in 

this study was the method to immobilize linkers for sequential oligonucleotides 

synthesis on carbon substrates. In this study, both carbon materials were first treated by 

RF plasma at high temperature to generate a hydrogen terminated surface. Following 

plasma treatment, the carbon surfaces were functionalized by 9-decene-1-ol using a deep 

UV (254 nm). The resulting carbons were employed for oligonucleotide synthesis by 

photolabile NPPOC chemistry. Over all, the authors have demonstrated the technique to 

in situ synthesize oligonucleotide array on carbon materials and these arrays offer 

superior different heat and chemical stabilities compared to the glass counterparts. 

1.7 Multiplex gene synthesis from DNA microchips 

At the current average price of $1-2 per base pair, gene synthesis is still very 

expensive. The process is also very difficult to automate. In an initial attempt to reduce 

the cost and increase the throughput of synthesizing the oligonucleotide building blocks, 

special custom oligonucleotide arrays were adapted as an economic source for large 

numbers of different oligonucleotide sequences [56-58]. Synthesis on DNA chips offers 

advantages in throughput, cost and speed, and also dramatically reduces consumption 

of toxic organic solvents and reagents. Microfluidic plumbing can be fabricated directly 
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on top of or adjacent to the synthesis reaction champers, thereby further reducing 

human handling and saving reagents. 

 

Figure 8. Gene assembly from a DNA microchip. Gene -construction oligos 

flanked by universal primer sequences are synthesized in situ on the microchip 

surface. After cleavage, the oligos are amplified by PCR and the PCR primer 

sequences are removed by digestion with type IIs restriction enzymes. Clean oligos 

are used for the subsequent gene construction steps. 

In order to harvest oligos made on DNA microchips, cleavable linkers were used 

in DNA microarray synthesis to anchor oligos on the surface [56-58]. After treatment 

with ammonium hydroxide or enzyme to release the oligos from the chip, the oligos 

were collected and purified. Current DNA microarrays can synthesize 103-6 different 

oligo sequences but at very low yields, i.e. ~106 molecules for each sequence. For a 

microlitter-scale gene assembly reaction, an oligo pre-amplification step is usually 

necessary in order to reach optimal oligo concentrations for the reaction. In this case, 

sequence features necessary for post-synthesis enzymatic amplification needs to be 

designed into the oligo sequences to be synthesized on the chip, such as short universal 
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PCR primers flanking the sequences. These primer sequences need to be removed after 

amplification. One way to do this by type IIs restriction enzyme digestion [58].  

As a preliminary measure to remove errors from chip synthesized and PCR 

amplified oligos, a chip hybridization-based method was designed [58]. In this method, 

two pools of error-correction oligos were synthesized from two DNA chips. Each pool 

consists of short oligos complementary to approximately one half of the “gene-

construction” oligos released from the first chip. After hybridization and appropriate 

washes, mismatched sequences were selectively removed from the pool and the correct 

sequences were preferentially enriched. A multiplexed gene assembly reaction could be 

used to assemble multiple genes from the same large pool of oligos [58]. These gene 

fragments can be further assembled into longer and longer sequences either in vitro or in 

vivo. 

A typical DNA chip with 103-6 different oligos is capable of constructing mega-

bases of DNA sequence, equivalent to or surpassing the lengths of microbial genomes. 

Special measures need to be taken to fully utilize this capacity. In addition to 

multiplexing, a combination of spatial separation, selective releasing or amplification, 

microfluidic or bioinformatic designs can all be explored.  
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1.8 Outlook for Synthetic genes and genomes. 

Gene synthesis, combined with recombinant DNA techniques, has been used in a 

wide range of applications, including biomolecular engineering, DNA nanotechnology 

and computing, gene circuits and networks construction, metabolic engineering, and 

genome synthesis [59-61]. Due to the high cost and low throughput nature of 

conventional gene synthesis, many of the applications only involved oligonucleotide 

synthesis to make primers for PCR or mutagenesis. Even in the engineering of complex 

gene circuits or metabolic pathways, de novo synthesis accounted for a relatively small 

fraction of the total sequences constructed. In those cases, most of the protein-coding 

genes were PCR copied from natural sources. 

 

Figure 9. Reported length records of synthetic genes and genomes 
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However, the high costs of conventional gene synthesis have not deterred 

research groups from breaking the length records of de novo synthesized DNA 

sequences (Fig.7), which became more frequent in recent years as the sequence 

information of hundreds of genomes became available. In 2002, the chemical synthesis of 

a functional poliovirus genome was achieved (7500 bp) [62]. In 2003, Smith, et al. 

demonstrated the synthesis of a functional bacteriophage genome (5386 bp) in two 

weeks as compared to the months which would have normally been required using 

previous technologies [19]. In 2004, the syntheses of a 14-kb ribosomal gene cluster 10 

and a 32-kb polyketide synthase gene cluster 9 were reported, and in 2008, the synthesis 

and cloning of the Mycoplasma genitaliumgenome (582,970 bp) was accomplished [63]. 

Being one of the smallest non-viral genomes , its synthesis paved the way towards a top-

down approach of defining a minimal genome and a deeper understanding of the 

meaning of life. The paper noted that this remarkable feat was achieved by using 104 

synthetic oligonucleotides, each 50 bases in length, which were individually synthesized 

and then assembled into 5–7 kb gene cassettes by commercial providers. If the DNA 

microchip technology were used, it would take less than a single chip to make all the 

oligos for the Mycoplasmagenome. 

With further drops in cost and increases in throughput, automation and platform 

integration, the time will come when de novo DNA writing will eventually become a 



 

37 

routine and standard method for molecular biology and bioengineering. Combining 

high-throughput gene synthesis with biomolecular and systems design and evolution 

would make a powerful engine for creating new biological machines and phenotypes. 

This capability could potentially transform biomedical research in the near future. 

1.9 Structure of the remaining thesis 

Chapter 2 identifies that gene synthesis technology, current and future is and 

will be compromised by the high occurrence of errors in the synthesized products and 

then discusses the current strategies of error-filtration, error correction and error-

prevention in de novo gene synthesis. Enzymatic and non-enzymatic methods are 

highlighted, as are innovative in-vivo assembly techniques.  

Chapter 3 outlines the motivation for non-traditional substrates for DNA 

synthesis. In order to facilitate the integration of microfluidics and microarrays, the 

chapter posits that cyclic olefin copolymer can be functionalized and allow for 

standardization and easy fabrication of devices. It describes a method of 

functionalization by RF sputter deposition of silicon dioxide (silica) and examines its 

stability under a barrage of chemical exposures. It presents extensive surface 

characterization and a method of surface modification by silane chemistry. 

Chapter 4 extends the work of the previous chapter and demonstrates that the 

method of silica deposition for easy functionalization can be extended to other 
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thermoplastics: polycarbonate, poly (methylmethacrylate) and polypropylene.  It then 

examines the functionalized substrates to physical and chemical agitation; 

polypropylene and cyclic olefin copolymer (COC) are then determined to be the best 

substrates, with COC being the preferred option for optical considerations. Then 

functionalized COC substrates are shown to perform akin to standard glass slides under 

antibody sandwich bioassays. 

Chapter 5 demonstrates COC as an effective microarray substrate for the in situ 

synthesis of DNA oligonucleotide microarrays on the COC substrate. The subsequent in 

situ DNA synthesis was confined to the surface of the prepatterned hydrophilic SiO2 

thin film features by precision delivery of the phosphoramidite chemistry using an inkjet 

DNA synthesizer.  The chapter then analyzes the specificity and stability of the 

synthesized arrays and their usage in DNA-based nanostructure formation. 

Chapter 6 describes the development of the above COC DNA microarrays into 

an on-chip gene synthesis technology, which integrates on a single microchip the 

synthesis of DNA oligonucleotides using inkjet printing, isothermal oligonucleotide 

amplification and parallel gene assembly. The chapter then identifies a strategy for an 

error correction reaction (ECR) which employs Surveyor, a mismatch-specific DNA 

endonuclease, to remove errors from synthetic genes.  
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Chapter 7 provides a brief review of the field of DNA origami and motivates the 

use of DNA chips as a source for staple strands. It shows that a DNA chip can be in-situ 

synthesized with the complemented versions of the desired staple strands and 

subsequently harvested off of the chip surface. The staple pool can then be used to fold 

the individual strands of a dsDNA molecule into two discrete nanoscale objects or into 

an interconnected two-part structure that is uniquely addressable.  

Chapter 8 contains concluding remarks, suggestions for future improvements to 

the synthesis platform, and proposals for future research directions. 
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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 the 

current strategies of error-filtration, error correction and error-prevention in de novo 

gene synthesis. Enzymatic and non-enzymatic methods are highlighted, as are 

innovative in-vivo assembly techniques. Continued innovation of error reduction 

techniques will help realize the vision of delivering large scale, affordable gene and 

genome synthesis in the near future. 

2.1 Introduction 

With the rise of synthetic biology, the era of mastering genes, genomes and entire 

synthetic organisms is upon us. Heralding the dawn of this new era are the rapid 

technological breakthroughs allowing for on demand synthesis of DNA of any arbitrary 

length or base composition. Recent work at the J. Craig Venter Institute has resulted in 

synthesis and assembly of an integrated bacterial genome and creation of a new cell 
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controlled solely by this transplanted synthetic chromosome [64]. Demands for synthetic 

DNA is destined to spread globally as the revenue of synthetic gene products increases 

and the scope of its application expands.  

High-throughput gene synthesis is currently accomplished by automated 

chemical oligonucleotides synthesis, enzymatic assembly or ligation of the overlapping 

oligonucleotides, followed by PCR amplification. A detailed review of gene synthesis 

technologies has been presented in the previous chapter. The resulting gene products 

from all technologies reported to date usually contain errors like base substitutions, 

deletions or insertions, due largely to mistakes in starting oligonucleotides and 

annealing errors. Sequencing of multiple individual products is required to identify a 

single colony with the desired sequence. Improvement in error rates is essential to 

continued progress in the development of gene synthesis technology, as a substantial 

fraction of the overall cost goes to the large amount of cloning and sequencing required 

for a successful product screen.  

Nature has evolved sophisticated error-correction measures to allow DNA 

synthesis with extremely high fidelity [65]. The error rate in E.coli and eukaryotic 

replication machinery ranges from 10-7- to 10-8 due to various proofreading and 

mismatch repair mechanisms [66,67]. In contrast, current gene synthesis technology 

typically provides products with 1-10 errors per kb of base pairs synthesized and the 
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error frequency increases as the length of the oligonucleotide increases [68,69]. Given an 

error rate (P), the probability of a DNA product being error-free, (1-P)N , decreases 

exponentially with its length (N). The number of clones that need to be sequenced to 

have 95% confidence of obtaining one perfect clone, Ln(1-0.95)/Ln(1-(1-P)N), can be 

dramatically minimized with even a 10-fold improvement in error rate [70]. The 

presence of a variety of error types and sources from the series of assembly stages enable 

us to establish error-control on multiple levels and provide us with plenty of 

opportunities to optimize a gene synthesis platform. 

This vision of an ideal optimized platform is likely to have numerous pitfalls in 

spite of rapid progress. This chapter provides a brief description of current strategies of 

error-filtration, error correction and error-prevention as they are employed today, along 

with discussion of new and potential future methods at every level of the process (i.e: 

individual oligonucleotide, gene, and genome). 

2.2 Errors in synthetic oligonucleotides and their removal  

The dominant source of errors in synthetic DNA comes from oligonucleotide 

synthesis and can be of many types. The principal error in oligonucleotide synthesis is 

when a new phosphoramidite monomer fails to be coupled to the elongating chain, 

because the step-wise coupling efficiency is typically 98.5%-99.5% [58]. Uncoupled 

chains will be terminated from growth by acetylation and the resulting truncated 



 

43 

oligonucleotides merely contribute errors to the final products. However, failures in 

acetylation or deprotection do happen with frequency as high as 0.5% per position, 

resulting in deletion errors in the final DNA construct. Insertions also occur when DMT 

is cleaved by excess activator and can reach 0.4% per base [71]. Moreover, for synthesis 

on 2-dimensional planar surfaces, such as microarrays, depurination of purine bases is 

of major concern. Due to prolonged exposure of deprotecting/detritylation agents, 

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

only the ribose sugar backbone. 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. Depurination is also a concern to a lesser degree 

for pyrimidine bases [72].  

For all presently known gene assembly techniques, the result depends directly 

on the quality of the oligonucleotides, its accuracy and its length. For a pool of 60-mer 

oligonucleotide, the probability of having correct sequence in a final end product of 

1200bp is 0.99 20 = 81.8% if the oligonucleotides have 99% accuracy. But with lower 

quality, generally in the range of ~95%, yield of error-free clones will drop to only 0.95 20 

= 35.8%. Conversely, the length of the oligonucleotides also plays a role with the purity 

of the final assembly product. Commonly used oligonucleotides in current assembly 
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methods have length vary from 40bp [23,73], 42bp [19], 50bp [74], 60bp [69,75], 100bp 

[76] to even 200bp [77]. Longer oligonucleotides are more prone to errors but more 

economic as they require less overlapping sequences. Shorter oligonucleotides should 

have fewer carry-over errors but are expensive to synthesize and the fidelity during 

annealing decreases accordingly. Oligonucleotide length of 60bp is considered by our 

group, as well as other groups [69] to be most cost-effective to maintain high quality 

with reasonable cost. Integrated DNA Technologies (Coralvill, IA, USA) produces high-

fidelity oligonucleotides (Ultramers) that could reduce error rate in final gene product. 

They also provide high-quality oligonucleotides as long as 200bp to meet the need of 

accurate long DNA assembly. Agilent Technologies (Santa Clara, CA, USA) has also 

recently started producing oligonucleotide libraries composed of >100bp sequences 

synthesized by their SurePrint microarray platform [72].  

Under current DNA synthesis chemistry, quality of synthesized oligonucleotides 

is commonly improved by size exclusion purification using high performance liquid 

chromatography (HPLC) [78] or polyacrylamide gel electrophoresis (PAGE) [71]. With 

these methods, approximately 90% impurities (insertions, deletions fragments and 

truncated products from depurination) can be eliminated before assembly and the error 

rate in the final product can be reduced several fold [19,62,75]. However, these methods 

are very laborious, expensive and most importantly, ineffective against errors from 
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single nucleotide substitution and single-base insertions/deletions. In fact, the most 

frequent observed error in assembled DNA constructs is a single-base deletions [70]. 

Higher purity can be achieved by stringent hybridization selection using bead-

immobilized short complementary selection oligonucleotides that span the entire DNA 

constructs. Oligonucleotides with mutations or deletions form imperfect matches 

between the selection fragments and will be washed out at stringent hybridization 

conditions whereas those with correct sequences will be retained and enriched [58]. 

While this method is effective to reduce error rate in final gene product over 10-fold, 

tremendous effort has to go into designing and synthesizing specific selection 

oligonucleotides for each gene target. 

DNA synthesis on planar surfaces, such as microarrays and microfluidic devices, 

often use a modified 4-step phosphoramidite cycle where a step is gated in order to 

provide spatial control of the individual oligonucleotides being synthesized. This is 

typically the coupling step for inkjet printing reliant synthesis (Agilent, Protogene) or 

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

reaction-based platforms (Combimatrix, Oxamer). In either 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 from such “edge effects” could be mitigated by employing patterned 
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substrates for synthesis [79,80]. Though the effect of such substrates ultimately on the 

error rate remains to be specifically analyzed, it can be inferred by the well-formed 

profile of individual features that there is a marked improvement over platforms that 

are unable to guarantee a sharp edge and uniform signal level across features. 

2.3 Error removal from synthetic genes 

Despite exhaustive purification, errors contained in synthetic oligonucleotides 

will be carried over during the assembly process and accumulated in downstream DNA 

constructs. Additional errors from polymerase can also be introduced during the PCR-

mediated assembly process [81]. Such assembly errors could be avoided by using a 

ligase-mediated chain assembly (LCA) or thermodynamically balanced inside out 

(TBIO) synthesis. Such assembly techniques place a strict requirement for proper base 

pairing with stringent annealing conditions that select against mutated oligonucleotides 

and thereby reduces the error rate in the final product [82,83]. In some reports, 

expression assay and functional screening of synthetic genes have been used to select 

desired product against errors causing frame-shift or functional loss [19,23,84]. For 

example Stemmer et al. (1995) reported the synthesis of an antibiotic resistance gene, 

while Smith et al. (2003) described the construction of a replicative bacteriophage 

genome from synthetic oligonucleotides. In both cases, the final product could be 

automatically selected by functional assay. Nevertheless, this method is only selective to 
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protein-coding regions or sequences encoding functional elements and is unable to omit 

silent or conservative mutations.  

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

desired quality and accuracy. Intermediate segments (<1000bp) are first assembled as 

building blocks, and their sequences are verified individually by cloning and sequencing 

before being joined together into larger segments. With the relatively high error content 

in starting synthetic oligonucleotides and the limited productivity of cloning and 

sequencing, many current error-reducing strategies target this intermediate assembly 

stage (subassemblies/DNA constructs ranging from 500-10000bp) to achieve a large 

improvement of error-rate in a short cycle time through a simple, robust and ideally 

automatable/iteratable procedure [85,86]. 

In a screen akin to a functional assay, Kim et al recently reported a simple 

fluorescence-based plate readout to distinguish error-free synthetic DNA molecules. 

Vectors contained the synthetic product and also encoded for green fluorescent protein 

(GFP) that was designed to be out-of-frame. The researchers posited that insertion of an 

in-framed synthetic DNA construct into the cloning site would lead to fluorescent cell 

colonies. They then demonstrated that the error rate improved from 1 error in 629 bp to 

1 in 6552 bp by selecting GFP positive colonies [87]. Though this technique may be hard 
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to integrate into an on-chip function and perform iteratably, it none the less presents a 

facile screen worthy of further exploration.  

Most of the current error-removing techniques make use of DNA mismatch 

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

oligonucleotides do not have methylation labels to distinguish between the “native” and 

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

existing error 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 polynucleotide duplex through 

denaturing/re-hybridization during which errors form mismatches with its 

corresponding correct sequence and are exposed as heteroduplexes. The generated 

mismatches are then recognized and removed though the following two approaches: (1) 

mismatch-binding proteins; (2) mismatch-cleavage proteins.   

2.3.1 Mismatch-binding protein 

Smith & Modrich (1997) reported the MutHLS-mediated removal of polymerase-

produced mutant sequence in PCR products. Escherichia coli MutH, MutL and MutS 

constitute a bacterial mismatch repair mechanism where MutS first detects and binds to 

a variety of mis-paired bases and small single-strand loops, and then MutL couples the 

MutH endonuclease to the MutS bound mutant site, leading to incision of the 



 

49 

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 then filled by a 

DNA polymerase and a ligase [88]. Subjecting re-assorted PCR product to 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 [89]. Mismatch removal using E. coli MutHLS 

reduced the error rate by one magnitude and is effective to G-T, A-C, G-G, A-A and 

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

Carr et al. (2004) demonstrated a simple, robust and iteratable error-filtration 

method using only MutS mismatch binding protein from a thermophilic bacteria, 

Thermus aquaticus. Mismatch containing heteroduplexes are recognized and bound by 

Taq MutS and resolved from correct sequences by gel-mobility shift. This method 

improved the error rate to 1 per 3.8kb with one round of procedure, which is several 

fold better than most conventional synthesis method can achieve. Two cycles of filtration 

reduced the error rate to 1 per 10 kb - ideal enough to obtain the correct sequence with a 

single round of cloning and sequencing. This innovation can be readily adopted by 

conventional gene synthesis, or combined with an automated high throughput gene 

synthesis platform [58] to significantly reduce the cost and time-frame of long DNA or 

multi-gene cassettes synthesis (Fig 8A). The major limitation with this mismatch binding 
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protein-based error removal system, however, is that it eliminates erroneous strands and 

thus the performance is reliant on the synthetic product pool having enough correct 

gene fragments to ensure that after reannealing, some error-free duplexes are present 

and can survive the MutS binding filtration. While this system works well with high 

quality column-synthesized oligos, it may not be compatible with gene product 

assembled from error-rich chip-derived oligos.    

Binkowski’s group in 2005 also reported the use of Thermus aquaticus MutS 

mismatch binding protein for error-correction in synthetic genes though a process 

termed “consensus shuffling”. Instead of being directly subjected to MutS treatment, the 

re-hybridized polynucleotide products are first cleaved by a combination of restriction 

endonucleases yielding overlapping fragments, followed by MutS column filtration. 

Mismatch containing pieces are precipitated by immobilized Taq MutS protein (Maltose-

binding protein fusion protein, MBP-MutS-H6, bound to amylose resin), while error-

depleted fragments are eluted out and assembled to full-length product by PCR [90]. 

Two iterations of consensus shuffling managed to improve the error rate 3.5- to 4.3-fold 

to 1 per 3500bp. 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. This approach provide can provide several 

advantages over conventional error-correction methods: 1) it is more effective to longer 
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DNA constructs where perfect hybridization after re-assortment is less likely; 2) tolerate 

more error in starting material. Assembly can be started with oligonucleotides 

containing no error-free fragments; 3) the removal of entire DNA duplex is not 

necessary. Importantly, to avoid random mis-positioning of fragments after error-

filtration, fragmentation is ideally performed with “outsider-cutter” restriction 

endonuclease that cuts in close vicinity outside the recognition site. Consequently, each 

overhang of the fragments will have sequence specific to its DNA molecule and can be 

re-aligned accordingly (Fig 3B). Despite the merit of the idea, it requires extraneous use 

of endonucleases and, surprisingly, produced poorer results than that of Carr et al, 

despite using the same MutS protein family. 
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Figure 10. Schematic showing error removal experiment designs using 

mismatch-binding protein MutS. Assembled gene segments are dissociated and re–

annealed to form heteroduplex where errors are exposed as mismatches between 

correct (blue) and incorrect (pink) sequences. A) MutS selectively bind to mismatches 

and error-depleted polynucleotides can be separated from error-enriched fractions by 

gel-shift assay[70]. B) Consensus Shuffling: heteroduplex can be fragmented by 

restriction endonuclease to isolate error-containing fragments, which are then 

precipitated by immobilized MutS column. Error-reduced elusions are reassembled 

into full-length gene by PCR amplification [90].    

2.3.2 Mismatch-cleavage proteins. 

The term mismatch-cleavage protein here refers to a group of mismatch-specific 

endonucleases that recognize and cleave at single base-pair mismatches, insertions and 

deletions in heteroduplex DNA. The family embraces a variety of members including 
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but not limited to: 1) bacteria or phage resolvase like T4 endonuclease VII and T7 

endonuclease I; 2) Mismatch repair endonucleases like MutH; 3) single-strand specific 

nuclease which exhibits high selectivity for single-stranded regions in double-stranded 

DNA [91]. Examples are S1 nuclease from Aspergillus oryzae, P1 nuclease from Penicillium 

citrinum, CEL-I nuclease from celery and mung bean nuclease. The ability of these 

endonucleases to cleave heteroduplex DNA at the mismatch site has let to their 

extensive applications as probes for mutation and polymorphisms detection [91-96]. 

Resolvase-based error correction  

Mismatch-cleaving screens were presented by Young et al. [97] where after 

assembly and amplification of a target DNA construct, the synthetic pool was exposed 

to T7 endonuclease I, a junction resolvase that can cleave at mismatches. Afterwards, the 

pool was run on a gel and the target band excised yielded a somewhat error-reduced 

product. Fuhrmann et. al further explored the efficacy of three resolvases to recognize 

and cleave mismatches and thereby remove errors in synthetic gene products (Fig 9). T4 

endonuclease VII, T7 endonuclease I and E.coli endonuclease V were incorporated 

respectively into the process of synthesizing 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 sequences 

analysis revealed over 4-fold reduction of error-rate [84]. While the best error-rate 
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obtained from this resolvase treatment regime is only 1 in 606bp, far less ideal than that 

produced by Carr el al’s MutS system, the rational presented here is breakthrough and 

bears enormous potential. Mismatch endonuclease mediated error-removal in synthetic 

genes provide us with the advantage of incorporating a correction step following 

cleavage. The error-containing overhangs can be trimmed by exonuclease activity and 

replaced with correct sequences by overlap-extension/PCR.  

 

Figure 11. Schematic diagram showing the principal of error removal designs 

using mismatch-cleavage protein. The re-hybridized heteroduplex are cleaved in both 

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

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

The error-containing single-strand overhangs are degraded by 3’-5’ exonuclease 
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activity of DNA polymerase in the subsequent PCR process and full-length genes are 

recovered by overlap extension [84]. 

In another attempt to improve error-rate in gene synthesis, Bang & Church (2008) 

has developed a circular assembly amplification method integrating an exonuclease and 

endonuclease to improve synthesis quality. The synthetic single strand oligonucleotides 

are first ligated into circular molecules at highly stringent condition. Exonuclease is then 

added to remove error-rich polynucleotides that are un-circularized. Finally circular 

DNA containing residue errors are linearized with E.coli endonucldase V and degraded 

with exonuclease still presents in the mixture. By using the above three tiers of selection, 

this method is able to reduce error-rate by at least 7-fold compared to the conventional 

PCA assembly protocol. Single-round of exonuclease treatment reduced error-rate to 

0.036% and the following endonuclease cleavage further improved the error-rate to as 

low as 0.025% [74]. This figure is so low that the cost of gene synthesis can be 

substantially reduced because synthesis of multiple gene copies can be achieved by a 

single round of cloning and sequencing.   
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Figure 12. Gene synthesis by circular assembly amplification. Synthetic 5’-

phosphoralated oligonucleotides go through three tiers of error-elimination to yield 

high quality assembly product. 1) Anneal and ligation at high stringent condition 

where most error-containing fragments fail to circularize. 2) Un-circularized error-rich 

oligonucleotides are degraded by exonuclease. 3) Errors incorporated into the circular 

DNA are cleaved by mismatch-specific endonuclease. A final PCR generates the full-

length gene. Adapted from [74]. 

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

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

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

Fuhrmann’s work [84]. In addition, the degree of specificity of T4-endonuclease VII has 
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been found to highly dependent on the length of the substrate and sequences 

surrounding the mismatch sites [98,99]. This enzymology limitation is intrinsic as these 

resolvases naturally function to recognized holiday junction rather than mismatches in 

heteroduplex [100]. Their potency and efficacy of mismatch cleavage are therefore 

compromised by both low sensitivity and high undesired background. Continuous 

searching for optimal variants or the combination of them is expected to produce better 

error-removal results.  

2.3.3 Cutting edge efforts over the last year 

In addition to error correction, continuous effort has also been devoted to the 

sophistication of cheap, high-throughput gene construction platforms. Two separate 

approaches from George M Church’s group were reported recently demonstrating the 

affordable megascale DNA synthesis from microchip oligonucleotides. Using selective 

oligonucleotide sub-pool amplification, Kosuri et al. [101] was able to assemble 40 out of 

42 DNA molecules encoding single-chain antibody fragments (35kb) from a DNA 

microarray containing 2.5 megabases. They achieved an error-rate of 1 per 7017bp by 

using accuracy-enhanced microarrays and enzymatic error correction with ErrASE, a 

commercially available enzyme cocktail that corrects mismatches. Matzas et al. [102] 

tackled the problem by directly eliminating errors from oligonucleotides. Before being 

assembled into longer DNA constructs, microarray oligos were presequenced and 
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picked off the plate by a robotic high-throughput sequencer. With improving bead 

extraction and retrieval, the author expects to achieve a 1 per 21000bp error-rate, 

representing the most dramatic number to date in error correction technology.     

2.3.4 Other endeavors  

In parallel to developing increasingly superior error-removal techniques, other 

approaches have been explored to achieve high purity in gene synthesis. J. Craig Venter 

Institute (JCVI; Rockville, MD, USA) has demonstrated the relative painless assembly of 

hundreds base-pair microbial genome using native recombination mechanism in yeast 

[103]. Recently this technique was improved from overlapping dsDNA fragments to 

direct assembling of single-strand oligonucleotides [77]. Single-step assembly in yeast 

could produce long, high quality DNA constructs with very low error-rate (0.054%), 

comparable to many in vitro error-removal protocols. This has led to its application in 

rapid assembly of metabolic pathways from several separated genes [104]. When 

combined with libraries of gene variants or mutants, assembly in yeast could become a 

promising tool in protein engineering to identify key targets as rapid and simultaneous 

screening of thousands of different mutations becomes available.  

2.4 Conclusion  

Since the first enzymatic synthetic gene was brought to the table in 1960’s [105], 

oligonucleotide synthesis and gene assembly techniques have improved drastically 
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during the past four decades. The longest published synthetic DNA has extended from 

less than 1kb, to over 500kb [13,23,58,62,103], to the most recent 1.08 mega-bp which 

creates a living cell [64]. Nevertheless, there is still a gap between the expanding 

demands for synthetic DNA from various research fields and the advancement of 

engineering infrastructures like DNA synthesis and gene assembly to reduce the 

manufacture cost and turn-around time. Current gene synthesis technology is 

significantly compromised by the unintended high error content in the synthesis 

product. The numbers of error-filtration, error-removal and error-correction methods we 

discussed here, though baring limitations, are valuable early attempts and provide us 

with insights into finding the optimal solution to address the problem. Ultimately, what 

we are looking for is a simple, effective and automatable process that improves the 

quality of DNA constructs at minimum adding cost. With continued innovation in gene 

synthesis technology, and with contributions from this thesis to the overall body of 

work, this goal is expected to be accomplished in the near future.  
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3. Versatile surface functionalization of cyclic olefin 

copolymer (COC) with sputtered SiO2 thin film 

Cyclic olefin copolymer (COC) is a new class of thermoplastic polymers used for 

a variety of applications ranging from bio-sensing to optics. However, lack of functional 

groups and intense surface hydrophobicity hamper further development and 

application of this material. Here, we describe fabrication and characterization of SiO2–

COC hybrid material (oxCOC), which provides a desirable substrate for microfluidic 

devices and subsequent surface modifications. The deposited SiO2 thin film on COC 

surface was characterized by X-ray photoelectron spectroscopy and Fourier transform 

infrared spectroscopy. The new SiO2–COC hybrid was found to have similar high 

optical transmission properties as that of pristine COC. Profilometric and AFM analysis 

revealed no dramatic change in morphology or surface roughness of functionalized 

COC. The SiO2–COC hybrid appeared to be stable in most of the solvents evaluated and 

could be further modified by other compounds, such as 3-aminopropyltriethoxy silane 

(APTES). 

3.1 Introduction 

With emerging interest in novel materials for microfabrication, polymers have 

gained significant attention as promising materials for rapid prototyping. Various 

polymers with diverse properties provide practical, versatile and cost-effective 
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alternatives to the inorganic substrates (i.e. silicon or glass) for micro-devices fabrication. 

Recently, a new class of thermoplastic polymer, cyclic olefin copolymer, has attracted 

special attention due to its desirable properties such as low auto-fluorescence, low 

density, low moisture adsorption, excellent optical and UV transparency, high stiffness, 

and resistance to organic solvents [106]. Products composed of COC exhibit glass 

transition temperature (Tg) ranging from 70 ºC to 180 ºC [107]. COC has been utilized in 

micro-electrical-mechanical systems (MEMS) [108-110] and micro total analysis systems 

(µTAS) [111-113]. Inexpensive and easily replicable fabrication techniques such as 

injection molding [114] and hot embossing [115] have been used extensively and 

successfully on COC. 

For most microfluidic “lab-on-a-chip” bio-sensing and bio-analytical 

applications, it is desirable to have a hydrophilic surface with appropriate functional 

groups for biomolecular conjugation. However, like most commodity polymers used in 

microfabrications, COC presents a chemically inert and highly hydrophobic surface. The 

hydrophobic surface will create significant difficulties for liquid injection and flow 

control in microfluidic channels. The lack of functional surface groups for immobilizing 

biomolecules poses an additional hindrance for potential applications of COC in 

biomolecular recognition and analysis. A number of methods have been developed to 

mitigate such problems. Photografting has been developed as a technique for surface 
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modifications of synthetic polymers used for microfabrication. This technique has 

been extended for COC microfluidic device fabrication. Different types of monomers, 

such as acrylamide and methyl acrylate, have been successfully grafted on the 

surface of COC to generate various functional groups [114,116-118]. The UV-initiated 

and benzophenone-mediated photografting process generates branched and cross-

linked polymer architecture on the substrate surface. The process could also lead to 

formation of ungrafted polymer suspended in the reaction solution, which may 

deplete free monomers for surface grafting and may clog the microfluidic channels 

[119]. Solutions to reduce hydrophobicity include activation of the polymer surface 

by hydrophilizing treatments, such as plasma [120,121], UV/ozone [122,123], and 

corona discharge treatment [124]. Drawbacks of such treatments may include 

polymer surface damage or treatment degradation during time of usage [125].  

SiO2 thin film has been broadly used in integrated circuits (ICs) and 

microfabrication techniques [126]. It can serve as the insulating material to block the 

interconnection between two devices; or it can provide chemical functional groups or 

linkers to bind a plethora of compounds to the substrate surface. In addition, its 

hydrophilic characteristic in aqueous solutions can significantly mitigate surface 

problems of polymers in chemical and biological sensing applications. It was reasoned 

that by depositing SiO2 thin film on the surface of COC structures, the hybrid will take 
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advantage of both materials: the unique properties and fast and inexpensive prototyping 

capability of COC, and the well-established surface chemistry of SiO2 thin film. In 

addition, SiO2 thin film is less likely to affect the optical properties of COC. 

In this chapter we describe a method of depositing SiO2 thin film on COC surface 

using low-temperature sputtering technique. We further describe the characterization of 

the deposited SiO2 thin film and the physical, optical, and chemical properties of the 

SiO2-COC hybrid material. Finally, we show that this method and the resulting hybrid 

material are well suited for microfabrication purposes and for subsequent surface 

functionalizations. 

3.2 Materials and Methods 

All chemicals were purchased and used as received without further 

purification. Acetone, isopropyl alcohol (IPA), ethanol, methanol, methylene 

chloride, tetrahydrofuran (THF), and acetonitrile (ACN) were purchased from VWR. 

Hydrochloric acid, sulfuric acid, sodium hydroxide, NH4OH, phosphate buffered 

saline solution, Tris-EDTA buffer were purchased from Sigma and diluted with dI 

H2O.  

COC plates (Topas 6015, 6” × 6”) were purchased from Topas (Florence, KY). 

A plate was cut into small pieces with desired dimensions to fit into different 

characterization tools. Samples were cleaned in a clean room environment by RCA 
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method (NH4OH : H2O2 : dIH2O = 1:1:5) at 80 °C for 15 minutes and dried by a stream 

of nitrogen. Samples were baked in a vacuum oven at 110 °C for 1 hour before film 

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 

sputtering 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 

chamber was pumped down to 5.0 E-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 stablize. RF power was gradually increased to the desired level with the shutter 

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

power level and deposition was timed.  

Deposited film thickness was measured with an optical interferometry, 

Nanometrics 210 (Nanometrics Incorporated, CA). The 10X objective lens for small 

spot size focus and standard “Oxide on Silicon” thickness measurement program 

were employed. Total five points for each sample were randomly chosen to measure. 

Infrared absorption spectra were collected on a Thermo Electron Nicolet 8700 

FTIR spectrometer equipped with the Vectra-PiezoTM interferometer. A smart Orbit ATR 
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module accessory with a Ge crystal as an internal reflection element was used. For 

background and sample, 32 scans at 2 cm-1 resolution were collected.       

Chemical binding energy analyses of the film 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 ten sweeps at pass energy of 160 eV, 1 eV per step 

resolution and 200 ms dwell time. For high-resolution regions spectra of C1s, O1s, and 

Si1p were an average of ten sweeps at pass energy of 20 eV, 1 eV per step resolution and 

200 ms dwell time.  

UV-vis spectra were collected on a Shimadzu UV-3600. The transmittance 

percentage was measured from 250 to 700 nm with sampling interval of 1 nm. Slit width 

was 2 nm and each sample was single scan. The resulting spectra were analyzed and 

reported by the software UVProbeTM.  

Atomic force microscope images were collected in tapping mode using a Digital 

Instruments Dimension 3100 produced by Veeco Instruments Inc. (Plainview, NY). 3-

aminopropyl triethoxy silane (APTES) was used to functionalize the COC-SiO2 surface. 

The silanes were dissolved at 1% (V/V) concentration in a solvent of 95% methanol and 

5% dIH2O. Samples were incubated in the solution at room temperature for 15 hours. 
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The samples were washed with original solvent and dried with a nitrogen stream. The 

samples were then baked in an oven at 120 °C for 2 hours.   

3.3 Results and Discussion 

3.3.1 Fabrication of SiO2-COC Hybrid 
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Figure 13. Deposition rates of SiO2 thin film at different sputtering powers and 

pressures. 

In order to select a suitable method for binding SiO2 thin film on COC, we 

evaluated potential deposition methods, including chemical vapor deposition (CVD) 

[127] and physical vapor deposition (PVD) [128]. In CVD, the reactants are absorbed 

on the hot substrate surface where film-forming reaction occurs. Since the substrate 

must be heated to a high temperature (typically higher than 300 ºC), this approach is 

not practical for COC. PVD can be done at lower temperatures and therefore maybe 

suitable. In PVD, we preferred sputtering over evaporation due to excellent film 
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adhesion, improved film uniformity control, and step coverage [129]. Apart from 

surface self-heating by target atom energy dissipation, sputtering is considered a 

low-temperature process. Nowadays, sputtering techniques have been broadly 

employed in applying films to computer disks, compact discs (CDs), liquid crystal 

displays, and so on. Therefore, we decided to test sputtering for deposition of SiO2 

thin film onto COC. 

The deposition rate was the first parameter to be tuned in order to control thin 

film deposition. In a sputtering system, the film deposition rate is related to the anode to 

cathode distance, gas pressure, and RF power. The anode to cathode distance was kept 

constant throughout the entire set of studies. Thus, only gas pressure and power were 

tuned. 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. For film deposition rate measurements, a small 

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

specific deposition condition. In Figure 11, the deposition rate of sputtered SiO2 films 

were set at 200W and 300W at 5 and 10 mTorr chamber gas pressures. The deposition 

rate showed a strong dependence on the power and gas pressure. This observation can 

be explained by kinetic molecular theory, which states that the mean-free-path of a 

sputtered atom is inversely proportional to the total gas pressure in the chamber. Thus, 
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higher chamber pressure induced a small mean-free-path where the sputtered atoms 

had to go through more collisions before reaching the substrate, which resulted in a 

lower deposition rate [130].  In our study, the deposition rates at 5 mTorr were higher 

than those at 10 mTorr of pressure. The maximum rate was achieved at settings of 300W, 

5 mTorr as expected. Although a sputtered SiO2 film on COC substrate could be 

prepared from different combinations of power and pressure, the fastest growing rate 

was chosen for the remainder of the work reported in this paper. 

3.3.2 Characterization of the Deposited Thin Film 

To investigate the chemical bonding structure of the deposited thin film, we used 

Fourier transform infrared spectroscopy (FTIR). The spectra were recorded using a 

Thermo Electron Nicolet 8700 FTIR spectrometer. An attenuated total reflection (ATR) 

sampling module with Smart Orbit accessory and a germanium crystal plate were 

utilized to analyze the thin oxide film on the substrate. The measurements were taken 

over wave numbers ranging from 4000 cm-1 to 500 cm-1 at a resolution of 2 cm-1. It was 

acknowledged that the optical setups were different in the ATR and the transmission 

experiments. Thus, when comparing the transmissions, the relative peaks in the ATR 

spectrum showed distortions in relative intensities and shifted to lower frequencies. To 

eliminate these distortions, a correction algorithm introduced in software package 
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OMNIC™ 6.2 (Thermo Scientific Nicolet™) was applied to all obtained spectra. The 

corrected spectra of different ATR samples are shown in Fig. 12.  

 

Figure 14. Infrared spectra of COC samples. (a) Without SiO2 deposition. (b) 

With SiO2 deposition. 

The spectrum of the sample with RF sputtered thin film shows two intense bands 

at 809 cm-1 and 1071 cm-1, corresponding to the Si-O-Si bending and stretching modes, 

respectively (Fig. 12b), which have been reported in the literature [131,132]. However, 

since the lower detection wave number limit was determined by the internal reflection 

element (IRE) and that the limit of the IRE used in our system was approximately 600 
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cm-1 (Ge) [133], the third band corresponding to the rocking modes (ω1) at 

approximately 450 cm-1 was out of range in our spectrum. The two absorption bands at 

1196 cm-1 and 1071 cm-1 were both assigned to the asymmetric Si-O-Si vibration mode, 

where oxygen atoms move back and forth along the axis line of the silicon atoms. As 

comparison, these bands did not appear in the spectrum of the untreated COC sample 

(Fig. 12a). In both spectra, the absorption at 2950 cm-1 - 2850 cm-1 region was assigned to 

the carbon/hydrogen stretching vibration modes of -CH2 and –CH3. Additionally, the 

peak around 1453 cm-1 represents the wagging mode of –CH3 in the polymer backbone. 

These peaks were significantly smaller in Fig. 12b, which indicated the covering of the 

polymer surface. The broad absorption beak around 3400 cm-1 in Fig. 12b was assigned 

to the hydroxyl group stretching, which was related to the presence of Si-OH vibration. 

It is believed that the -OH group on deposited SiO2 film is formed by interaction 

between SiO2 and moisture in ambient air [134]. This band was absent in the spectrum of 

untreated sample (Fig. 12a), which further indicated successful deposition of the SiO2 

film.  

X-ray photoelectron spectroscopy (XPS) analysis was used to further characterize 

the sputtered SiO2 on the COC surface (Fig. 14). 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) (Fig. 14a). The survey spectra of SiO2 sputtered COC 
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showed dramatic increase in O(1s) intensity and equally dramatic decrease in C(1s) 

intensity (Fig 14b). In addition, the two prominent peaks at 153.6 eV (Si 2s) and 102.6 eV 

(Si 2p) agreed well with the reported binding energies of SiO2 [135], which further 

confirmed the presence of SiO2 film on the polymer surface (Fig. 14b).  
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Figure 15. XPS compositional analysis of COC samples with and without SiO2 

film deposition. 

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 Figure 13. 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 
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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.  

 

Figure 16. 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 in this study. 

3.3.3 Characterization of SiO2-COC Hybrid 

3.3.3.1 Optical Transmission 

It has been known that COC shows significant light transparency in near-UV and 

visible light regions of the electromagnetic spectrum. The optical loss for COC in the 
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visible range is less than 1 dB-cm−1 [136]. To investigate whether the ionic bombardment 

and substrate surface heating during the film deposition process damaged the optical 

transmission properties of the polymer, we measured a COC sample before and after 

film depositions using a UV-vis spectrophotometer. The optical transmission spectra of 

COC and oxCOC were taken at normal light incident under the ambient conditions. As 

shown in Fig. 15, the transmittance of the hybrid sample was close to 90% from 700 nm 

to 400 nm; it gradually decreased to around 70% at 360 nm and quickly dropped to zero 

when the wavelengh approaches 250 nm.  

 

Figure 17. UV-vis spectroscopy transmission measurements of COC samples 

before and after SiO2 film deposition. 

The UV-vis spectrum of the hybrid was almost identical to that of the non-

functionalized COC substrate in the full measured range, which indicated that the 

sputtering deposition did not cause polymer surface damages or material deformations 
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by either ionic bombardment or surface heating. Furthermore, the high transmission (> 

80%) characteristic of the hybrid material in the near UV range (>350 nm) implied that 

this coating technique can be applied to the optical COC devices in different 

applications, which require surface coating with hybrid materials for light irradiation 

without sacrificing the high transmission characteristics.  



 

75 

 

 

Figure 18. AFM scan images of COC surfaces. (a) Without sputtered SiO2 film. 

(b) With sputtered SiO2 film. 

  

3.3.3.2 Surface Morphology and Roughness 

The mean surface roughness (Ra) and root-mean-square roughness (Rq) of SiO2 

coated and uncoated COC samples were measured with profilometer and atomic force 

microscope (AFM). The profilometer was used to measure the roughness of a big surface 
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area (500 μm linear range) and the AFM was used to scan a small surface area (2 μm × 2 

μm). 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. For AFM imaging, the 

tapping mode was used. In survey scans, areas of 25 μm2 (5 μm × 5 μm) were first 

imaged at low resolution (128 lines per sample); a 4 μm2 (2 μm × 2 μm) area was then 

chosen and re-scanned at higher resolution (256 lines per sample). After scan capture, 

images were flattened by first-order X-Y plane-fitting. The roughness was determined 

by the capture and flattening software.  

 

Figure 19. Surface roughness (Ra, Rq) of COC samples with and without SiO2 

film deposition as measured by profilometer (wide range) and AFM (narrow range) 

The roughness data on both coated and uncoated samples are listed in Figure 17. 

The three dimensional AFM images are shown in Figure 16. Data in Figure 17 indicates 

that the deposition caused very slight increase in roughness on the surface.  
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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 300W, which 

provided enough energy to the atoms to produce a smooth coating surface. On the other 

hand, higher power produced 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.  

3.3.4 Chemical and mechanical stability of SiO2–COC hybrid 

Solvent or chemical compatibility is one of the most important parameters in 

determining the adequacy of a surface coating technique. To investigate whether 

sputtered SiO2 on COC can be employed in different applications, the coated samples 

were immersed in fourteen different solvents separately for 24 h. The solvents being 

tested included water, phosphate buffered saline (PBS, 1X), Tris-EDTA buffer (TE , 1X), 

hydrochloric acid (1 M), sulfuric acid (2 M), sodium hydroxide (1 M), NH4OH (27%), 
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acetone, isopropyl alcohol (IPA), ethanol , methanol, methylene chloride, 

tetrahydrofuran (THF), and acetonitrile (ACN). Following incubation, samples were 

rinsed by deionized water and dried by nitrogen gas. Each sample was first inspected 

visually for any morphology changes, such as swelling and bleaching. ATR-FTIR was 

then used to investigate the variation in Si–O adsorption (Fig. 18). 

 

Figure 20. ATR FT-IR analyses of COC–SiO2 samples after chemical or solvent 

treatments. 

As summarized in Figure 19, 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. In basic aqueous solutions, 

the sample in NH4OH showed no damage on either the SiO2 film or the COC substrate.  
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Figure 21. Chemical compatibility of SiO2–COC hybrid 

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, 

whereby the deposited SiO2 surface became rough and could not be detected under FTIR 

spectroscopy. No obvious damage was observed on the SiO2 film or the COC substrate 

in ACN. 
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3.3.5 Surface Functionalization of oxCOC with Amino-Silane 

To assess whether the oxCOC surface is suitable for further modification by other 

compounds, we did a test using APTES molecule. The procedure to link APTES onto 

COC surface is shown in Fig. 20a. XPS analyses of functionalized surface confirmed 

changes in surface composition (Fig. 20b). Analysis of survey spectra showed the 

appearance of a peak with binding energy of 399 eV. This peak was assigned to nitrogen 

atom N(1s) bound to hydrogen (N–H group ), which was consistent with literature.32 

Other peaks at 532, 284, and 102 eV were assigned to O(1s), C(1s) and Si(2 p), 

respectively. The peak at 284 eV increased significantly after silanization . This peak 

represented carbon atoms bound to hydrogen (C–H groups ), which were found in the 

Si –CH3 and –CH2- groups of the silane molecule. Similarly, ATR FT-IR analysis of the 

COC–SiO2 surface before (Fig. 20c) and after APTES conjugation (Fig. 20d) showed the 

appearance of two broad peaks indicative of presence of amine function groups on 

oxCOC surface. The peak around 3650 3300 cm−1 was assigned to N–H stretch and the 

peak at 1695 cm−1 was assigned to N–H bending. Therefore, both the XPS and the ATR 

FT-IR analyses demonstrated successful functionalization of the silica film surface with 

APTES. 
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Figure 22. Surface modification of oxCOC by APTES. (a) Schematic illustration 

of the chemistry used for surface modification. (b) XPS survey scans of APTES 

silanized oxCOC surface. The N(1s) peak demonstrates successful functionalization. 

(c) ATR FT-IR spectroscopy of the silica film before functionlization with APTES. (d) 

ATR FT-IR spectroscopy of the silica film after functionlization with APTES. 

3.4 Conclusions 

To our knowledge, this is the first reported study on fabrication and 

characterization of SiO2-COC hybrid material. In this study, we have developed a robust 

and efficient process of depositing SiO2 thin film on COC surface at low temperature 

using RF sputtering technique. This method is suitable for functionalizing COC surface 

with a variety of controllable factors. For example, the thickness of sputtered SiO2 film 

can be controlled accurately by controlling sputtering conditions. The COC surface 
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wettability can be patterned by selective deposition of SiO2 films. In addition, further 

modification of SiO2 can generate heterogeneous surface functional groups with 

different characteristics. Since there is no high temperature requirement in the process, 

this technique can be applied to COC materials of different Tg and potentially to other 

polymers as well. 

Characterization of the SiO2-COC hybrid material revealed desirable physical, 

optical and chemical properties ideally for BioMEMS applications. First, FTIR and XPS 

were used to confirm the formation of SiO2 thin film on COC surface. The Si-O-Si bond 

absorption at 1070 cm-1 in FTIR and the increased O1s and Si2p peaks in XPS spectrum 

all demonstrated the presence of SiO2 film on the COC surface. In addition, a broad 

absorption band in the 3600-3400 cm-1 range indicated the existence of surface hydroxyl 

groups, which can act as functional groups for further surface modifications. This was 

also demonstrated by subsequent surface modification studies. UV-vis spectrum was 

employed to investigate optical transmission of the hybrid and little change was found 

in optical transmission after SiO2 film deposition. The surface roughness of the hybrid 

material was measured using surface profilometer and AFM. Both techniques revealed 

relatively smooth surfaces after film deposition. Solvent and chemical compatibility of 

the hybrid were also investigated with fourteen different solvents or solutions. The 

results showed the SiO2 thin film remained on the COC surface in most cases, except 
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being stripped off in NaOH (1N) aqueous solution. Both methylene chloride and 

tetrahydrofuran (THF) caused damage to the COC substrate and the SiO2 film. Finally, it 

was demonstrated that the hybrid surface are suitable for further functionalization by 

other compounds, such as APTES used in this study. 

 In conclusion, the SiO2-COC hybrid material will be highly suitable for 

fabrication of microfluidic and lab-on-a-chip devices because it combines the desirable 

properties of both COC and silicon dioxide. It allows rapid and inexpensive prototyping 

and fabrication as COC does. The well characterized surface chemistry and 

functionalization techniques developed for DNA and protein microarrays using glass 

slide can be readily transferred to microfluidic devices made of SiO2-COC hybrid. 
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4. Fabrication of plastic biochips 

This chapter extends the versatile surface functionalization procedure based on 

RF magnetron sputtering of silica developed previously for cyclic olefin copolymers 

(COC. Topas 6015) to poly(methylmethacrylate) (PMMA), polycarbonate (PC), and 

polypropylene (PP). The hybrid thermoplastic surfaces were characterized by XPS 

analysis and contact angle measurements. We then used these hybrid materials to 

perform a sandwich assay targeting a HIV-1 antibody using fluorescent detection and 

biotinylated peptides immobilized using the bioaffinity of biotin-neutravidin. We found 

a limit of detection similar to arrays on glass surfaces and believe that this plastic 

biochip platform may be used for the development of disposable immunosensing and 

diagnostic applications. 

4.1 Introduction 

Research in biochip technology has started to adopt thermoplastic polymers as 

the material category of choice. Thermoplastics are low cost, can be easily molded with 

cheap PDMS masters and are bondable to other surfaces. They allow microfluidics, 

microarrays and sensors to be fabricated simultaneously with relative prototyping ease. 

In particular, poly(methylmethacrylate) (PMMA), polycarbonate (PC), polypropylene 

(PP) and cyclic olefin copolymers (COC) have been used for microarrays and 

microfluidic chips.  Before usage, the thermoplastic is usually modified to change 
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surface hydrophobicity or chemical properties (whereby functional groups are 

introduced) by activation with ozonolysis, photografting, oxygen plasma or by exposure 

to chemical bases [137]. 

Relatively little research has been performed on biomolecular immobilization 

onto thermoplastic materials in comparison to the literature on inorganic materials such 

as silicon or glass. As a result, different thermoplastics have been activated differently 

by various groups. The lack of a standard method of functionalization could present a 

dilemma for adopters of plastic biochips. We recently proposed fabrication of 

thermoplastic-inorganic hybrid materials that could combine the desirable properties of 

the two materials. Using an inorganic layer of silica on COC we were able to translate 

silica’s well characterized surface chemistry and functionalization techniques onto a 

COC plastic matrix that still allows rapid and inexpensive fabrication [79,138]. This 

silica-COC  hybrid could then be easily tailored by off-the-shelf silanes allowing for 

introduction of requisite head groups, such as reactive amines for further 

immobilization of biomolecules [139]. 

In this work we look to examine the utility of our developed technique in 

forming biochips by biomolecule immobilization. We extend the technique to 

functionalize PMMA, PC and PP by RF magnetron based silica sputtering. We report 

here that the three hybrid materials, in addition to the previously reported silica-COC, 
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are able to withstand physical agitation by sonication and maintain integrity of liquid 

borders between the hydrophilic silica and hydrophobic thermoplastic. We then 

analyzed the durability of the plastic matrix to heat and solvent (dichloromethane, 

DCM) exposure. In addition, we show that the thermoplastic can be functionalized with 

a silica layer of various spot sizes thus making it a versatile technique capable of 

adapting to any needed experimental geometry. Such modified thermoplastics, 

especially COC which is able to withstand heat treatment, DCM and is optically clear, 

offer a surface to which biomolecules can be coupled and used in a wide range of 

operating conditions. Silica-COC hybrids were then used to form biochips containing 

HIV-1 Envelope epitope peptide arrays formed using the bioaffinity of biotin-avidin. 

The arrays were then employed for performing sandwich immunoassays targeted at 

human-derived HIV-1 antibodies. 

4.2 Materials and Methods 

Materials: COC microscope slides (Topas 6015) were either purchased from Pure 

Slides LLC or cut from COC plates machine (Topas, Florence, KY) using a guillotine 

shearing machine. PMMA (UVT acrylic) microscope slides were purchased from Ted 

Pella, Inc. Polycarbonate and polypropylene samples were procured via the Physics 

Instrument Shop at Duke University. Positive photoresist Shipley 1813 and developer 

were purchased from MicroChem Corp. (Newton, MA, USA). Acetone, isopropyl 
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alcohol (IPA), dimethyl sulfoxide (DMSO), dichloromethane (DCM), ethanol, and 

methanol were purchased from VWR.  3-aminopropyl triethoxy silane (APTES) was 

purchased from Gelest. Sulfo-NHS-Biotin, and NeutrAvidin were purchased from Pierce 

Biotech. Phosphate buffered saline (PBS) and Tween-20 was purchased Sigma. Pluronic 

F108NF was received as a gift from BASF.  

Peptides and Antibodies: Biotinylated peptides were synthesized and purified by 

reverse-phase high-pressure liquid chromatography. The purity of peptides was 

assessed by high-pressure liquid chromatography to be ~95% and was confirmed by 

mass spectrometric analysis. The HIV-1 Envelope gp41 epitope peptide sequences used 

in this report were SP62 (QQEKNEQELLELDKWASLWN) that includes the binding 

epitope of a murine HIV-1 antibody 13H11 [140].  A randomly scrambled sequence of 

SP62 designated SP62-scrm, was used as a negative control [141]. Mouse mAb 13H11 

was provided by Duke Human vaccine Institute and produced from splenocytes from a 

mouse immunized with HIV-1 Env oligomer CON-S [142], as described [143]. All mAbs 

were purified by affinity chromatography on anti-Ig columns. Cy3-labeled Donkey anti-

Mouse antibody was purchased from Jackson Immunoresearch. 

Patterning plastic slides and functionalization: Patterning was performed as 

described elsewhere [138].  Briefly, plastic slides were cleaned in a clean room 

environment by RCA method (NH4OH : H2O2 : dIH2O = 1:1:5) at 80 °C for 15 minutes 
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and dried by a stream of nitrogen. The slides were then patterned using standard 

photolithography where a thin layer of positive photoresist (Shipley 1813) was spun at 

4000 rpm for 30 seconds onto substrates, and followed by a soft bake at 90 °C for 2 

minutes. The photoresist was then UV exposed through a patterned mask in a Karl-Suss 

mask aligner and subsequently developed in MF 319 developer to remove exposed 

resist. Silica films were deposited using a Kurt Lesker PVD 75 (Kurt J. Lesker Company, 

Pittsburgh, PA) RF magnetron sputtering system. A 3” SiO2 sputtering 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 chamber was pumped down to 5.0 

E-6 Torr and gases were purged into the 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 5 millitorr gas pressure and stabilized. RF power was gradually 

increased to 300 W with the shutter closed at a ramp rate of 10W/minute. The shutter 

was opened at the desired RF power level and deposition was timed. After deposition, 

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

were immersed into a solution of H2SO4: H2O2 = 1:1 for 15 minutes to remove resist 

residue and finally rinsed with deionized water and blown dry. APTES was dissolved at 

1% (v/v) concentration in a solvent of 95% methanol and 5% dIH2O and silica patterned 

samples were incubated in the solution at room temperature for 15 h. The samples were 
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washed with original solvent and dried with a nitrogen stream. The samples were then 

baked in an oven at 100 °C for 2 h. 

 

Figure 23. Fabrication of functionalized thermoplastic substrates for sandwich 

immunoassays. Deposited silica arrays are functionalized with APTES and then 

immobilized with biotinylated peptides. Final detection is performed using 

fluorescent analysis. 

Biotinylate APTES-silanized samples and modification with Neutravidin:  Biotinylation 

of the functionalized thermoplastic samples was performed per the manufacturer’s 

instructions. Biotin-NHS was dissolved in 1X PBS-T (0.1M PBS, 0.5% Tween 20, pH 7.4) 

and pipetted onto a slide. A COC coverslip was then placed over the slide in order to 

ensure that the liquid covered the entire surface area of the deposited silica arrays. Slides 

were then gently shaken in an orbital shaker for 1 hour at room temperature following 
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which they were rinsed copiously with PBS-T (soaked in a staining jar 3 times for 5 mins 

each time), PBS (5 mins), and DI water (5 mins). Neutravidin was reconstituted in DI 

water, diluted to 1mg/ml in 1X PBS-T and pipetted onto biotinylated samples. Samples 

were covered with a coverslip and incubated on a shaker for 1 hour at room 

temperature. Samples were washed as before by successive soaking in PBS-T, PBS and 

DI water, and then placed in a 3% (w/v) solution of Pluronic F108NF for 10 min. 

Pluronic, a triblock copolymer consisting of PEO-PPO-PEO units, hydrophobically 

adsorbs onto the background COC via its PPO unit whilst the hydrophilic PEO chains 

minimize non-specific adsorption. Pluronic has been shown to be a better blocking 

reagent than the commonly used BSA incubation and was therefore used in all studies of 

this report [144]. After Pluronic blocking, slides were then blown dry.  

 Peptide coupling and antibody sandwich assay: Once synthesized, biotinylated 

peptides were dissolved in 1X PBS-T and pipetted onto samples with a neutravidin 

layer, and incubated for 1 hour in a 4° cold room. Afterwards, samples were washed by 

soaking in PBS-T (5 min x3) and then PBS (5 min). Samples were then incubated for 3 

hours with titrated concentrations of 13H11 antibodies dissolved in PBS-T using a 

coverslip atop an orbital shaker at room temperature. After soaking the samples in PBS-

T (5 min x3), a secondary reporter antibody labeled with Cy3 was introduced to 

fluorescently detect immobilized 13H11 in a sandwich-assay format. The reporter 
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antibody, Donkey anti-Mouse IgG (Jackson Immunoresearch) was diluted in PBS-T and 

incubated on samples with a coverslip for 1 hour atop an orbital shaker at room 

temperature. Following exposure to the secondary antibody, samples were washed with 

PBS-T (5 min x3), PBS (5 min) and then dried under a stream of nitrogen. 

Fluorescence Imaging and analysis: Samples were imaged using a Genepix 4000B 

scanner (Molecular Devices) at a wavelength of 532 nm (Cy3). For each slide, we 

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. 

SEM Imaging: The SEM images were taken on a FEI XL30 SEM machine at the 

Shared Materials Instrumentation Facility (SMIF) at Duke University. 

XPS Analysis: 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 pass energy of 160 eV, 1 eV 

per step resolution and 200 ms dwell time. For high-resolution regions spectra of C1s, 

O1s, and Si1 p were an average of ten sweeps at pass energy of 20 eV, 1 eV per step 

resolution and 200 ms dwell time. 
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Contact angle measurements: Contact angle measurements were taken using a NRL 

CA Goniometer (Ramé-Hart, NJ, USA). 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 mins. For heat treatment 

affected measurements, samples were placed in a 100° oven for 1 hour. For DCM 

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

4.3 Results and Discussion 

4.3.1 Designing a bioassay 

We used a thermoplastic substrate functionalized with RF magnetron sputtered 

silica to form biochips of peptide arrays. We used our previously developed technique 

to functionalize PMMA, PC, PP and COC with silica dot arrays. The deposited silica was 

then silanized with APTES in order to introduce an amine group on the surface. Biotin-

NHS was then coupled onto to the aminated silica. Then, using the bioaffinity of biotin-

neutravidin[145], biotinylated HIV-1 gp41  epitope peptides were immobilized onto the 

arrays. These peptide arrays were then used in a sandwich assay where the peptide 

attracted HIV-1 antibody 13H11 that was subsequently fluorescently reported with a 

Cy3 labeled secondary antibody.  
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Figure 24. XPS analysis of thermoplastics functionalized with silica. (a) Spectra 

of virgin surfaces of (a) polypropylene, (b) poly(methyl methacrylate), (c) 

polycarbonate, and (d) cyclic olefin copolymer. (b) Cyclic olefin copolymer with silica 

deposition. The inset image shows silica dot arrays of 1 mm diameter capable of 

constraining liquid due to differential wettability. 

The murine mAb 13H11 binds to gp41 peptide with a Kd of 431nM [146] and was thus, 

used as a model antibody of moderate affinity and to test the specificity and the limit of 

detection. Additionally, the binding site of the mAb is considered to be a vaccine target. 
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4.3.2 Verifying the surface chemistry and stability 

We confirmed the surface chemistry of the thermoplastic substrates before and 

after silica deposition by XPS analysis (Figure 22).  As all the thermoplastics are 

saturated hydrocarbons, they present primarily two elemental peaks in their chemical 

spectra. The untreated thermoplastics presented a typical C(1s) peak (284.5 eV) and 

O(1s) peak (529.5 eV). After sputter deposition of silica, XPS analysis presented identical 

spectras from all the different thermoplastic samples. A representative spectra of silica 

on PMMA is shown in Fig.22B that shows a dramatic increase in O(1s) intensity and 

equally dramatic decrease in C(1s) intensity. In addition, the two prominent peaks at 

153.6 eV (Si 2s) and 102.6 eV (Si 2p) further confirmed the presence of the silica film on 

the polymer surface. Additionally, the differential wettability between the silica and 

thermoplastic surface allows liquid to be pooled preferentially on the deposited silica 

features. This can be seen in the inset of Fig.22B where 1mm diameter silica dot arrays 

were deposited onto a COC substrate and effectively formed individual liquid reactors. 

After having confirmed the deposition of silica on the thermoplastic substrates, 

we tested the stability of the hybrid materials to physical and chemical agitation. As 

shown in Figure 23, contact angle measurements were taken of the virgin surface of the 

thermoplastics prior to silica deposition. We found COC to have the highest contact 

angle among our four chosen thermoplastics. After silica deposition, we found the 
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contact angle of all the hybrids to be ~17°, indicating that the underlying substrate had 

little affect on the silica roughness. After a 30 min sonication, we find all the samples 

remain unchanged. As we employ a physical vapor deposition (PVD) system there is 

little or no chance of there being covalent bonding between the thermoplastic and 

deposited silica. However, the bond appears sufficiently strong to survive sonication 

and therefore would likely survive any biomolecule immobilization/washing process 

necessary for fabricating biochips. In addition to sonication, samples were also subjected 

to heat treatment (110°C for 1 hour) and DCM exposure (1 hour).  

 

Figure 25. Contact angle analysis of virgin and silica-modified thermoplastic 

matrices. 

4.3.3 Flexibility of array dimensions 

After heat treatment, the deposited silica maintains a similar contact angle as 

before. However, we visually noticed distortion of the PMMA matrix. PMMA has a 

glass transition temperature of 110°C and this could explain why samples changed 

shape [147]. After DCM exposure, PMMA samples were completely dissolved while PC 

samples appeared to be distorted as we noticed material loss from its surface. The 
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surviving COC and PP samples registered an increase in the contact angle of the 

deposited silica. Despite this increase, liquid was still able to pool preferentially on the 

deposited silica features. For the immunoassay reported in the remainder of this paper 

we opted to utilize COC over opaque PP. PP can be made translucent when uncolored 

but is not as readily made transparent as COC. Being transparent allows COC to utilize 

the existing scanners used for imaging glass microarrays. In addition COC has desirable 

properties such as low auto-fluorescence and excellent optical and UV transparency 

[148].       

 

Figure 26. Silica arrays of varying sizes on COC. (a) Scanning electron 

micrograph. (b) Fluorescent image of arrays after performing a sandwich assay using 

13H11 HIV antibody. 
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The sizes of the deposited silica features were flexible and we were able to 

fabricate arrays of different sizes as shown in Fig.24. In this figure we formed arrays of 

200, 100 or 50 μm diameter as shown in the SEM (Fig.24A) or fluorescent (Fig.24B) 

micrographs by modifying the photomask used during the photolithography procedure 

prior to silica deposition. Here, the arrays were functionalized with an APTES silane as 

explained in the Methods section and immobilized with the biotinylated SP62 peptide. 

Post biomolecule immobilization, the arrays were used in a sandwich assay targeting the 

13H11 antibody at a concentration of 1E-6 mg/ml, where fluorescent reporting was done 

using a Cy3-labelled secondary antibody. We found fluorescence from all arrays to be 

consistent with a minimal background signal which suggests that immunoassays 

performed could be sensitive with minimal signal variation. 

 

Figure 27. Limit of detection analysis for 13H11 antibody sandwich assay using 

biotinylated HIV peptides SP62 (positive control) and SP62-scrm (negative control). 

Fluorescent detection was performed using a Cy3-labeled secondary antibody. The 
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inset table shows XPS elemental analysis from an array and background COC after 

performing the assay using a 13H11 concentration of 1 mg/ml. 

4.3.4 Determining the limit of detection in a model assay 

The immunoassay performed in Fig.25 was once again prepared by 

immobilization of biotinylated SP62 and SP62-scrm on APTES-modified COC hybrids 

with a streptavidin layer. COC samples were fabricated with 132 arrays (11 columns X 

12 rows) of 1mm diameter. The analyte, 13H11, was then allowed to react with the 

immobilized SP62 and SP62-scrm peptides (where 3 samples of both SP62 and SP62-

scrm were utilized for every concentration of 13H11). Detection occurred after reaction 

of the Cy3-labelled anti-Mouse antibody. The concentrations of the biotinylated peptide 

and Cy3 detection antibody was first optimized by varying either entity solely in the 

experiment while keeping others constant. We found that the best fluorescent signal was 

obtained for a peptide concentration of 0.1 mg/ml and a Cy3 secondary antibody 

concentration of 0.3 mg/ml. We then proceeded with these optimized values for the 

entire immunoassay. Fig.25 shows the variation of the fluorescent signal for 13H11 

antibody concentrations ranging from 1 pg/ml to 1 mg/ml. Per the Rose criterion, which 

states that a signal is readily detectable above its background noise if it reaches a level of 

5 times the noise [149], we find our limit of detection (LOD) to be 0.01 ng/ml which is 

comparable to reports in the literature [150]. The noise floor of the fluorescent signal 

derived from our negative control, SP62-scrm, appears constant for the entire range of 
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titrated concentrations. These results indicate the immunoassay performed is indeed 

specific. Additionally, XPS analysis of the background of the COC samples after 

performing the assay with a 13H11 concentration of 1 mg/ml showed a very low 

nitrogen concentration in comparison to the functionalized arrays. This could indicate 

that the blocking step performed with Pluronic F108 was indeed able to minimize non-

specific adsorption. 

4.4 Conclusions 

A versatile surface functionalization procedure based on RF magnetron 

sputtering of silica was performed on PMMA, PC, PP and COC. The hybrid 

thermoplastic surfaces were characterized by XPS analysis and contact angle 

measurements. The COC hybrid was ultimately chosen as a substrate for immunoassays 

because of its thermal and chemical stability and importantly its optical clarity. An HIV 

peptide and its scrambled analogue used for capture in a sandwich immunoassay was 

immobilized via the bioaffinity of biotin-neutravidin onto silica arrays on COC samples 

that had undergone a pretreatment of silanization, biotin and neutravidin coupling. 

After sputter deposition, the deposited silica is hydrophilic and presented native silanols 

(-OH). Silanization of these native silanols with APTES then presented amine groups for 

coupling to biotin-NHS. Further coupling of a neutravidin layer allowed for 

immobilization of the biotinylated HIV peptides. On performing the sandwich assay 
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using fluorescent detection, we found a limit of detection of 0.01 ng/ml for the 13H11 

HIV antibody used in our sandwich assay. These results demonstrate that versatile 

functionalization of COC with silica could enable results similar to arrays on glass 

surfaces and may be used for the development of disposable immunosensing and 

diagnostic applications. In addition, a host of peptides can be used simultaneously in an 

assay to determine the nature of the mAb or to gauge a patient’s response to 

administered vaccine.  

The significance of plastic biochips could be more universal, other the HIV assay 

performed in this chapter. Currently, there is a dearth of elegantly functionalized plastic 

chips in the market. The demonstration of facile silica functionalization and possible 

combination with active embossed fluidic elements could provide a means of enabling 

portable, specific and sensitive diagnostics. Such devices could open up the commercial 

market for point-of-care analysis and other assorted equipment. 
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5. In situ DNA Microarrays on Cyclic Olefin Copolymer 

Substrate  

Thermoplastic materials such as cyclic-olefin copolymers (COC) provide a 

versatile and cost-effective alternative to the traditional glass or silicon substrate for 

rapid prototyping and industrial scale fabrication of micro-devices. To extend the utility 

of COC as an effective microarray substrate, we developed a new method which 

enabled for the first time in situ synthesis of DNA oligonucleotide microarrays on the 

COC substrate. To achieve high quality DNA synthesis, a SiO2 thin film array was pre-

patterned on the inert and hydrophobic COC surface using RF sputtering technique. The 

subsequent in situ DNA synthesis was confined to the surface of the pre-patterned 

hydrophilic SiO2 thin film features by precision delivery of the phosphoramidite 

chemistry using an inkjet DNA synthesizer. The in situ SiO2-COC DNA microarray 

demonstrated superior quality and stability in hybridization assays and thermal cycling 

reactions. Furthermore, we demonstrate that pools of high-quality mixed-oligos could 

be cleaved off the SiO2-COC microarrays and used directly for construction of DNA 

origami nanostructures. It is believed that this method will not only enable synthesis of 

high-quality and low-cost COC DNA microarrays, but also provide a basis for further 

development of integrated microfluidics microarrays for a broad array of bioanalytical 

and biofabrication applications. 
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5.1 Introduction 

 DNA microarrays have become a very important and versatile tool for a wide 

range of applications ranging from high-throughput genomics, proteomics, to drug 

discovery, bio-detection and synthetic biology [151-155].  In addition to on-chip assays, 

in situ synthesized oligonucleotide arrays can also be used to generate pools of mixed 

oligos for off-chip use as oligo libraries or gene building blocks [58,156-158]. 

Glass and silicon have traditionally been used for microarray fabrication due to their 

excellent physical properties and diverse surface functionalization chemistries [153]. 

Glass offers additional benefits thanks to its superior optical properties (i.e. high 

transparency and low intrinsic fluorescence). Recently, thermoplastic materials such as 

cyclic olefin copolymers (COC), poly(methylmethacrylate) (PMMA), and polycarbonate 

(PC) have been tested as low cost alternative array substrates, especially for making 

devices involving integration of microarrays with microfluidics [137,148,159-162]. 

Combining microarrays with microfluidics offers significant advantage in portability, 

analysis speed, sensitivity, and conservation of precious biological analytes [163-166]. 

These thermoplastic materials are inexpensive, durable, and can be easily embossed or 

molded for rapid prototyping and mass production of micro-devices [167-170]. COC is 

particularly attractive due to a combination of desirable characteristics, including 

excellent optical and UV transparency, low auto-fluorescence, low density, high 
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stiffness,  high glass transition temperature (Tg, up to 180 ºC), low moisture adsorption, 

and resistance to organic solvents [106,107,147,148].  

Despite the potentially broad and significant applications, in situ synthesis of DNA 

microarray on COC has been challenging and yet to be demonstrated. COC presents a 

chemically inert and highly hydrophobic surface, making in situ DNA synthesis difficult. 

A number of plastic surface treatment methods have been developed for generating 

surface functional groups and reducing hydrophobicity, such as photo grafting or 

treatment with oxygen plasma, UV/ozone or sodium hydroxide [114,116,118-121,123-

125,148]. These methods have been used for immobilization of pre-synthesized DNA 

probes on COC surface [137,148,160,162,171-177], but have not been proven readily 

applicable for in situ DNA synthesis on COC. 

We have recently described the fabrication and characterization of a SiO2-COC hybrid 

material, which makes a suitable substrate for potential bioMEMS applications [178]. 

Based on this concept, here we report in situ synthesis of high-quality oligonucleotide 

arrays on pre-patterned SiO2-COC slides. In situ DNA synthesis was achieved with a 

custom piezoelectric inkjet system using the phosphoramidite chemistry. We 

demonstrated that the in situ COC oligonucleotide arrays were useful for nucleic acid 

hybridization assays and enzymatic reactions such as PCR. When synthesized with a 
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cleavable linker, the oligos could be eluted from the chip and used directly for 

constructing DNA origami nanostructures. 

5.2 Materials and Methods 

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

6015, 6” × 6”) were purchased from TOPAS Advanced Polymers (Florence, KY, USA). 

Polydimethylsiloxane was purchased from Dow Corning (Midland, MI, USA). Positive 

photoresist Shipley 1813 and developer were purchased from MicroChem Corp. 

(Newton, MA, USA). 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, USA). Phosphoramidites and 5-ethylthio-1H-tetrazole 

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

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

were dried for two 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 (Sandiego, CA, USA). 

Patterning COC slides and functionalization 

Prior to silica deposition, an array of micro-wells with bare COC bottom was created 

in a layer of photoresist which was spin-coated on the COC slide surface using standard 
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photolithography techniques. Deposition of silica within the micro-wells was then 

performed as described elsewhere [178].  After deposition, the remaining photoresist 

was stripped by sonication in acetone. All patterned samples were immersed into a 

solution of H2SO4: H2O2 = 1:1 for 15 minutes to remove resist residue and finally rinsed 

with deionized water and blown dry. For a detailed experimental description, please 

refer to the Supplementary Information. 

Patterned substrates to be used for oligo cleavage and harvesting were placed in a 2% 

(v/v) N-(3-triethoxysilylpropyl)-4-hydroxy-butyramide (Gelest, Inc., Morrisville, PA, 

USA) solution in 95% ethanol overnight with stirring in a nitrogen-purged cabinet. The 

samples were then rinsed and sonicated for 30 seconds in ethanol, then baked in a pre-

heated oven (110°C) for 3 hours. Samples were stored desiccated until ready for use.  

In situ oligonucleotide synthesis 

In situ DNA microarray synthesis utilized standard phosphoramidite chemistry with a 

custom-built piezoelectric inkjet platform based on a previously described system [39]. 

A 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 are stored in glass bottles with GL-45 screw-top caps. Each cycle of 
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synthesis includes (1) printing, (2) washing, (3) capping, (4) washing, (5) oxidation, (6) 

washing, (7) detritylation, and (8) washing. The first step of the reaction consists of 

phosphoramidite monomer printing followed by tetrazole printing, and incubation for 2 

min. On non-silanized arrays where coupling occurred with surface hydroxyls directly 

on the silica, the first base was reprinted 4 times with 1 hour incubation each time. 

Oxidization and capping were carried out for 30 sec while detritylation lasted 10 sec. 

Washing after detritylation was done for 4 sec but after every other step was for only 2 

sec.  

    After synthesis, the COC slides were removed from the synthesis platform, 

rinsed with acetonitrile and then 95% ethanol. The base-protecting groups were 

removed by 2 hour incubation in EDA/EtOH (anhydrous, 1:1 v/v) at room temperature. 

The deprotected slides were rinsed five times with de-ionized water, dried, and stored 

in a desiccator. 

Staining and Hybridization procedure 

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

F108 solution for 10 min [144]. Pluronic (BASF, Research Triangle Park, NC, USA), a 

triblock copolymer consisting of PEO-PPO-PEO units, hydrophobically adsorbs onto the 

background COC via its PPO unit whilst the hydrophilic PEO chains minimize non-

specific adsorption. Slides were then blown dry. 
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In order to stain with SYBR Gold, 1 μl of SYBR gold (S-11494, Invitrogen) was 

dissolved in 10 ml Tris/Borate/EDTA (TBE) buffer. Slides carrying synthesized oligos 

and blocked with Pluronic were incubated for 15 minutes in the SYBR gold solution. 

Slides were then rinsed in DI water three times by soaking in a staining jar at room 

temperature (5 minutes each time). 

For hybridization experiments, the target was dissolved in a 6x SSPE solution (100 μL, 

1 M NaCl, 66 mM sodium phosphate, 6 mM EDTA, pH 7.4) and heated at 95° for 5 min. 

The hybridization experiment was performed using a Bio-rad hybridization chamber at 

room temperature for 2 hours. After hybridization, the slide was washed twice (5 min 

each) with the 6x SSPE buffer, once (30 sec) with 2x SSPE, 0.1% SDS and finally quickly 

dipped into 0.2x SSPE before it was dried and scanned.  

After recording the fluorescence from the initial hybridization, to ascertain the 

stability of oligos on non-silanized slides, we loaded synthesized slides with Phusion 

High-Fidelity PCR Master Mix (that contains Phusion High-Fidelity DNA Polymerase, 

nucleotides and an optimized reaction buffer including MgCl2) (Finnzymes, Espoo, 

Finland) with 0.1% BSA (Promega, Madison, WI, USA) and 0.1% Tween-20 (Sigma) 

using a hybridization chamber. Slides were then thermocycled (94°C for 9 min and 50 

cycles of 94°C for 45 sec, 65°C for 3 min and 72°C for 4 min) using a Master 
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Thermocycler (Eppendorf). Following this treatment, slides were rinsed with water and 

rehybridized. 

Elution of Oligonucleotides  and Formation of DNA origami 

Oligos used for gel analysis and DNA origami construction were cleaved from 

patterned samples that had been silanized prior to synthesis. Slides were affixed with a 

Bio-rad hybridization chamber and loaded with 300 μl of NH4OH. Once loaded, the 

slides were placed under ~80psi of pressure using a pneumatic clamp assembly (Biolytic 

Lab Performance Inc., Newark, CA, USA) for 18 hours 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 3 slides were pooled and resuspended in 5 μl). 

For the formation of tall rectangle and sharp triangle DNA origami nanostructures, 

M13 single stranded phage DNA (Bayou Biolabs) and the synthesized staple strands for 

the tall rectangle or sharp triangle were mixed together with a 10-fold molar excess of 

staples [179]. Anneals were performed at 5 µM concentration of scaffold in 1xTAE/Mg2+ 

buffer (40 mM Tris-HCl (pH 8.0), 20 mM acetic acid, 2 mM EDTA, and 12.5 mM 

magnesium acetate) and cooled by 1°C/min from 94°C to 20°C. The samples were 

incubated at 4 °C for at least 2 hours before AFM imaging. Staple strand sequences are 

given in Supplementary Information. 
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5.3. Results and Discussion 

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

pre-patterned SiO2-COC slides.  The patterned SiO2-COC slides were prepared following 

the procedure as illustrated in Figure 26. Prior to silica deposition, an array of micro-

wells with bare COC bottom was created in a layer of photoresist which was spin-coated 

on the COC slide surface using standard photolithography techniques. 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 micro-well bottom. 

Subsequently, oligos were synthesized on the hydrophilic surface of pre-patterned 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. 
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Figure 28. Schematic illustration of in situ synthesis of DNA oligonucleotide 

microarray on patterned SiO2-COC slides using inkjet synthesizer. The left panel 

depicts the fabrication process of the patterned SiO2-COC slide via photolithography 

and RF sputtering techniques; the right panel illustrates the phosphoramidite 

chemistry used for in situ oligonucleotide microarray synthesis on SiO2-COC slides. 

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

microscopy (SEM) and atomic force microscopy (AFM) (Figure 27). Figure 27A and its 

higher magnification inset show that features, with a 50 μm diameter and 100 μm pitch, 

had well-defined and smooth boundaries. The thickness of the deposited silica thin film 

was approximately 250 nm as determined by AFM height profiling. The images were 

derived from an array of forty thousand features patterned on a COC slide.  The lack of 

any defects or missing features indicated that the bonding between silica and COC was 
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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.  

 

Figure 29. Characterization of patterned SiO2 features on the COC slide 

surface. (A) SEM image showing a subset of an array of forty thousand SiO2 features. 

The inset presents a higher magnification image of the features. (B) AFM image of the 

SiO2 thin film surface.  

AFM analysis indicated that the surface of the sputtered silica thin film had 

flatness comparable to that of COC or standard glass slide surface (Figure 27B). The 

average roughness (Ra) over a 4 μm2 area was 3.75±0.53 nm. The silica features were able 

to constrain liquid via differential surface wettability between the deposited silica and 

the COC background, thereby effectively forming an array of hydrophilic picoliter wells. 

The silica features on COC also demonstrated excellent chemical compatibility and 

remained intact after repeated exposures to DNA chemical synthesis reagents used in 

the phosphoramidite chemistry as evident in later experiments. 
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5.3.1 Analyzing feature quality after synthesis  

Taking advantage of the variety of surface modification chemistries which had been 

developed for glass, the silica surface was able to be used readily for in situ DNA 

synthesis. In Figure 28, native silanols (-OH) presented on the silica arrays after 

hydroxylation with Piranha solution were used to couple the first nucleotide at the 3’ 

end of the oligo sequences via phosphoramidite chemistry [180]. Then, the remaining 

nucleotide sequence for Probe A, as listed in Table S2 (Appendix A), was synthesized 

base-by-base. The slides were stained with SYBR Gold in order to assess synthesis 

uniformity. It was determined that the signal strength was uniform across the array and 

that the features possessed a sharp boundary. This can be seen in the fluorescence 

profile shown in Figure 28. After analyzing all forty thousand features from three 

replicate slides fabricated and synthesized in three separate batches, the average 

coefficient of variation (CV) value, a representation of uniformity, was determined to be 

3.3% among all features. Slide-to-slide CV value was 4.6% while the worst CV of the 

three slides was 4.7%. We believe that the superior array quality could be attributed to 

the confined synthesis on silica patterns, which minimized the “shifting-boundary” 

effect frequently seen in unpatterned array synthesis arising from misaligned printed 

droplets or stray light in other systems [181,182]. 
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Figure 30. Fluorescence image of an in situ oligonucleotide array on SiO2-COC 

slide. A subset of an array is shown with a 20-mer (Probe A, Table S2) synthesized on 

every feature and stained with SYBR Gold. The fluorescence intensity profile at the 

bottom is derived from the features crossed by the red line in the image. It 

demonstrates relatively sharp boundaries and uniform signal intensities across 

features. 

 5.3.2 Sequence quality analysis by mismatch hybridization 

The sequence quality of the synthesized oligos was further validated in a mismatch 

hybridization experiment. In this experiment, Probe B and its variants which had 

increasing numbers of mismatches to the Cy5-labeled target were synthesized on the 

SiO2-COC slide (Table S2-AppendixA). The deposited silica and covalently attached 
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oligos were stable during post-synthesis washes and side-group deprotection with 

EDA/EtOH. After deprotection, slides were blocked with Pluronic solution and 

hybridized with a 100 nM solution of the Cy5-labeled target. After hybridization and 

stringent washing, the scanning result showed strongly selective hybridization between 

the probes and target sequences. A representative image of the varying fluorescence 

levels from the mismatches is displayed in Figure 29. The perfect match (Probe B) 

showed strongest hybridization and the signals spelled “DU” in the image; mismatches 

resulted in decreased hybridization intensities; and the negative control (Probe C) 

showed background level hybridization. Figure 4C charts the decrease in fluorescence 

with increasing mismatches and shows that even a 1-base mismatch could cause a 65% 

reduction in hybridization intensity. 
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5.3.3 Synthesized product is stable on microarray surface 

 

Figure 31. Hybridization analysis of in situ synthesized oligos on SiO2-COC 

slide. (A) A schematic of the layout of the oligo probes on the array. Feature keys: 

Red: Probe B, with exact match to the Cy5-labeled target; Blue: Probe Px’1; Yellow: 

Px’2; Green: Px’3; Gray: Px’4; Purple: Px’5; and Black: Probe C. Probes Px’1-5 have 1 to 

5 mismatches to the target, respectively. The probe and target sequences are listed in 

Table S2. (B) Fluorescence scan image of the hybridization assay result. Probe B was 

patterned to spell ‘DU’ as abbreviation of Duke University. (C) Average fluorescence 

intensities from hybridization of the Cy5-labeled target with different probes. All 

data graphed are derived from 3 replicate slides and error bars represent standard 

deviation. 

To ascertain the stability of oligos on non-silanized slides, Probe A synthesized on SiO2-

COC slides without a linker was subjected to ammonialysis, elution and gel analysis. As 

slides without a silane linker are non-cleavable, no cleavage product was detected on the 
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gel (Figure 30A). Absorption measurements of the supernatant at 260 nm using a 

Nanodrop ND-1000 spectrophotometer (Wilmington, DE, USA) further confirmed that 

no detectable amount of oligos had been cleaved from the slides. In Figure 30B, Probe B 

was synthesized on non-silanized slides, deprotected and hybridized with Cy5-labeled 

target. Post-scanning, they were ammonialysed for 18 hours. At this point, to determine 

stability of the silica functionalization and oligos to thermal cycling conditions, the same 

slides were loaded with Phusion High-Fidelity PCR Master Mix and thermocycled for 50 

cycles as described in the Methods. Stability of the oligos and their attachment to the 

slide were clear, as rehybridization after the PCR thermo cycling resulted in 

approximately 96% of the initial fluorescence. 

 

Figure 32. Stability of oligonucleotides synthesized on non-silanized arrays. 

(A) Slides synthesized with Probe A and subjected to 18 hours of ammonialysis at RT 

did not release detectable amount of DNA as indicative by the lack of a 20-mer band 
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in Lane 1. Lane M, 10-bp ladder. (B) Slides synthesized with Probe B were subjected 

to 18 hours of ammonialysis at RT, followed by a 50-cycle thermocycling. 

Hybridization signal afterwards showed no significant difference from untreated 

slides. 

  

5.3.4 Harvesting DNA using a cleavable silane linker 

With a cleavable linker, such as N-(3-triethoxysilylpropyl)-4-hydroxy-butyramide, the 

in situ synthesized oligos were able to be cleaved off the chip and harvested for potential 

applications. In this study, we wanted to determine if chip-synthesized oligos could be 

used for construction of DNA origami nanostructures. We first examined the size and 

quantity of the oligo pools synthesized and harvested from the silanized slides (See 

Supplementary Information for oligo sequences). In one experiment, 225 unique oligos 

of mixed lengths were synthesized. The total products from 3 replicate sets of slides 

were pooled together and dried down. The precipitate was then resuspended and 

analyzed by 15% polyacrylamide TBE-Urea gel electrophoresis with SYBR Gold 

staining. In this pool of mixed oligos, greater than 85% were 32-mers, and about 12% 

were 36-mers. Accordingly, a broad band representing the mixed oligos was seen in 

Figure 31A, lane 1. We calculated based on UV spectrophotometer measurements that 

approximately 70 pmol of DNA was collected from the 3 replicate sets of slides, which 

corresponded to an average oligo density of ~0.13-0.2 pmol/mm2 in a spot. 
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Figure 33. Construction of DNA origami with mixed-oligo pools synthesized 

and cleaved from silanized SiO2-COC slides. (A) Gel electrophoresis analysis of the 

released oligo pool of 225 unique oligos.  Lane M, 10-bp ladder. (B) AFM image of 

rectangular DNA origami nanostructures formed by oligo pools released from SiO2-

COC slides. A pool of 225 slide-derived oligos were used as “staple strands” for 

folding single-stranded M13 to form rectangular nanostructures. (C) AFM image of 

triangular DNA origami nanostructures formed by oligo pools released from SiO2-

COC slides. Another batch of slide-derived oligos, comprising 221 unique sequences, 

was used to form triangular nanostructures. 

The sequences of these oligos had been designed to serve as staples to fold single-

stranded M13 DNA scaffolds into nanostructures resembling a tall rectangle or sharp 

triangle [179]. Using two separate pools of oligos harvested from the COC slides (225 

and 221 unique sequences in each pool, respectively. See Supplementary Information in 

Appendix A), we were able to form tall rectangles and sharp triangles as shown in 

Figure 31B and 31C. The structures shown on AFM images appeared comparable to 

those presented by Rothemund, who used oligos individually synthesized by a standard 

column-based, solid-phase synthesis [179]. 
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To our knowledge, this is the first report of in situ synthesis of oligonucleotide 

microarrays on COC substrate. In this study, we fabricated patterned SiO2-COC slides 

by selective RF sputter deposition. The patterned SiO2 thin-film spots on the inert and 

hydrophobic COC background were capable of constraining liquids by differential 

wettability, thereby effectively forming an array of picoliter reactors where in situ DNA 

synthesis could take place. Using standard phosphoramidite chemistry and an inkjet 

DNA synthesizer, we were able to synthesize oligo microarrays on the SiO2-COC slides 

with uniform features and satisfactory hybridization specificity. When synthesized 

directly on native silica silanols, oligos remained stable under PCR thermocycling 

conditions. When a cleavable linker was used, the in situ synthesized oligos were able to 

be cleaved and eluted from the slides and used directly to form correct DNA origami 

structures. 

 Using patterned SiO2-COC substrates for in situ DNA synthesis is not only 

convenient but provides a number of major advantages. The method unites the well-

developed and versatile glass and silane chemistry with the durable and flexible COC 

plastic matrix without any compromise in their optical properties [178]. The deposited 

silica can either be utilized directly or modified readily with any off-the-shelf silane. The 

COC substrate can be molded to form requisite microfluidics and microstructures 

[183,184] to further leverage the synthesized oligos. The designs of the micro-devices can 
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be easily prototyped by simple hot-embossing or mass-fabricated in a cost-effective 

fashion by injection molding [169]. Using SiO2-COC substrates, there would be 

negligible loss of optical properties and the microarray slides could be imaged using 

standard microarray scanners. Additionally, the SiO2-COC hybrid is able to withstand 

high temperature and harsh organic chemicals, thereby increasing the operating range 

and applications of resulting devices. As the method presented here is based on PVD, 

future materials that maybe more effective for in situ synthesis than silica could possibly 

also be deposited [185]. 

Hybridization density and the resulting signal profile plays an important role in 

microarray quality. The silica thin film on COC is compositionally akin to glass. We 

determined by measuring the yields of cleaved oligos that an oligo density of 0.1-0.2 

pmol/mm2 (approximately 0.8-1.2 molecules/μm2) was achievable on SiO2-COC slides, 

which was comparable to typical glass slides. In addition, our use of pre-patterned 

substrates minimizes droplet misalignment that leads to cumulative synthesis errors in 

areas of ‘shifting boundary’ on glass substrates. The patterning results in features 

possessing a sharp edge and uniform signal level. The possible mitigation of synthesis 

errors using patterned substrates could lead to reduced errors in products assembled 

using the synthesized oligos.  
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We observed that the hybridization and staining background signals were very low, 

as had been noted by other analytical studies with COC [159]. This observation 

suggested that COC exposed to harsh organic chemicals used in DNA synthesis retained 

the same resistance to non-specific adsorption as COC used for spotted arrays. This 

opens up the possibility of using in situ synthesized oligo microarrays in ultrasensitive 

analysis, which requires non-ambiguous fluorescence signals at low analyte levels. 

Additionally, as arrays without cleavable linkers are able to withstand cleavage and 

PCR reaction conditions, the in situ COC oligo arrays can be employed in applications 

requiring high heat, extreme pH and solid-phase PCR [186].  

This study also explored the possibility of using chip-derived oligos as “staple 

strands” for constructing DNA origami. Our successful formation of rectangular and 

triangular origami structures suggests that such chip-derived oligos could be used to 

enable very large origami projects (i.e. requiring thousands of staple strands) that have 

thus far been difficult due to prohibitive cost of oligo synthesis. Chip-derived oligos 

could also lead to potential applications in synthetic biology such as assembly of genes 

and genome constructs. 

5.4. Conclusion 

 In summary, this study demonstrated that RF sputter deposition of SiO2 thin film 

could be used as an effective technique to functionalize COC surface. It further 
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demonstrated that high quality DNA arrays could be fabricated on patterned SiO2-COC 

slides. This method could potentially be used for fabrication of high-quality and low-

cost plastic DNA microchips in general. As various microstructures can be easily and 

directly molded on COC substrates, this study could provide a basis for further 

developments to integrate microarray with microfluidics for a broad array of 

bioanalytical, biofabrication and diagnostic applications. 
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6. On-chip gene synthesis and subsequent error-correction 

We describe the development of an on-chip gene synthesis technology, which 

integrates on a single microchip the synthesis of DNA oligonucleotides using inkjet 

printing, isothermal oligonucleotide amplification and parallel gene assembly. 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. Using the developed platform, we then describe an 

error correction reaction (ECR) which employs Surveyor, a mismatch-specific DNA 

endonuclease, to remove errors from chip-harvested synthetic genes.  

6.1 Introduction 

A number of regulatory elements, such as promoters, and ribosomal binding 

sites have been used to modulate protein expression. However, if the protein-coding 

DNA sequence itself is poorly translatable in a given host, modifying these elements 

may have a limited effect. This suggests that recoding the sequence with synonymous 

codons may be required. A key technical barrier to optimizing codon usage is the 

inability to synthesize genes at sufficiently low cost and high throughput. Such a 

capability would enable many gene and genome variants to be synthesized to explore 

the vast protein coding space. 

A promising route is to harness existing DNA microchips, which can produce up 

to a million different oligonucleotides on a single chip, as a source of DNA. Previous 

efforts have demonstrated that genes can be synthesized from DNA microchips. Thus 

far it has not been possible to scale up these approaches for at least three reasons. First, 

the error rates of oligonucleotides from DNA microchips are higher than traditional 

column-synthesized oligonucleotides. Second, the assembly of gene fragments becomes 
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increasingly difficult as the diversity of the oligonucleotide mixture becomes larger. 

Finally, the potential for cross-hybridization between individual assemblies imposes 

strong constraints on the sequences that can be constructed on an individual microchip. 

 

Figure 34. Small pools of oligos are synthesized in separate chambers on a 

plastic DNA microchip using an inkjet DNA microarray synthesizer. The chambers 

are then filled with a combined amplification and assembly reaction mixture and 

sealed.  

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 [187]. If a perfect clone cannot be isolated, site-directed mutagenesis has to 

be used to fix errors identified by sequencing [75,188-191]. 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 [89,90,187]. However, such methods require cumbersome 
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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 [74,84,97]. 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 [192].  

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. [94,192-195]. In 

this study, we explored whether the Surveyor enzyme can be used as an effective tool 

for error correction and developed an optimized error correction reaction using the 

Surveyor nuclease.  
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6.2 Materials and Methods 

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. 

Oligonucleotide synthesis and on-chip gene assembly.  Oligonucleotides were 

synthesized on a plastic chip using a custom-made inkjet DNA microarray synthesizer 

[196]. 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 

Supplementary Sequences. 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 [197]. 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 nSDA-PCA reaction, 1-2 μl of the reaction from each chamber was used for 

PCR amplification with Phusion polymerase and end primers (Supplementary 

sequences: RFP-F, RFP-R, and RFP-M). End primers were employed at a concentration 
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of 0.5 μM. The PCR reaction involved an initial denaturation at 98°C for 30 sec, followed 

by 30 cycles of denaturation at 98°C for 10 sec, annealing at 60°C for 60 sec, and 

elongation at 72°C for 30 sec/kb, and finished with a final elongation at 72°C for 5 min. 

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 >100ng/μl (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/μl. This was then melted by 

heating at 95°C for ten minutes, 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, 4μl (200ng) of the melted 

rfp product in 1X Taq buffer was added to 0.5μl of Surveyor nuclease (which is known to 

be the CEL II enzyme [94]) and 0.5μl enhancer (which is known to be DNA ligase that 

stimulates the cleavage reaction [94,192]) to yield a total of 5μl that was then incubated 

at 42°C for 20 min. 2μl of the product was then subsequently overlap extension PCR 

(OE-PCR) amplified (using the same reaction conditions as the PCR above), gel 

extracted, cloned and sequenced to serve as the result from the first iteration of error 

correction. For the second iteration, the gel extracted product was diluted to 50ng/μl 

using 1X Taq buffer and melted as before. Similar to the first iteration, a 5μl reaction 

consisting of 4μl melted product, 0.5μl of Surveyor nuclease and 0.5μl enhancer was 

incubated at 42°C for 20 min. 2μl of the product was again subsequently OE-PCR 

amplified, gel extracted, cloned and sequenced to serve as the result from the second 

iteration of error correction. 

For ECR using a 60 min Surveyor cleavage incubation, 8μl of the melted gene 

products in 1X Phusion buffer (final concentration of 50ng/μl) was added to 2μl of 

Surveyor nuclease and 1μl enhancer to yield a total of 11μl that was then incubated at 
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42°C for 60 min. 2μl of the product was then subsequently OE-PCR amplified, gel 

extracted, cloned and sequenced to serve as the result from the first iteration of error 

correction. For the second iteration, the gel extracted product was diluted to 50ng/μl 

using 1X Phusion buffer and melted as before. Similar to the first iteration, an 11μl 

reaction consisting of 8μl melted product, 2μl of Surveyor nuclease and 1μl enhancer 

was incubated at 42°C for 60 min. 2μl of the product was again subsequently OE-PCR 

amplified, gel extracted, 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 (Fig. S1), 

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. 

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) [198,199]. 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.  

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 before been imaged in an AlphaImage gel documentation 
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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.  

6.3 Results and Discussion 

6.3.1 Harvesting large gene constructs from DNA microarrays 

High-throughput gene synthesis technology has been driven by recent advances 

in DNA microarrays that can produce pools of up to a million oligonucleotides for gene 

assembly, albeit in minute quantities (~105–106 molecules per sequence). The presence of 

too many oligo sequences in a pool makes it difficult to effectively use the entire oligo 

pool for gene assembly, as similar sequences can cross-hybridize. Practical solutions 

include more efficient assembly strategies, selective amplification of oligos or, as we do 

here, physical division of the oligo pool. 

To effectively use all the oligos synthesized on a microarray, 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. Oligos are 

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. 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 
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could be synthesized on a single chip, providing a capacity to produce up to 8-30 kb of 

assembled DNA. 

723bp

100bp 
ladder

500

528bp369bp220bp

(a) (b)

 

Figure 35. 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.  

We next sought to achieve additional increases in throughput by integrating 

oligo synthesis with amplification and gene assembly on the same chip. In previous 

work, chemical methods, such as NH4OH treatment, have been used to cleave oligos 

from the chip for subsequent off-chip gene assembly reactions. Progress toward 

automating and miniaturizing the subsequent gene assembly reactions has been 

reported using microfluidics, resulting in reduced costs and reagent consumption. Here 

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 (Fig. 32). Briefly, 60-mer gene construction oligo 

sequences are synthesized with a 25-mer universal adaptor added at the 3′ end, which is 



 

131 

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 

oligos into gene fragments in the same reaction chamber. The gene products are further 

amplified off-chip by PCR (Fig.33). 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. 

6.3.2 General design of the error correction reaction using Surveyor 

nuclease 

Also 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 34. 

After gene synthesis, the raw PCR products are denatured and re-annealed (left panel). 
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The subsequent error correction reaction (ECR, right panel) involves incubation of the 

re-annealed product with the Surveyor nuclease, followed by overlap extension PCR 

(OE-PCR) using a proofreading DNA polymerase.  

MISMATCH CLEAVAGE

3’->5’ EXONUCLEASE
ACTIVITY

OVERLAP EXTENSION
PCR

DELETION INSERTION SUBSTITUTION

 

Figure 36. 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 subsequent OE-PCR. The resulting fragments with mismatch bases 
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removed are efficiently assembled back into full-length gene constructs by during 

OE-PCR (right panel). 

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 3’ side of the mismatch site [192]. In 

the case of deletions, cut fragments are free from misincorporated or mismatched bases 

at the ends and can extend when hybridized to correct templates.  

2 3M 1 4 5

20 min 60 min 20 min 60 min

Cleavage OE-PCR

723 bp
0.5 kb

1 kb

 

Figure 37. Cleavage of synthetic red fluorescent protein (rfp) gene by Surveyor 

nuclease. Synthetic rfp gene (lane 1) was incubated with Surveyor nuclease for 20 min 

(lane 2) and 60 min (lane 3) at 42°C. Overlap-extension PCR (OE-PCR) amplification 

was then used to reassemble the full length gene from both 20 min (lane 4) and 60 

min (lane 5) incubation products. 

Though structural changes arising from deletions and insertions are 

indistinguishable, insertions give rise to fragments, one of which contains a 

misincorporated base. Therefore, for insertions and substitutions, the resulting 3’ 

overhangs contain misincorporated or mismatched base(s), which are likely to be 

trimmed by the 3’->5’ exonuclease activity of the proof-reading DNA polymerase used 

in the PCR reaction. Untrimmed ends with mismatch base(s) when hybridized to correct 

templates will likely have a 1000-fold reduced chance of extending to full-length 
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products [200]. Finally, OE-PCR at a high annealing temperature will amplify any 

remaining intact strands that survived the cleavage and extend the shorter fragments to 

full-length genes, presumably yielding an error-reduced population. We hypothesize 

that more iterations of the ECR can be used to further remove remaining errors.  

6.3.3 Determine error frequency of on-chip gene synthesis  

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.35, lane 

1) and inserted into a modified pAcGFP1 expression vector using the CPEC cloning 

method as described in the Methods. 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 36).  
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Figure 38. Employing error correction increases the percentage of fluorescent 

rfp colonies. Uncorrected rfp synthesis products resulted in 50.2% fluorescent 

colonies while those that underwent ECR yielded an increased fluorescent 

population, with the highest being 94% from the second 60 min Surveyor incubation. 
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Colonies that fluoresced dimly likely had minor changes in the amino acid 

sequence of the encoded proteins while the non-fluorescent colonies may have suffered 

fatal mutations. To further analyze the repeatability and robustness of the method, we 

trialed four additional templates in a similar fluorescent assay. The genes trialed were: 

(i) a variant of the minimum lacZ gene (mini-lacZ-A), (ii) a second variant of the 

minimum lacZ gene (mini-lacZ-B), (iii) green fluorescent protein-fused fragment A 

(GFP-fragment-A), and (iv) green fluorescent protein-fused fragment B (GFP-fragment-

B). The results from all four additional templates showed iterative increase in 

fluorescent population after each round of ECR (Figure 37). As expected from the model 

calculations in Figure 39A, the small minimum lacZ genes had a large fluorescent 

population even before error correction as it has few errors to begin with. Resultantly, 

the impact of ECR was not as dramatic on mini-lacZ-A and mini-lacZ-B as it was on the 

much larger GFP-fusion fragments.  However, silent mutations could be present in 

functional colonies and therefore sequencing was carried out to determine a 

comprehensive error rate.  
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Figure 39. Employing error correction increases the percentage of fluorescent 

colonies derived from four different templates. Uncorrected mini-lacZ-A, mini-lacZ-B, 

GFP-fragment-A and GFP-fragment-B synthesis products underwent two rounds ECR 

using 60 min Surveyor incubations and yielded populations with >84% fluorescence. 

The mini-lacZ templates (~129 bp) are small and therefore contain far fewer errors 
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than the GFP-fragments (~500 bp), resulting in a large fluorescent population even 

without error correction. 

Performing sequencing of 42 randomly picked rfp colonies on both strands gave 

an error rate of approximately 1.9/kb (Fig.38). Deletions were found to be the most 

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. Correlating 

the fluorescent assay image data with the sequencing results, it was determined that 

non-fluorescent colonies contained, on average, more than 3 errors distributed 

throughout the length of the rfp gene. 
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Error Type Uncorrected 20 min 
#1 

20 min #2 60 min 
#1 

60 min #2 

Deletion           

Single-base deletion 30 2 0 0 0 

Multiple-base deletion 13 1 0 0 0 

Total deletion errors 43 3 0 0 0 

            

Insertion           

Single-base insertion 3 0 0 0 0 

Multiple –base insertion 1 0 0 0 0 

Total insertion errors 4 0 0 0 0 

            

Substitution           

Transition           

G/C to A/T 3 2 1 3 2 

A/T to G/C 3 4 2 0 1 

Transversion           

G/C to C/G 0 0 0 2 0 

G/C to T/A 1 1 1 4 1 

A/T to C/G 2 0 0 1 2 

A/T to T/A 1 0 1 1 0 

Total substitution errors 10 7 5 11 6 

            

Total errors 57 10 5 11 6 

Bases sequenced 29958 31866 27798 42714 52206 

Error frequency (errors per kb) 1.9 ± 0.25 
0.31 ± 
0.10 

0.18 ± 
0.08 

0.26 ± 
0.08 

0.11 ± 
0.04 

Error frequency (bases per 
error) 

526 ± 61 
3187 ± 

759 
5560 ± 
1719 

3883 ± 
906 

8701 ± 
2445 

  

Figure 40. Table legend: Column ‘Uncorrected’ represents sequencing results 

from uncorrected pools of synthesized rfp. Column ’20 min#1’ and ’20 min#2’ depicts 

results after one and two rounds of ECR using a 20 min Surveyor incubation 

respectively. Column ’60 min#1’ and ’60 min#2’ depicts results after one and two 

rounds of ECR using a 60 min Surveyor incubation respectively.   
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6.3.4 Error correction reaction with Surveyor nuclease 

Surveyor nuclease has typically been used for mutation detection. We have 

devised a strategy of using it for eliminating errors in synthetic genes, as shown in 

Figure 34. 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’ (DNA ligase as indicated in Methods) 

were tested. 0.5 μl, 1 μl and 2 μl 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 (Fig. S1). All bands on the gel appeared to be similar, indicating 

little difference with increased enzyme concentration. 

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 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 mins at 42°C. Figure 35 (lane 2 and 3)  indicates that 

after Surveyor nuclease treatment, the synthetic rfp genes were cleaved into smaller 

fragments; there was no visible full-length rfp band for the 60 min incubation indicating 

that majority of the genes were cleaved. The result suggests that the cleavage by 

Surveyor nuclease was very efficient. It also suggests that the cleavage assay can be used 

as a quick assessment of the sequence heterogeneity 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 35 (lane 4 and 5).  
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It was reasoned that in one round of ECR, error sequences could form 

homoduplexes and thus escape detection and cleavage. We therefore tested whether 

adding an additional round of re-annealing and Surveyor cleavage incubation could 

eliminate more errors. Two iterations of ECR were performed with both 20 min and 60 

min incubations as outlined in Methods. Major band products from both conditions 

were gel extracted, cloned using the CPEC method and fluorescently analyzed in the 

functional assay.  

6.3.5 Determine error frequencies after ECR 

Both functional colony counting and DNA sequencing were performed to 

estimate error frequencies of chip-synthesized genes after ECR, which were carried out 

under various conditions. As shown in Fig.36, increasing Surveyor cleavage incubation 

time and number of iterations led to increases in the number of brightly fluorescent 

colonies, with the 20 min incubation resulting in 74% and 84% fluorescent population in 

the first and second iteration respectively. Using the 60 min cleavage incubation, ECR 

resulted in 78.4% fluorescing colonies after the first iteration and subsequently increased 

to 94% following the second iteration.  

Results from DNA sequencing analysis of randomly selected colonies correlated 

with the observations made with the colony counting experiments and revealed more 

details on correction efficiency of different error types (Fig.38). It was found that adding 

a second round of ECR was more effective than increase the incubation time. As shown 

in Fig.38, increasing incubation time from 20 min 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).  
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The results in Fig.38 show that ECR with Surveyor was 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 towards substitutions albeit with 

reduced efficiency. Substitution types of errors were still present after two rounds of 60 

min incubations. 

Following the model predictions of Carr et al. [187] and Furhmann et al. [84], we 

performed statistical analysis to better understand the implication of our results. As can 

be seen in Figure.39a, 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 8701bp for two iterations of 60 min ECR, blue line) 

increases the probability of locating an error-free clone than the uncorrected population 

(1 error in 526 bp, red line).  
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Figure 41. (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) increases the probability of locating an 

error-free clone than the uncorrected population (1 error in 526 bp, red line). (B) 

Employing ECR drastically reduces the number of colonies that need to be screened 

to have a high (95%) probability of obtaining at least one which is error-free. Two 

iterations of 60 min cleavage incubations with Surveyor (blue line) could yield a 

correct 10kb product by sequencing 8 random clones. Plots are derived from the result 

of model calculations. 

From the practitioner’s perspective, this means that dramatically fewer clones 

need to be sequenced (Fig. 39b). For example, as predicated in Figure 39b, one will have 

to screen, on average, only 8-10 clones of a 10 kb treated with ECR or a single 1kb clone 
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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 hours without resorting to additional cloning or 

excessive sequencing.  

6.4 Conclusion 

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. Then the error correction method presented 

here utilizes the Surveyor nuclease to perform enzymatic error correction on synthetic 

genes. In our presented work, genes could be harvest from microarrays and error-

corrected by two ECR iterations to reduce the error frequency by >16-fold.  
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7. DNA origami nanostructure using chip-derived staples  

High-throughput synthesis of quality mixed oligonucleotides (oligos) allows for 

exhaustive studies of DNA nanostructured material formation. In situ DNA synthesis 

was achieved with a custom piezoelectric inkjet system using phosphoramidite 

chemistry on functionalized cyclic olefin copolymer (COC) as a chip substrate. When 

amplified off of the chip via nicking-Strand Displacement Amplification (nSDA), the 

oligos were eluted and used directly for constructing multiple DNA origami 

nanostructures in a one-pot assembly. By performing nSDA, each chip may be reused 

multiple times to produce pools of staple strands for repeated experiments. Two 

separate DNA origami structures were formed from a double-stranded scaffold strand. 

By redesigning specific staple strands, these structures can be connected to provide a 

larger uniquely addressable nanostructured template.  

7.1 Introduction 

DNA nanotechnology is an emerging field focused on engineering self-

assembling nanostructured materials that have been exploited for many 

applications.[201-204] Specifically, the advent of scaffolded DNA origami has allowed 

for the formation of complex nanostructures with sub-10 nm resolution and uniquely 

addressable features.[205] The one-pot origami method uses numerous short oligos 

(staple strands) to direct folding of a larger template (scaffold) strand of DNA. The scale 
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and ultimately the surface area of these structures are limited to the length of the 

scaffold strand. Additionally, an increasing number of staple strands must be utilized as 

the size of the nanostructured shape increases.  

 

Figure 42. Outline of forming multi-structure DNA Origami from chip-derived 

oligonucleotides. Staple complement versions of the required staples, appended with 

a universal 25-mer linker, are synthesized on-chip. During the in-situ amplification, a 

DNA polymerase (Bst-Large fragement, shown in green) extends and displaces the 

proceeding strand while a nicking endonuclease (Nt.BstNBI, shown in blue) separates 

the staple from the universal primer (in red) and generate new 3’-ends for extension. 

After amplification, the staple set was collected and annealed with the scaffold to 

form DNA Origami. The two strands of the double-stranded M13 scaffold are folded 

to create two distinct structures that are then brought together in the same anneal to 

form a larger fully-addressable structure. 

Although the cost of synthesizing DNA has drastically decreased in the past 10 

years, the design and construction of larger scaffolded DNA origami structures is cost 

inhibitory because of the large number of staple strands needed.[206] Exhaustive studies 

of structure formation and scaling to greater complexity could be made easier using low-

cost DNA chip [79] and gene-synthesis technology [207] to generate both staple and 

scaffold strand. As a first step towards such a goal, we demonstrate in this report that a 
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biologically-derived double-stranded M13 scaffold can be folded by chip-derived staple 

strands to form a two-part uniquely addressable DNA origami nanostructure. Scaffold 

strands were dissociated by chemical-denaturation [208] and preferentially re-associated 

with staples encoding two unique structures that then interconnected with one another 

in a one-pot reaction. With an additional anneal for 12 hours at 35°C after the initial 

reaction, up to 90% of the folded scaffold strands partition into the intended two-part 

structure. We anticipate that the presented strategy will enable even larger DNA 

origami designs and mass production at high yields. 

7.2 Materials and Methods 

Reagents. The following materials and methods involving the inkjet printer and 

oligonucleotide synthesis have been reported previously and are restated here for 

completeness.[79]  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 (dichloroacetic acid in DCM) were 
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purchased from Azco Biotech (San Diego, CA). Purified M13 double stranded plasmid 

was purchased from Bayou Biolabs (Metairie, LA). All other chemicals were purchased 

either from Sigma-Aldrich or VWR. Enzymes were from New England Biolabs. 

Staple Complement Synthesis. Complement versions of the required staple 

strands were synthesized atop cyclic olefin copolymer (COC) slides deposited with silica 

thin-film spots. In brief, prior to silica deposition, an array of microwells with bare COC 

bottom was created in a layer of photoresist which was spin-coated on the COC slide 

surface using standard photolithography techniques. Deposition of silica within the 

microwells was then performed as described elsewhere.[178] After deposition, the 

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

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

finally rinsed with deionized water and blown dry. In the current designs, COC slides 

were prepatterned to form 8 subarrays of silica spots 150 μm in diameter and 300 μm in 

interfeature spacing (center to center). 432 spots could be printed in a subarray and 

multiple spots were used to synthesize one oligo sequences. Compliment versions of 

staple strands were appended with a 25-base adaptor at the 3′end, which provided a 

nicking site and anchored the oligo to the chip surface. All oligo sequences used in this 

study are listed below. In situ synthesis of DNA microarrays utilized standard 

phosphoramidite chemistry with a custom-built piezoelectric inkjet platform.  A 1:1 
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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 are stored in glass bottles with GL-45 screw-top caps. Bulk reagents 

were controlled using PTFE solenoid valves leading to delivery lines colocated 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 colocated 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. 

  Each cycle of synthesis includes (1) printing, (2) washing, (3) capping, (4) 

washing, (5) oxidation, (6) washing, (7) detritylation, and (8) displacement of 

detritylation reagent using oxidizer and washing with acetonitrile. Slides were blown 

dry after each step except printing by a six-jet nitrogen manifold controlled by a 

solenoid valve. The first step of the reaction consists of phosphoramidite monomer 

printing followed by tetrazole printing, and incubation for 2 min. The first base was 

reprinted 4 times with 1 h incubation each time. Oxidization and capping were carried 

out for 30 s, whereas detritylation lasted 10 s. Washing after detritylation was done for 4 
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s but after every other step was for only 2 s. After synthesis, the COC slides were 

removed 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. 

nicking-Strand Displacement Amplification (nSDA) for on-chip staple 

amplification and purification. The chambers on the printed COC slides were filled 

with the nSDA reaction cocktail containing 0.4 mM dNTP, 0.2 mg/ml BSA, Nt.BstNBI, 

and Bst large fragment in optimized Thermopol II buffer supplemented with T4 Gene 32 

protein. The slides with sealed chambers were placed on the slide adaptor of a 

Mastercycler Gradient thermocycler (Eppendorf) to carry out the nSDA reactions. nSDA 

involved incubation at 50 °C for 2 h after which the reaction was removed from the chip 

and denatured by heating at 80 °C for 20 min. 

After the nSDA reaction, the amplified product from multiple chambers were 

pooled and the DNA was then purified from proteinaceous material using phenol-

chloroform extraction, ethanol precipitated, dried in a speed vacuum centrifuge 

(Eppendorf) and re-suspended in sterile Milli-Q water.  

 For the assessment of nSDA, amplified product from a subarray 

containing a 100, 75 or 50 microarrays (that presents approximately 4 ng, 3 ng and 2 ng 
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of template DNA respectively, according to our previous surface density calculations 

[79]) synthesized with the sequence 5’- 

CGGTACCCGGGGATCCTCCAAATCGAAGGGATTTCGGAATTGTGGCGGGCATGA

CTCGACCATCCGATTTTTT-3’ were run on a 15% TBE-Urea polyacrylamide gel. 

Incubation times of the nSDA were also varied from 5 min to 4 hr. Gels were run with a 

low-weight mass estimation DNA ladder (Invitrogen). Fluorescent gel bands (from 

SYBR Gold staining) were then analyzed by AlphaImage software to yield estimates of 

amplified DNA. 

Formation of DNA Origami. For the formation of tall rectangle, sharp triangle, 

and house DNA origami nanostructures, M13 single stranded phage or M13 double 

stranded plasmid and the appropriate synthesized staple strands (for the tall rectangle, 

sharp triangle, or house) were mixed together with a (1-10)-fold molar excess of staples. 

Anneals were performed at 5 nM concentration of scaffold in 1 ×TAE/Mg2+ buffer (40 

mM Tris-HCl (pH 8.0), 20 mM acetic acid, 2 mM EDTA, and 12.5 mM magnesium 

acetate) with the designated percentage of formamide and heated to the designated 

initial temperature. Samples were quickly dropped to 25°C and placed into 3.5K MWCO 

Slide-A-Lyzer MINI Dialysis Units (Pierce Protein Research Products) and dialyzed at 10 

minute steps in buffered dialysant with the following formamide percentages: 33, 26, 20, 

14, 7, 0%. The samples were incubated at 4°C for at least 2 h before AFM imaging. 
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AFM Imaging of DNA Origami. Five microliters of DNA origami sample was 

deposited on freshly cleaved mica, followed by a 3-minute wait before addition of 30 µL 

of 1 ×TAE/Mg2+ buffer for tapping mode AFM analysis. AFM images were obtained on a 

Digital Instruments Nanoscope IIIa with a multimode head by tapping mode under 

buffer using DNP-10 or DNP-S10 silicone nitride tips (Veeco Inc.). 

  

 

7.3 Results and Discussion 

Staple strands were generated from DNA chips and used to anneal a scaffold as 

shown in Figure 40. Initially, microarrays bearing the staple complement appended with 

a universal 25-mer linker were synthesized using an inkjet synthesizer [79,209] on 

thermoplastic slides functionalized with deposited silica thin films.[178] Subsequently, 

nicking-Strand Displacement Amplification (nSDA) was performed on chip using a 

nicking endonuclease (nickase) and a strand-displacing thermophilic polymerase 

(Supplementary Information) to linearly amplify and generate the requisite staple set. 

Amplified product was then pooled, purified and then used for annealing of a 

biologically-derived M13 scaffold that had been linearized via restriction enzyme 

digestion. The scaffold was folded to form only rectangles, only triangles, rectangles 

plus triangles simultaneously, or a ‘nano-house’ structure by interconnecting a rectangle 
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and triangle. For the formation of the nano-house, a secondary anneal boosted yield 

appreciably. 

 

Figure 43. Assessment of in situ amplification in releasing amplified product. 

The reaction, a nicking strand displacement amplification (nSDA) process driven by a 

nickase and polymerase, is assessed using varying amounts of starting DNA that 

serve as the amplification template (where the template is the reverse complement of 

the desired sequence). Data was gathered by running incubation product on 

polyacrylamide gels and image analysis to determine target band fluorescence in 

comparison to a known low DNA mass ladder. Each data point represents the mean of 

three trials where the error-bars represent standard deviation. 

7.3.1 Determining the amplification rate on-chip  

To ascertain amplification rates on-chip via nSDA, a 73-mer sequence was 

synthesized on 100, 75 or 50 array features on a chip subarray. During the amplification 

reaction, a DNA polymerase (Bst large fragment) generates the intended staple strand 

from its complement synthesized template, extends and displaces the proceeding strand 

while a nicking endonuclease (Nt.BstNBI) separates the intended staple strand from the 
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universal primer, which is used to initiate the reaction, and generates new 3′-ends for 

extension. After amplification, a 48-mer sequence was released and subsequently 

quantified by gel analysis as presented in Figure 41. Based on our previous results [79], 

it was calculated that approximately 4 ng, 3 ng, and 2 ng of template was present on-

chip thus yielding a four-fold amplification via nSDA. Recently, Joneja et al. and Kucera 

et al. reported a linear strand displacement amplification (LSDA) initiated by a nickase 

that is similar to our reaction.[210,211] Their experiments, carried out in solution, 

yielded a ten-fold better amplification indicating that, on-chip, the amplification is 

limited by occurring only on the surface and that factors such as the surface-screening of 

enzymes and inhibition by non-specific adsorption are likely involved. This represents 

an area for further optimization and future work that could yield enough DNA material 

to construct nanostructures using a single round of amplification off a single chip 

subarray instead of employing multiple rounds of amplifications and pooling material 

from multiple subarrays as we have done in this report. 
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7.3.2 Folding a double stranded scaffold 

 

Figure 44. Formation of DNA origami structures using a double stranded 

scaffold employing a formamide annealing process. A single structure (A and B) or 

two discrete ones (C) can be formed using either a solitary staple set or two combined 

ones respectively in the 90-min anneal process. Using a combined staple set that 

contained modified connector staples, triangular and rectangular structures were 

formed discretely and joined to form a fully-addressable structure (D).   

The pool of oligos harvested from chips (Supplementary Information) have been 

designed to fold either the M13 single-stranded phage or both strands of the double 

stranded M13 plasmid into nanostructures resembling the tall rectangle or sharp triangle 

from Rothemund’s original paper.[212] The M13 double stranded scaffold was cut at one 

restriction site using the restriction endonuclease EcoRI leaving palindromic sticky ends 

(unpaired bases). Each strand from the scaffold was folded into either a rectangle or 
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triangle using a staple strand pool composed of hundreds of unique sequences. As 

strictly thermal anneals were not sufficient for DNA origami formation on the double 

stranded scaffold, we employed a denaturant based annealing strategy.[208] 

Formamide, a small molecule that competes with hydrogen bonding between base pairs, 

was used as a chemical denaturant to assist in annealing of structures. The optimal 

annealing protocol included heating the components to 80°C under 40% formamide. A 

quick cooling step to room temperature was necessary to avoid scaffold-scaffold 

interactions. Then, the samples were dialyzed down to 0% formamide in six 10-minute 

steps. ). Given that formamide lowers the melting temperature of double stranded DNA 

(dsDNA) by ~0.64°C per % of formamide, the effective temperature of the reaction can 

be determined. Gel electrophoresis showed optimal origami formation by heating to an 

initial temperature of 80°C in the presence of 40% formamide. AFM imaging further 

demonstrated the assembly of both sharp triangles and tall rectangles on the double 

stranded M13 scaffold as can be seen in Figure 42. In the cases where the staple pool 

encoded for a solitary structure, the representatives of the intended object are visible 

(Figure 42A and 42B). In Figure 42C, where the staple pool contained both sets of staple 

strands, triangle and rectangle origami can be observed as separate particles. The 

production of a larger origami structure with the same specificity and nanometer pixel 

resolution is desirable for many applications. As shown in Figure 42D, we used a 
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modified design of the triangle and rectangle structure and further added staple strand 

sequences to attach the two structures. This resulted in the formation of a fully 

addressable nano-house structure from a one-pot reaction.  

 

Figure 45. Comparison of Origami formation using decreasing amounts of 

staples and a a double stranded scaffold (formamide anneal) or a single stranded 

scaffold (thermal anneal). Using decreasing amounts of the triangular Origami staple 

set (10X, 2.5X, 1X) and the double stranded scaffold, well formed structures could be 

imaged at all stages (A1, A2, A3). However, when using thermal annealing (B1, B2, 

B3), indeterminate structures were seen at 1X staple concentration (B3). When the 
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formamide anneal was employed with two staple sets (C1, C2, C3), discernable 

images were seen even at 1X staple concentration (C3). These results appear to imply 

the importance of annealing strategy over staple complexity/white-noise from unused 

secondary strand present in the anneal. 

7.3.3 Origami formation using decreasing amounts of staples and 

application of an extended anneal 

Reannealing of the dsDNA is favored thermodynamically over formation of the 

staple-scaffold origami structure and it is thought that a denaturant annealing strategy 

and a 10-fold molar excess of staple strands are key for origami formation.[208] We 

varied the amount of staple strands and used a 10-fold, 2.5-fold or 1-fold molar excess of 

staple strands over the scaffold strands in formamide anneals. On AFM imaging, as can 

be seen in Figure 43, we were able to observe a large population of representative 

structures for all conditions. In forming the nano-house structure, we used an equimolar 

amount of linker strands that connect the rectangle and triangle to the actual strands 

forming the structures. However, the yield of this interconnected two-part nanostructure 

was low after the initial formamide anneal.  
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Figure 46. Formation of nano-house DNA origami structures with improved 

yields using an extended post-assembly anneal. The population of representative 

structures increased when after the initial assembly (A) was further annealed for 12 

hours at 30°C (B). The highest yield of structures were achieved at 35°C (C). 

Interestingly, structures  disintegrated completely when annealed at 41°C (D) even 

though the average melting temperature of staple strands were at a higher 

temperature. 

As can be seen in Figure 44A, even though representative nano-houses can be 

observed, a majority of the structures are discrete rectangles and triangles. We reasoned 

the intercalating linkers would have an increased probability of grasping both triangle 

and rectangle structures with a longer annealing time. Subsequently, we further 

annealed the product of the initial formamide assembly for 12 hours at varying 

temperatures on a thermocycler. We found that the highest population of representative 

nano-house structures were formed, as observed under AFM imaging, by an extended 
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anneal at 35°C. Interestingly, all structures disintegrated when the anneal temperature 

was increased by a mere 6°C. Apparently, even though the melting temperatures of all 

strands were higher, annealing at 41°C destabilized the thermodynamic balance of 

origami formation and likely increased the electrostatic repulsion between the close 

packed helices.    

7.4 Conclusion  

To conclude, we have shown that a DNA chip can be in-situ synthesized with the 

complemented versions of the desired staple strands and subsequently harvested 

repeatably by nSDA off of the chip surface. The staple pool can then be used to fold the 

individual strands of a dsDNA molecule into two discrete nanoscale objects or into an 

interconnected two-part structure that is still uniquely addressable. The combination of 

chip-derived staple strands and double-stranded scaffold presented here is a step 

towards larger origami projects (i.e., requiring thousands of staple strands) and 

exhaustive studies on structure formation that have thus far been difficult because of the 

prohibitive cost of oligo synthesis. Ultimately, the advent of gene-synthesis from chips 

could make feasible the usage of a completely synthetic scaffold. In this report, we were 

able to form all intended structures using even a 1-fold molar excess of staple to scaffold 

strands in a denaturant assisted anneal. Furthermore, an extended anneal process was 

devised to increase the yield of interconnected structures that should be generalizable to 
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larger multi-part objects. The combination of all presented strategies provides a pathway 

to increasing the scope of DNA nanotechnology.  
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8. Concluding remarks 

8.1 Summary of results 

Chapter 1 reviewed the development of new oligonucleotide and gene synthesis 

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

photolithography, electrochemistry, robotics and enzymatic error-correction. It 

motivated the idea of harvesting requisite product from DNA microarrays in order to 

satisfy the diverse needs of the field of synthetic biology. Inkjet printing was determined 

to be the best path forward, despite impressive demonstrations using microfluidics and 

photochemistry, as there were open source design plans available.  

Chapter 2 began with a discussion that recognized that despite all revolutionary 

gene synthesis technologies that have been demonstrated over the last decade, the issue 

of synthesis errors is unavoidable and forms a bottleneck. Methods for mitigating this 

issue were then reviewed and these were categorized under enzymatic or non-

enzymatic efforts. Though the best proof of principle experiments for error correction 

had thus far been demonstrated with mismatch-binding proteins, the chapter posits that 

mismatch-cleaving proteins offer the superior route, given that a best-of-class agent is 

used. 

Chapter 3 reported the first instance in the literature of fabrication and 

characterization of a SiO2-COC hybrid material. In this study, we developed a robust 
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and efficient process of depositing SiO2 thin film on COC surface at low temperature 

using RF sputtering technique. This method is suitable for functionalizing COC surface 

with a variety of controllable factors. Characterization of the SiO2-COC hybrid material 

revealed desirable physical, optical and chemical properties ideally for BioMEMS 

applications.  

Chapter 4 extended the versatile surface functionalization of the last chapter to 

PMMA, PC, and PP. An HIV peptide and its scrambled analogue was then used for 

capture in a sandwich immunoassay on the functionalized substrates where they were 

immobilized via the bioaffinity of biotin-neutravidin onto the deposited silica arrays that 

had undergone a pretreatment of silanization, biotin and neutravidin coupling. On 

performing the sandwich assay using fluorescent detection, we found a limit of 

detection comparable to arrays on glass surfaces and other reports of thermoplastic 

functionalization in the literature.  

Chapter 5 presented the first report of in situ synthesis of oligonucleotide 

microarrays on a COC substrate. In the study, we fabricated patterned SiO2-COC slides 

by selective RF sputter deposition. The patterned SiO2 thin-film spots on the inert and 

hydrophobic COC background were capable of constraining liquids by differential 

wettability, thereby effectively forming an array of picoliter reactors where in situ DNA 

synthesis could take place. Using standard phosphoramidite chemistry and an inkjet 
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DNA synthesizer, we were able to synthesize oligo microarrays on the SiO2-COC slides 

with uniform features and satisfactory hybridization specificity. When synthesized 

directly on native silica silanols, oligos remained stable under PCR thermocycling 

conditions. When a cleavable linker was used, the in situ synthesized oligos were able to 

be cleaved and eluted from the slides and used directly to form correct DNA origami 

structures. 

Chapter 6 described the development of an on-chip gene synthesis technology 

using DNA microarrays on COC, which integrates on a single microchip the synthesis of 

DNA oligonucleotides using inkjet printing, isothermal oligonucleotide amplification 

and parallel gene assembly. We adapted nick-induced strand displacement 

amplification (nSDA) from the literature onto a chip surface and then designed the gene-

assembly reaction cocktail to allow the PCA reaction to take place immediately after 

nSDA without a buffer change. The combined nSDA-PCA reaction is a contribution of 

this thesis that could benefit the field as it grapples with assembling product off of 

multiplexed and miniaturized systems. Gene products are further amplified off-chip by 

PCR and are 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. Synthesized product was then error corrected by an ECR reaction is 

robust and effective for all error types, yielding superior results than previous resolvase-
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based systems, although the efficiency is higher for insertions and deletions and lower 

for subsitutions. In our presented work, two ECR iterations could be performed within 

~5 hours to reduce the error frequency by >16-fold. This Surveyor-based ECR is another 

contribution of this thesis whose use can be of benefit to the community at large, those 

interested in large scale synthesis as well as those performing one-off assemblies. 

Chapter 7 demonstrated that a DNA chip can be synthesized with the 

complemented versions of the desired staple strands to form DNA origami 

nanostructures and subsequently harvested by nSDA off of the chip surface. The staple 

pool can then be used to fold the individual strands of a dsDNA molecule into two 

discrete nanoscale objects or into an interconnected two-part structure that is still 

uniquely addressable. The combination of chip-derived staple strands and double-

stranded scaffold presented here is a step towards larger origami projects (i.e., requiring 

thousands of staple strands) and exhaustive studies on structure formation that have 

thus far been difficult because of the prohibitive cost of oligo synthesis. 

8.2 Unique contributions to the literature 

This thesis, in the opinion of its author, has contributed the following unique 

items to the literature: 1) Thermoplastic functionalization by RF-sputter silica deposition, 

2) In situ DNA microarray synthesis on Cyclic Olefin Copolymer, 3) Combined nSDA-

PCA on chip, 4) Error-correction using Surveyor nuclease, 5) Chip-sourced staples for 
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DNA origami formation, and 6) Multi-part fully addressable origami nanostructure 

formation. 

8.3 Conclusions 

While DNA synthesis using inkjet printing and usage of microfluidics to 

assemble oligonucleotides to form larger constructs have been previously demonstrated, 

this thesis takes the first steps in doing so in an integrated manner. The production of 

genes from the platform could be highly cost effective and may be cheaper in 

construction to optical or electrochemical platforms. 

While this thesis has focused on DNA microarrays and gene synthesis, the 

principles of combinatorial DNA, RNA, peptide, carbohydrate and small molecule 

synthesis are all the same. Can a system that is truly generalizable and can also enable 

in-vitro translation be constructed? To take it one step further, could a fully integrated 

synthesis, translation, manipulation, sensing and stimulation system be constructed, all 

of which would be based around a thermoplastic device? 

Moving forward, the main issue that must be resolved from the platform is yield, 

which will then affect the construct size and quantity that can be harvested. More 

optimization studied by simple, fast and fluorescence-based experiments is required in 

the long term, with ultimately the synthesis products undergoing next-generation 

sequencing to determine the quality. Some suggestions and considerations for system 
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optimization are provided in the next section, most of which focus on substrate 

microfabrication. Although the data presented here shows substantial promise in 

eventually helping to reduce the cost of oligonucleotide synthesis and thus the cost of 

gene synthesis itself, further refinement and commercialization will likely be necessary 

before these technologies see enough market penetrance to displace traditional 

automated solid phase synthesizers. 

8.4 Suggestions for improvement 

This section offers some suggestions for improvement, or rather avenues of 

study that could lead to improvements, since there are several things that could yet be 

done. 

8.4.1 Inkjet printing 

At this time, the platform is equipped to do printing in a static manner. The 

motion controller (6k4) currently operates independently from the circuit driving the 

waveform to the printhead. This means that the printhead is driven by software to a 

defined location. The software then, after waiting for a time to ensure the printhead 

has indeed located itself, delivers the print signal that cause initiates the piezo event. 

This means that the software is hard coded with location information and the 

printhead cannot fire-on-the-fly (FOTF). To visual what FOTF means, please recall 

how a standard inkjet printer works whereby the printhead traverses the page in a 
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smooth action, printing all the while. Static printing, as is performed now on the 

platform, has the printhead pausing at defined locations to print. This manner of 

operation is at a lower throughput than FOTF. 

The PoSAM platform originally devised by the Hood Lab had operations for 

FOTF in the designs of the National Instrument boards and 6k4. However, it is a 

function that I have never been able to realize. The software, in its optimum design, 

will configure the output buffer on the 1802-board via the NI-DIO-32 with the 

information of which liquid needs to be printed. The 6k4 then interfaces into the NI-

DIO-32 through a trigger signal via the 1802-board. The output buffer, when trigger is 

received, caused the appropriate print signal to be sent to the printhead. At this time, 

there are timing issues in this design pathway that needs to be debugged for perfect 

operation as now the printhead simply fires all nozzles at once instead of in a location-

aware manner. 

8.4.2 Platform footprint 

At the current time, the inkjet synthesizer is housed in a custom acrylic 

housing with a footprint of 89x104 cm and a volume of 510 liters. Much of the space is 

currently wasted volume. The large size of the housing negatively impacts the 

synthesis, as the synthesis chemistry itself is negatively affected (reduced coupling 

efficiency) by the amount of humidity present in the enclosure. Currently the 
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humidity is minimized by having the in-house vent system of the room where the 

synthesizer is located ratcheted up to the maximum, by extricating the air inside via a 

vent fan connected to a fume hood and having desiccant placed generously in the 

housing. During winter, the general low humidity of North Carolina makes it easy to 

lower humidity in the platform and get good coupling efficiency. In the summer 

months, especially at high outside humidity, a lot of desiccant needs to be laid out in 

order to bring down the humidity. Additionally, I have also noticed that the yield (via 

running on gels) of DNA cleaved from the chip appears lower. 

The next generation of the platform should ideally use smaller actuator tables 

with the plumbing housed closed to the print area. This allows for a smaller dead 

volume in the delivery lines and for a smaller housing. Such a size alteration could 

significantly benefit the process. 

8.4.3 Substrate for DNA synthesis 

Although silica functionalized COC has served our purposes thus fair, the COC 

material was originally favored due to its optical properties that allowed for imaging via 

glass-slide scanners and also allow photo-illumination through the material. However, 

COC is not the sturdiest of material as it is very easy to scratch (surface). Additionally, 

when doing synthesis of long oligomers, the repeated exposure of DCM causes visible 

stress fractures to appear on the surface of the substrate. Polypropylene (PP) is able to 
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provide all the benefits of COC, except for its optical qualities, and is also better able to 

with DCM exposure. It is my opinion that moving to a functionalized PP substrate 

would be beneficial if intending to push the length of synthesized product. 

 

The silica functionalization also has some failure issues where a portion of the 

deposited arrays, especially on the embossed slides, will peel off after some rounds of 

synthesis. Additionally, the functionalization by RF sputter deposition is pricy and may 

not be easily scaled in industry. Therefore, it would be beneficial to move to an all-

plastic substrate that would be embossed and patterned to distinct feature via forming 

discrete pillars as shown in the images above. If the plastic surface could be 

functionalized directly it would mitigate any occurrence of silica-pealing and also avoid 

the need of sputter deposition facilities. 

The route to functionalizing the plastic, if motivated by avoid deposition, should 

be easy and doable in a room-temperature setting. The functionalization could be 
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performed by (i) exposure to NaOH or O2 plasma to hydroxylate the surface, (ii) dipping 

into OH-containing polymer solution and subsequently expose it to Argon-plasma in 

order to graft on the OH-containing polymer via CASING crosslinking, (iii) graft Poly-

HEMA onto the embossed pillars via ARGET linking. A further aim of the 

functionalizing should be to increase the synthesis yield. This can be achieved by 

providing a 3-d matrix for synthesis that could then significantly impact the subsequent 

amplification (that appears tied to the amount of initial template). In that respect, 

grafted polymer chains could provide an attractive route: a solitary –OH surface group 

could be grafted to a poly-HEMA bottle-brush molecule that in its long chain presents 

over eighty –OH groups suitable for synthesis. Theoretically, this would provide an 80-

fold yield.  

8.4.4 Amplification reaction 

In our platform, we have devised a method for releasing the reverse complement 

DNA of our synthesized product by amplification off the surface. We did so by adapting 

a system of nicking strand-displacement amplification (nSDA) to the microarray surface.  

The original reaction was devised by Kucera et al. at New England Biolabs for whole 

genome amplification and fingerprinting. We adapted their use of BST-large fragment 

polymerase and Nt.BstNBI, a five base recognition nickase. In our results we have been 

only able to achieve ~4-fold amplification over a period of 2 hours, despite systematic 
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optimization of parameters (salt, enzyme units, detergent etc). However, in a very recent 

publication, Dr.Huang at USCD (Joneja et al.) demonstrated a similar nSDA reaction 

performed with a new class of nickases and a range of polymerases. In this work, the 

combination of a 6-base recognizing nickase and the polymerase Sequenase 2.0 

outperformed every other combination, including that using BST-large fragment. The 

amplification yields were also shown to be 8-fold better than that of Kucera et al.’s 

original work. Therefore, it is imperative that we trial the new Sequenase 2.0 

amplification reaction in our platform. 

8.4.5 Utilization of the 30-well embossed design 

At this point, all gene synthesis results have been performed using commercially 

purchased hybridization chambers affixed onto the synthesized microarrays to act as a 

microfluidic/microwell chamber. The microarrays on a planar COC are currently 

synthesized in 8 subarrays on the surface and are then married with a hybridization 

chamber that also contains 8 matching chambers.  

We have recently been working on a COC slide that contains 30 wells embossed 

onto its surface. Within each well, using photolithography, we have managed to pattern 

and deposit silica spots to serve as microarrays.  



 

172 

 

Figure 47. Protocol for fabrication of a cylic olefin copolymer (COC) slide 

embossed with wells containing silica microarrays 

Our design allowed a standard 1′′ × 3′′ chip surface to be divided into as many as 

30 subarrays, each containing 361 silica spots for synthesizing a unique DNA 

oligonucleotide sequence. With the setup used in this study, 10,830 different 85-mer 

oligo sequences could be synthesized on a single chip, providing a capacity to produce 

up to ~30 kb of assembled DNA.  
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(A)

(C)

(B)

 

Figure 48. (A) Embossed COC chip with 30 wells containing silica arrays as 

schematized in (B) and true imaged via SEM in (C).  

The goal of this design is to perform the oligonucleotide synthesis using the inkjet 

system onto the microarrays inside the wells. After synthesis and deprotection, the slide 

is to be covered with an upper material layer to turn the microwell into a fluidic 

chamber.  

[1] Seal with PCR 
adhesive film/PDMS

[2] Amplify and 
assemble oligos

[3] PCR to get 
assembled construct

 

Figure 49. Pathway to utilizing embossed COC chips. 

The slide is then to be filled with the amplification and assembly cocktail and 

thermocycled in order to assembly our target gene (that has been encoded by the oligos 
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synthesized on the microarray contained within that well). However, adaption of this 

design has been slow because thermocycling has been tricky due to liquid leakage, 

evaporation and bubble-formation. Despite the challenges, we are near to cracking the 

design quandaries. The latest version of the protocol now applies a thin PDMS layer, cut 

in the shape of a slide, onto the embossed slide that has been synthesized upon. Then, 

we puncture through this PDMS layer using a needle and a syringe (also equipped with 

a needle) to inject fluid into the chambers while purging the air inside. On removal of 

the syringe and needle, the PDMS is able to reseal itself like a septum. We then place the 

slide-PDMS combination onto a thermocycler fitted with an in-situ slide adapter and 

seal the surface using two layers of thermo-sealant pads (Biorad) that have been cut to fit 

the shape of a slide. Then, pressure is applied via the slide adapter head, sealing of the 

wells. Thermocycling using this setup, we have managed to successfully avoid liquid 

evaporation and leakage. Experiments should be designed to take advantage of this 

substrate by performing synthesis on the new design and then analyzing the harvested 

genes to determine quality. 

8.5 Future Applications 

This section does not discuss applications of microarrays in general, but 

discusses a few future uses that the synthesis platform and substrate lends itself to. It 
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should be noted that neither the inkjet synthesizer nor the current design of the 

functionalized COC necessarily accommodates all of these applications. 

8.5.1 Cell-free translation of protein microarrays  

The need for rapid, efficient, and high-throughput technologies to understand 

the proteome of organisms have resulted in the development of protein microarrays. 

Traditional, cell-based technologies for the generation of protein arrays involve 

laborious and protracted procedures, which also pose several other technical problems. 

These limitations have been suitably overcome by cell-free expression systems that carry 

out rapid, in situ synthesis of proteins from their corresponding DNA templates. It 

would be highly beneficial to undertake such research using our platform. 

An efficient and high-throughput method for the analysis of proteins is 

imperative, given the pivotal role that they play in biology. Although DNA microarrays 

have proved to be useful in deciphering various gene networks, they cannot serve as 

suitable tools in understanding protein abundance and functions. Using cell-free 

translation (commercially available), we may be able to transform the DNA template to 

protein microarrays. 

8.5.2 General synthesis platform 

The principles behind DNA microarray synthesis are essentially the same for an 

in-situ combinatorial synthesis. In fact, DNA microarray technologies have been used to 
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synthesize other biopolymer arrays, most commonly peptide microarrays. Inkjetting is 

capable of driving many reactions useful for combinatorial chemistry. We have a 

microfluidic chip for harvesting product and it would be interesting to synthesize 

chemical ‘click’ compounds. ‘Click chemistry’ is a nature-inspired philosophy proposed 

by Sharpless and co-workers in which small subunits are ‘clicked’ together using a 

simplified set of reactions, much like bio-polymer synthesis. 

8.6 Final remarks 

Throughout the course of this thesis work, I have been fortunate to work on 

many great research projects that all have sought to answer good questions. Is there a 

new fabrication paradigm better than the existing one? Is there a simple and elegant 

solution to a needlessly difficult problem? What technological innovations exist at the 

nexus of electronics, chemistry, physics, materials science, biology and engineering? 

The thesis has tried to explore and motivate a proposed paradigm shift of enabling 

technologies for synthetic biology: using microarrays as a source to harvest products 

for genomic research and DNA nanotechnology. Whether it would be feasible was a 

largely unanswered question at the onset of this thesis work, but the numerous 

exciting reports since then on gene synthesis, library construction and genomic 

selection have proven that the notion is both realistic and powerful.
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Appendix A: In situ DNA Microarrays on Cyclic Olefin 

Copolymer Substrate 

S1. Supplementary Methods 

S1.1 Patterning COC slides and functionalization 

With a Treadle guillotine shearing machine (Physics Instrument Shop, Duke 

University), a COC plate was cut into slides with dimensions of 1 inch by 3 inch. 

Before patterning, slides were cleaned in a clean room environment by RCA 

method (NH4OH : H2O2 : dIH2O = 1:1:5) at 80 °C for 15 minutes and dried by a 

stream of nitrogen. Slides were baked to complete dry in a 110°C oven for 1 hour. 

The slides were then patterned using standard photolithography, and the 

process is schematically illustrated in Scheme 1. A thin layer of positive 

photoresist (Shipley 1813) was spun at 4,000 rpm for 30 seconds onto substrates, 

followed by a soft bake at 90 °C for 2 minutes. The photoresist was then UV 

exposed through a patterned mask in a Karl-Suss mask aligner and subsequently 

developed in MF 319 developer to remove exposed resist. Silica films were 

deposited using a Kurt Lesker PVD 75 (Kurt J. Lesker Company, Pittsburgh, PA) 
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RF magnetron sputtering system. A 3” SiO2 sputtering 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 chamber was pumped 

down to 5.0 E-6 Torr and gases were purged into the 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 5 millitorr gas pressure and stabilized. 

RF power was gradually increased to 300 W with the shutter closed at a ramp 

rate of 10W/minute. The shutter was opened at the desired RF power level and 

deposition was timed. After deposition, the remaining photoresist was stripped 

by sonication in acetone. All patterned samples were immersed into a solution of 

H2SO4: H2O2 = 1:1 for 15 minutes to remove resist residue and finally rinsed with 

deionized water and blown dry. 

S1.2. Fluorescence imaging 

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 



 

179 

was used for all samples. All scans were saved as multi-image TIFF files and 

processed using Genepix Pro 5.1 software. 

S1.3. AFM Analysis 

Atomic force microscopy of silica on COC was performed in tapping mode 

using a TESP tip (Veeco Inc.) on a Digital Instruments Dimension 3100 produced 

by Veeco Instruments Inc. (Plainview, NY, USA). For imaging of DNA origami, 

using a Digital Instruments Multimode Nanoscope IIIa, 5 µL of annealed origami 

was pipetted onto freshly cleaved mica. After a 3-minute wait period, 30 µL 

1xTAE/Mg2+ buffer was placed onto the mica. An additional 30 µL of 1xTAE/Mg2+ 

buffer was pipetted onto the NP-S AFM tip (Veeco Inc.). Samples were then 

imaged by tapping mode under buffer. 

S1.4. SEM Imaging 

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

Materials Instrumentation Facility (SMIF) at Duke University. 

S1.5 Gel Analysis of eluted oligos 



 

180 

Chip eluates were analyzed by gel electrophoresis on a 15% TBE-Urea gel 

(Invitrogen, Carlsbad, California, USA) with 1x TBE running buffer. After 

electrophoresis at 180 V for 1 hour, the gel was stained with SYBR gold (1 μl in 10 

ml TBE buffer) (Invitrogen) for 15 minutes and then rinsed in DI water three 

times (5 minutes each time). The stained gel was visualized by UV illumination 

in a Fluorchem gel documentation and analysis system (Alpha Innotech, San 

Leandro, CA, USA). Gel images were reversed and auto-contrasted using the 

AlphaEase FC software. 

S2. Table of oligonucleotide sequences used in the staining and hybridization 

experiments. Highlighted bases represent mismatches. 

Name Sequence (5’-3’) 

Probe A GCACCATATGCGGTGTGAAATACCG 

Probe B GGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGT 

Probe C GATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTA 

Target GGCCTCTTCGCTATTACGCC-Cy5 



 

181 

Px’1 GGCGTAACAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGT 

Px’2 GGCGTAACGGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGT 

Px’3 GGCGTAACGACGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGT 

Px’4 GGCGTAACGATGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGT 

Px’5 GGCGTAGCGATGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGT 

 

S3. Sequences of ”staple strands” used for forming DNA Origami 

Nanostructures [179] 

Sequences for Tall Rectangle 

Oligo 

Sequence # Sequence 

1 AGGGTTGATATAAGTATAGCCCGGAATAGGTG 

2 TGAACAAAGATAACCCACAAGAATAAGACTCC 

3 ATCAGAGAGTCAGAGGGTAATTGAACCAGTCA 



 

182 

4 TATTTTGCACGCTAACGAGCGTCTGAACACCC 

5 TCTTACCAACCCAGCTACAATTTTAAAGAAGT 

6 ATCGGCTGACCAAGTACCGCACTCTTAGTTGC 

7 GGTATTAATCTTTCCTTATCATTCATATCGCG 

8 CATATTTATTTCGAGCCAGTAATAAATCAATA 

9 AGAGGCATACAACGCCAACATGTATCTGCGAA 

10 ACAAAGAAAATTTCATCTTCTGACAGAATCGC 

11 TTTTAGTTCGCGAGAAAACTTTTTTTATGACC 

12 AAATCAATCGTCGCTATTAATTAAATCGCAAG 

13 CTGTAAATATATGTGAGTGAATAAAAAGGCTA 

14 TTTAACGTTCGGGAGAAACAATAACAGTACAT 

15 CTTTTACACAGATGAATATACAGTGCCATCAA 

16 TTATTAATGAACAAAGAAACCACCTTTTCAGG 

17 ATTTTGCGTTTAAAAGTTTGAGTACCGGCACC 



 

183 

18 CTAAAGCAAATCAATATCTGGTCACCCGAACG 

19 AAACCCTCTCACCTTGCTGAACCTAGAGGATC 

20 GCCAACAGATACGTGGCACAGACATGAAAAAT 

21 GCGTAAGAAGATAGAACCCTTCTGAACGCGCG 

22 TAAGCGTCGGTAATAAGTTTTAACCCGTCGAG 

23 AGTGTACTATACATGGCTTTTGATCTTTCCAG 

24 GTTGTAGCCCTGAGTAGAAGAACTACATTCTG 

25 ATCACTTGAATACTTCTTTGATTAGTTGTTCC 

26 TACAGGGCGCGTACTATGGTTGCTAATTAACC 

27 AACCAGAGACCCTCAGAACCGCCACGTTCCAG 

28 GAGCCGCCCCACCACCGGAACCGCTGCGCCGA 

29 GACTTGAGGTAGCACCATTACCATATCACCGG 

30 AATCACCACCATTTGGGAATTAGACCAACCTA 

31 TTATTACGTAAAGGTGGCAACATACCGTCACC 



 

184 

32 TACATACACAGTATGTTAGCAAACTGTACAGA 

33 TGCTCAGTACCAGGCGGATAAGTGGGGGTCAG 

34 GCGCATTAATAAGAGCAAGAAACAATAACGGA 

35 GCCCAATAGACGGGAGAATTAACTTTCCAGAG 

36 AGGTTTTGGCCAGTTACAAAATAAACAGGGAA 

37 CCTAATTTAAGCCTTAAATCAAGAATCGAGAA 

38 CTAATTTACCGTTTTTATTTTCATCTTGCGGG 

39 CAAGCAAGCGAGCATGTAGAAACCAGAGAATA 

40 ACGCTCAACGACAAAAGGTAAAGTATCCCATC 

41 TAAAGTACCAGTAGGGCTTAATTGCTAAATTT 

42 TATGTAAAGAAATACCGACCGTGTTAAAGCCA 

43 AATGGTTTTGCTGATGCAAATCCATTTTCCCT 

44 TTGAATTATTGAAAACATAGCGATTATAACTA 

45 TAGAATCCCCTTTTTTAATGGAAACGGATTCG 



 

185 

46 ACAGAAATCTTTGAATACCAAGTTAATTTCAT 

47 CCTGATTGAAAGAAATTGCGTAGAAGAAGGAG 

48 CGACAACTTCATCATATTCCTGATCACGTAAA 

49 CGGAATTACGTATTAAATCCTTTGGTTGGCAA 

50 GCCACGCTTTGAAAGGAATTGAGGAAACAATT 

51 ATCAACAGGAGAGCCAGCAGCAAAATATTTTT 

52 GTCACACGATTAGTCTTTAATGCGGCAACAGT 

53 GAATGGCTACCAGTAATAAAAGGGCAAACTAT 

54 GGAAAGCGGTAACAGTGCCCGTATCGGGGTTT 

55 TGCCTTGACAGTCTCTGAATTTACCCCTCAGA 

56 GTAAAAGACTGGTAATATCCAGAAATTCACCA 

57 CGGCCTTGGTCTGTCCATCACGCATTGACGAG 

58 CACGTATAACGTGCTTTCCTCGTTGCCACCGA 

59 GTTTGCCACCTCAGAGCCGCCACCGCCAGAAT 



 

186 

60 GCCACCACTCTTTTCATAATCAAATAGCAAGG 

61 TTATTCATGTCACCAATGAAACCATTATTAGC 

62 CCGGAAACTAAAGGTGAATTATCATAAAAGAA 

63 ATACCCAAACACCACGGAATAAGTGACGGAAA 

64 ACGCAAAGAAGAACTGGCATGATTTGAGTTAA 

65 CCTCAAGAGAAGGATTAGGATTAGAAACAGTT 

66 CTTTACAGTATCTTACCGAAGCCCAGTTACCA 

67 GCAATAGCAGAGAATAACATAAAAACAGCCAT 

68 GAGGCGTTTCCCAATCCAAATAAGATAGCAGC 

69 ATTATTTATTAGCGAACCTCCCGACGTAGGAA 

70 TAAGTCCTGCGCCCAATAGCAAGCAAGAACGC 

71 TCATTACCGAACAAGAAAAATAATAATTCTGT 

72 GCGTTATACGACAATAAACAACATACAATAGA 

73 CCAGACGACAAATTCTTACCAGTAGATAAATA 



 

187 

74 TAACCTCCAATAAGAATAAACACCTATCATAT 

75 AGGCGTTAGGCTTAGGTTGGGTTAAGCTTAGA 

76 AAAACAAACTGAGAAGAGTCAATATACCTTTT 

77 TTAAGACGATTAATTACATTTAACACAAAATC 

78 AACCTACCGCGAATTATTCATTTCACATCAAG 

79 GCGCAGAGATATCAAAATTATTTGTATCAGAT 

80 GGATTTAGTTCATCAATATAATCCAGGGTTAG 

81 GATGGCAAAAGTATTAGACTTTACAAGGTTAT 

82 AGGCGGTCTCTTTAGGAGCACTAAACATTTGA 

83 CTAAAATAAGTATTAACACCGCCTCGAACTGA 

84 GAAATGGAAAACATCGCCATTAAACAGAGGTG 

85 TAGCCCTATTATTTACATTGGCAGCAATATTA 

86 ACAAACAACTGCCTATTTCGGAACCTGAGACT 

87 AATGCCCCATAAATCCTCATTAAAAGAACCAC 



 

188 

88 AGAAGTGTCATTGCAACAGGAAAAAATCGTCT 

89 CCGCCAGCTTTTATAATCAGTGAGAGAATCAG 

90 AGCGGGAGCTAAACAGGAGGCCGAGAATCCTG 

91 TCGGCATTCCGCCGCCAGCATTGATGATATTC 

92 CACCAGAGTTCGGTCATAGCCCCCTCGATAGC 

93 ATTGAGGGAATCAGTAGCGACAGACGTTTTCA 

94 AGCACCGTAGGGAAGGTAAATATTTTATTTTG 

95 GAAGGAAAAATAGAAAATTCATATTTCAACCG 

96 TCACAATCCCGAGGAAACGCAATAATGAAATA 

97 TTTTTGAAAGTATTAAGAGGCTATTATT 

98 AAAAGTAATTTTAACGTCAAAAATGAAAAAACGATT 

99 TTTTGTTTTTTTGCTTATCCGGTATTCTAAATCAGA 

100 TATAGAAGTTTTACGCGCCTGTTTATCAGTTCAGCT 

101 AATGCAGATTTTGAAAAAGCCTGTTTAGGGAATCAT 



 

189 

102 AATTACTATTTTCATAGGTCTGAGAGACGTGAATTT 

103 ATCAAAATTTTTGAAGATGATGAAACAAAATTACCT 

104 GAGCAAAATTTTACTTCTGAATAATGGATGATTGTT 

105 TGGATTATTTTTGCCGTCAATAGATAATCAACTAAT 

106 AGATTAGATTTTCCAGCAGAAGATAAAAAATACCGA 

107 ACGAACCATTTTCTACATTTTGACGCTCACGCTCAT 

108 CTGAAACATTTTGTCAGACGATTGGCCTCAGGAGGT 

109 

GGAAATACTTTTCAGGAACGGTACGCCATTAAAGGGATTTTAG

A 

110 TGAGGCAGTTTTGCGTCAGACTGTAGCGATCAAGTT 

111 TGCCTTTATTTTAGACAAAAGGGCGACAGGTTTACC 

112 AGCGCCAATTTTGCAGATAGCCGAACAATTTTTAAG 

113 TATCACCGTACTCAGGAGGTTTAGATAGTTAG 

114 GGACGTTGAGAACTGGCTCATTATGCGCTAAT 



 

190 

115 CGATTTTAGGAAGAAAAATCTACGGATAAAAA 

116 TTTGCCAGGCGAGAGGCTTTTGCAATCCTGAA 

117 CCAAAATAAGGGGGTAATAGTAAAAAAAGATT 

118 TTTTAATTGCCCGAAAGACTTCAACAAGAACG 

119 AAGAGGAACGAGCTTCAAAGCGAAAGTTTCAT 

120 CGAGTAGAACAGTTGATTCCCAATATTTAGGC 

121 TCCATATATTTAGTTTGACCATTAAGCATAAA 

122 CTGTAATAGGTTGTACCAAAAACACAAATATA 

123 GCTAAATCCTTTTGCGGGAGAAGCCCGGAGAG 

124 TCAGGTCATTTTTGAGAGATCTACCCTTGCTT 

125 GGTAGCTATTGCCTGAGAGTCTGGTTAAATCA 

126 AAATAATTTTTAACCAATAGGAACAACAGTAC 

127 GCTCATTTCGCGTCTGGCCTTCCTGGCCTCAG 

128 GCTTCTGGCACTCCAGCCAGCTTTACATTATC 



 

191 

129 GAAGATCGTGCCGGAAACCAGGCAGTGCCAAG 

130 CCCGGGTACCTGCAGGTCGACTCTCAAATATC 

131 CTTGCATGCCGAGCTCGAATTCGTCCTGTCGT 

132 GGGAGAGGCATTAATGAATCGGCCACCTGAAA 

133 GCCAGCTGCGGTTTGCGTATTGGGAATCAAAA 

134 ACGTTAGTTCTAAAGTTTTGTCGTGATACAGG 

135 CGTAACGAAAATGAATTTTCTGTAGTGAATTT 

136 AGTTTGGACGAGATAGGGTTGAGTGTAATAAC 

137 GAATAGCCACAAGAGTCCACTATTAAGCCGGC 

138 GAACGTGGCGAGAAAGGAAGGGAATGCGCCGC 

139 CAATGACAGCTTGATACCGATAGTCTCCCTCA 

140 CTTAAACAACAACCATCGCCCACGCGGGTAAA 

141 AAACGAAATGCCACTACGAAGGCAGCCAGCAA 

142 ATACGTAAGAGGCAAAAGAATACACTGACCAA 



 

192 

143 CCAGGCGCGAGGACAGATGAACGGGTAGAAAA 

144 CTTTGAAAATAGGCTGGCTGACCTACCTTATG 

145 CCCTCAGAACCGCCACCCTCAGAAACAACGCC 

146 ACGAACTATTAATCATTGTGAATTTCATCAAG 

147 TTTCAACTACGGAACAACATTATTAACACTAT 

148 ACTGGATATCGTTTACCAGACGACTTAATAAA 

149 CATAACCCGCGTCCAATACTGCGGTATTATAG 

150 GAAGCAAAAAAGCGGATTGCATCAATGTTTAG 

151 TCAGAAGCCTCCAACAGGTCAGGATTTAAATA 

152 TCGCAAATAAGTACGGTGTCTGGACCAGACCG 

153 TGCAACTAGGTCAATAACCTGTTTAGAATTAG 

154 CAACGCAAAGCAATAAAGCCTCAGGATACATT 

155 CAAAATTAGGATAAAAATTTTTAGGATATTCA 

156 AGAGAATCAGCTGATAAATTAATGCTTTATTT 



 

193 

157 ACCGTTCTGATGAACGGTAATCGTAATATTTT 

158 CTTTCATCTCGCATTAAATTTTTGAGCAAACA 

159 GTTAAAATAACATTAAATGTGAGCATCTGCCA 

160 TTCGCCATGGACGACGACAGTATCGTAGCCAG 

161 GTTTGAGGTCAGGCTGCGCAACTGTTCCCAGT 

162 TCATAGCTTGTAAAACGACGGCCAAAGCGCCA 

163 CACGACGTGTTTCCTGTGTGAAATTTGCGCTC 

164 TGGTTTTTCTTTCCAGTCGGGAAAAATCATGG 

165 ACTGCCCGCTTTTCACCAGTGAGATGGTGGTT 

166 TGCTAAACTCCACAGACAGCCCTCTACCGCCA 

167 TGTAGCATAACTTTCAACAGTTTCTAATTGTA 

168 TGGACTCCGGCAAAATCCCTTATACGCCAGGG 

169 CCGAAATCAACGTCAAAGGGCGAAAAGGGAGC 

170 CCCCGATTTAGAGCTTGACGGGGAAAAGAACG 



 

194 

171 ATATATTCTCAGCTTGCTTTCGAGTGGGATTT 

172 TCGGTTTAGGTCGCTGAGGCTTGCAAAGACTT 

173 CTCATCTTGGAAGTTTCCATTAAACATAACCG 

174 TTTCATGATGACCCCCAGCGATTAAGGCGCAG 

175 AGTAATCTTCATAAGGGAACCGAACTAAAACA 

176 ACGGTCAATGACAAGAACCGGATATGGTTTAA 

177 CTCAGAGCCACCACCCTCATTTTCCGTAACAC 

178 AAAGATTCTAAATTGGGCTTGAGATTCATTAC 

179 ACGAGTAGATCAGTTGAGATTTAGCGCCAAAA 

180 TAAATATTGAGGCATAGTAAGAGCACAGGTAG 

181 GGAATTACCATTGAATCCCCCTCACCATAAAT 

182 TACCTTTAAGGTCTTTACCCTGACAATCGTCA 

183 CAAAAATCATTGCTCCTTTTGATAATTGCTGA 

184 TTTCATTTCTGTAGCTCAACATGTTTAGAGAG 



 

195 

185 ATATAATGGGGGCGCGAGCTGAAATTAACATC 

186 TATATTTTCATACAGGCAAGGCAAAGCTATAT 

187 CAATAAATAAATGCAATGCCTGAGAAGGCCGG 

188 CATGTCAAAAATCACCATCAATATAACCCTCA 

189 AGACAGTCTCATATGTACCCCGGTTTGTATAA 

190 ACCCGTCGTTAAATTGTAAACGTTAAAACTAG 

191 GCAAATATGATTCTCCGTGGGAACCGTTGGTG 

192 GGCGATCGCGCATCGTAACCGTGCGAGTAACA 

193 TAGATGGGGTGCGGGCCTCTTCGCGCAAGGCG 

194 GCTCACAAGGGTAACGCCAGGGTTTTGGGAAG 

195 ATTAAGTTTTCCACACAACATACGCCTAATGA 

196 AGCTGATTACTCACATTAATTGCGTGTTATCC 

197 GTGAGCTAGCCCTTCACCGCCTGGGGTTTGCC 

198 GAGAATAGGTCACCAGTACAAACTCCGCCACC 



 

196 

199 TGAGTTTCAAAGGAACAACTAAAGATCTCCAA 

200 TATCAGGGCGAAAATCCTGTTTGACGGGCAAC 

201 CCAGCAGGCGATGGCCCACTACGTGAGGTGCC 

202 GTAAAGCACTAAATCGGAACCCTAAAACCGTC 

203 AAAGGCCGCTCCAAAAGGAGCCTTAGCGGAGT 

204 AAAAAAGGCTTTTGCGGGATCGTCGGGTAGCA 

205 GCGAAACAAGAGGCTTTGAGGACTAGGGAGTT 

206 ACGGCTACAAGTACAACGGAGATTCGCGACCT 

207 CCAAATCATTACTTAGCCGGAACGTACCAAGC 

208 GCTCCATGACGTAACAAAGCTGCTACACCAGA 

209 CATTCAACTTTTCTTGCCCTGACGAGAACATTCAGT 

210 AAACAGTTTTTTTAATGCAGATACATAAGAATACCA 

211 TTTTTGCGTTTTCAGAAAACGAGAATGAAATGCTTT 

212 TCAATTCTTTTTGATGGCTTAGAGCTTAAGAGGTCA 



 

197 

213 AGGTAAAGTTTTACTAATAGTAGTAGCAAGGTGGCA 

214 AGAAAAGCTTTTATTCAAAAGGGTGAGATAATGTGT 

215 GATTGACCTTTTCCCAAAAACAGGAAGATGATAATC 

216 CAGCTGGCTTTTGTAATGGGATAGGTCAAAACGGCG 

217 GCATAAAGTTTTGAAAGGGGGATGTGCTTATTACGC 

218 GAGTTGCATTTTTGTAAAGCCTGGGGTGAGCCGGAA 

219 

AATAATAATTTTATAGGAACCCATGTACAGGGATAGCAAGCC

CA 

220 ACCCAAATTTTTGCAAGCGGTCCACGCTCCCTGAGA 

221 TTTTCAAGTTTTTTGGGGTCGAACCATC 

222 CAGCGAAATTTTTTTTTTCACGTTGAAAGAATTGCG 

223 CGCCTGATTTTTGACAGCATCGGAACGAACCCTCAG 

224 GAATAAGGTTTTAAATTGTGTCGAAATCTGTATCAT 

225 GCGCTTAA 

 



 

198 

Sequences for Sharp Triangle 

Oligo 

Sequence # Sequence 

1 TTAAATATGCA 

2 ATACCGAACGA 

3 TAGCACCATTA 

4 

AATACTGCGGAATCGTAGGGGGTAATAGTAAAATGTTTAGAC

T 

5 TCTTTGATTAGTAATAGTCTGTCCATCACGCAAATTAACCGTT 

6 

CAGAAGGAAACCGAGGTTTTTAAGAAAAGTAAGCAGATAGC

CG 

7 GGATAGCGTCC 

8 GTAGCAATACT 

9 AACAAAGTTAC 

10 GACGGGAGAATTAACTCGGAATAAGTTTATTTCCAGCGCC 



 

199 

11 TCATATGTGTAATCGTAAAACTAGTCATTTTC 

12 GTGAGAAAATGTGTAGGTAAAGATACAACTTT 

13 GGCATCAAATTTGGGGCGCGAGCTAGTTAAAG 

14 TTCGAGCTAAGACTTCAAATATCGGGAACGAG 

15 GAATACCACATTCAACTTAAGAGGAAGCCCGATCAAAGCG 

16 TCGGGAGATATACAGTAACAGTACAAATAATT 

17 CCTGATTAAAGGAGCGGAATTATCTCGGCCTC 

18 GCAAATCACCTCAATCAATATCTGCAGGTCGA 

19 CGACCAGTACATTGGCAGATTCACCTGATTGC 

20 CGGGGTTTCCTCAAGAGAAGGATTTTGAATTA 

21 TTGACGAGCACGTATACTGAAATGGATTATTTAATAAAAG 

22 AGCGTCATGTCTCTGAATTTACCGACTACCTT 

23 TTCATAATCCCCTTATTAGCGTTTTTCTTACC 

24 ATGGTTTATGTCACAATCAATAGATATTAAAC 



 

200 

25 AGAAAAGCCCCAAAAAGAGTCTGGAGCAAACAATCACCAT 

26 ACAGTCAAAGAGAATCGATGAACGACCCCGGTTGATAATC 

27 ATAGTAGTATGCAATGCCTGAGTAGGCCGGAG 

28 AACCAGACGTTTAGCTATATTTTCTTCTACTA 

29 GATAAGTGCCGTCGAGCTGAAACATGAAAGTATACAGGAG 

30 CCTGATTGCTTTGAATTGCGTAGATTTTCAGGCATCAATA 

31 TGGCAATTTTTAACGTCAGATGAAAACAATAACGGATTCG 

32 AAGGAATTACAAAGAAACCACCAGTCAGATGA 

33 GGACATTCACCTCAAATATCAAACACAGTTGA 

34 TTTGATGATTAAGAGGCTGAGACTTGCTCAGTACCAGGCG 

35 CCGGAACCCAGAATGGAAAGCGCAACATGGCT 

36 AAAGACAACATTTTCGGTCATAGCCAAAATCA 

37 GTCAGAGGGTAATTGATGGCAACATATAAAAGCGATTGAG 

38 CAATATGACCCTCATATATTTTAAAGCATTAA 



 

201 

39 CATCCAATAAATGGTCAATAACCTCGGAAGCA 

40 AACTCCAAGATTGCATCAAAAAGATAATGCAGATACATAA 

41 CGCCAAAAGGAATTACAGTCAGAAGCAAAGCGCAGGTCAG 

42 TAATCCTGATTATCATTTTGCGGAGAGGAAGG 

43 TTATCTAAAGCATCACCTTGCTGATGGCCAAC 

44 AGAGATAGTTTGACGCTCAATCGTACGTGCTTTCCTCGTT 

45 AGAATCAGAGCGGGAGATGGAAATACCTACATAACCCTTC 

46 TGTACTGGAAATCCTCATTAAAGCAGAGCCAC 

47 CACCGGAAAGCGCGTTTTCATCGGAAGGGCGA 

48 CATTCAACAAACGCAAAGACACCAGAACACCCTGAACAAA 

49 GCAAATATTTAAATTGAGATCTACAAAGGCTACTGATAAA 

50 CGTTCTAGTCAGGTCATTGCCTGACAGGAAGATTGTATAA 

51 CAGGCAAGATAAAAATTTTTAGAATATTCAAC 

52 GATTAGAGATTAGATACATTTCGCAAATCATA 



 

202 

53 TAGCCCGGAATAGGTGAATGCCCCCTGCCTATGGTCAGTG 

54 GCGCAGAGGCGAATTAATTATTTGCACGTAAATTCTGAAT 

55 GATTATACACAGAAATAAAGAAATACCAAGTTACAAAATC 

56 TAGGAGCATAAAAGTTTGAGTAACATTGTTTG 

57 TGACCTGACAAATGAAAAATCTAAAATATCTT 

58 TTTAACGGTTCGGAACCTATTATTAGGGTTGATATAAGTA 

59 CTCAGAGCATATTCACAAACAAATTAATAAGT 

60 GGAGGGAATTTAGCGTCAGACTGTCCGCCTCC 

61 GATAACCCACAAGAATGTTAGCAAACGTAGAAAATTATTC 

62 TTAATGCCTTATTTCAACGCAAGGGCAAAGAA 

63 TTAGCAAATAGATTTAGTTTGACCAGTACCTT 

64 TAATTGCTTTACCCTGACTATTATGAGGCATAGTAAGAGC 

65 AACACTATCATAACCCATCAAAAATCAGGTCTCCTTTTGA 

66 AATGGAAGCGAACGTTATTAATTTCTAACAAC 



 

203 

67 TAATAGATCGCTGAGAGCCAGCAGAAGCGTAA 

68 GAATACGTAACAGGAAAAACGCTCCTAAACAGGAGGCCGA 

69 TTAAAGGGATTTTAGATACCGCCAGCCATTGCGGCACAGA 

70 CCTTGAGTCAGACGATTGGCCTTGCGCCACCC 

71 TCAGAACCCAGAATCAAGTTTGCCGGTAAATA 

72 TTGACGGAAATACATACATAAAGGGCGCTAATATCAGAGA 

73 CTATTTTTGAG 

74 ATAAAGCCTTTGCGGGAGAAGCCTGGAGAGGGTAG 

75 TAAGAGGTCAATTCTGCGAACGAGATTAAGCA 

76 ACCATATCAAA 

77 TCAATAGATATTAAATCCTTTGCCGGTTAGAACCT 

78 CAATATTTGCCTGCAACAGTGCCATAGAGCCG 

79 TATAAACAGTT 

80 CAGAGCCAGGAGGTTGAGGCAGGTAACAGTGCCCG 



 

204 

81 ATTAAAGGCCGTAATCAGTAGCGAGCCACCCT 

82 ATAAGAGCAAGAAACATGGCATGATTAAGACTCCGACTTG 

83 ATGACCCTGTAATACTTCAGAGCA 

84 TAAAGCTATATAACAGTTGATTCCCATTTTTG 

85 CGGATGGCACGAGAATGACCATAATCGTTTACCAGACGAC 

86 GATAAAAACCAAAATATTAAACAGTTCAGAAATTAGAGCT 

87 ACAATTCGACAACTCGTAATACAT 

88 TTGAGGATGGTCAGTATTAACACCTTGAATGG 

89 CTATTAGTATATCCAGAACAATATCAGGAACGGTACGCCA 

90 GAATCCTGAGAAGTGTATCGGCCTTGCTGGTACTTTAATG 

91 GCCGCCAGCATTGACACCACCCTC 

92 AGAGCCGCACCATCGATAGCAGCATGAATTAT 

93 CACCGTCACCTTATTACGCAGTATTGAGTTAAGCCCAATA 

94 CCAAAAACATT 



 

205 

95 TAATTGCTTGGAAGTTTCATTCCAAATCGGTTGTA 

96 AGACTTTACAA 

97 CGCGAACTAAAACAGAGGTGAGGCTTAGAAGTATT 

98 CCACCAGAGCC 

99 AGCCATTTAAACGTCACCAATGAACACCAGAACCA 

100 

TATCTTACCGAAGCCCAAACGCAATAATAACGAAAATCACCA

G 

101 ACTAAAGTACGGTGTCGAATATAA 

102 TGCTGTAGATCCCCCTCAAATGCTGCGAGAGGCTTTTGCA 

103 AAAGAAGTTTTGCCAGCATAAATATTCATTGACTCAACATGTT 

104 ACCACCAGCAGAAGATGATAGCCC 

105 TAAAACATTAGAAGAACTCAAACTTTTTATAATCAGTGAG 

106 

GCCACCGAGTAAAAGAACATCACTTGCCTGAGCGCCATTAAA

A 



 

206 

107 CCATTAGCAAGGCCGGGGGAATTA 

108 GAGCCAGCGAATACCCAAAAGAACATGAAATAGCAATAGC 

109 

ACCAACCTAAAAAATCAACGTAACAAATAAATTGGGCTTGAG

A 

110 AACTCACATTATTGAGTGTTGTTCCAGAAACCGTCTATCAGGG 

111 

ACGACAATAAATCCCGACTTGCGGGAGATCCTGAATCTTACC

A 

112 ATAAGGCTTGC 

113 ACTATTAAAGA 

114 TCAAGATTAGT 

115 

CCTGACGAGAAACACCAGAACGAGTAGGCTGCTCATTCAGTG

A 

116 

ACGTGGACTCCAACGTCAAAGGGCGAATTTGGAACAAGAGTC

C 

117 TGCTATTTTGCACCCAGCTACAATTTTGTTTTGAAGCCTTAAA 



 

207 

118 AGAGAATAACATAAAAACAGGGAAGCGCATTA 

119 AGGGATAGCTCAGAGCCACCACCCCATGTCAA 

120 ATTTTCTGTCAGCGGAGTGAGAATACCGATAT 

121 CAACAGTTTATGGGATTTTGCTAATCAAAAGG 

122 ATTCGGTCTGCGGGATCGTCACCCGAAATCCG 

123 GCCGCTTTGCTGAGGCTTGCAGGGGAAAAGGT 

124 CGACCTGCGGTCAATCATAAGGGAACGGAACAACATTATT 

125 GCGCAGACTCCATGTTACTTAGCCCGTTTTAA 

126 ACAGGTAGAAAGATTCATCAGTTGAGATTTAG 

127 CGCGTCTGATAGGAACGCCATCAACTTTTACA 

128 CAGTTTGACGCACTCCAGCCAGCTAAACGACG 

129 AGGAAGATGGGGACGACGACAGTAATCATATT 

130 GCCAGTGCGATCCCCGGGTACCGAGTTTTTCT 

131 CTCTAGAGCAAGCTTGCATGCCTGGTCAGTTG 



 

208 

132 TTTCACCAGCCTGGCCCTGAGAGAAAGCCGGCGAACGTGG 

133 CCTTCACCGTGAGACGGGCAACAGCAGTCACA 

134 CCTTTTTTCATTTAACAATTTCATAGGATTAG 

135 CGAGAAAGGAAGGGAAGCGTACTATGGTTGCT 

136 TTATCAAACCGGCTTAGGTTGGGTAAGCCTGT 

137 TTTAACCTATCATAGGTCTGAGAGTTCCAGTA 

138 TTAGTATCGCCAACGCTCAACAGTCGGCTGTC 

139 AGTATAAAATATGCGTTATACAAAGCCATCTT 

140 TTTCCTTAGCACTCATCGAGAACAATAGCAGCCTTTACAG 

141 CAAGTACCTCATTCCAAGAACGGGAAATTCAT 

142 CCTCAGAACCGCCACCCAAGCCCAATAGGAACGTAAATGA 

143 AGACGTTACCATGTACCGTAACACCCCTCAGAACCGCCAC 

144 CACGCATAAGAAAGGAACAACTAAGTCTTTCC 

145 ATTGTGTCTCAGCAGCGAAAGACACCATCGCC 



 

209 

146 AAAACAAAATTAATTAAATGGAAACAGTACATTAGTGAAT 

147 GCTCATTTTTTAACCAGCCTTCCTGTAGCCAGGCATCTGC 

148 GTAACCGTCTTTCATCAACATTAAAATTTTTGTTAAATCA 

149 ACGTTGTATTCCGGCACCGCTTCTGGCGCATC 

150 CCAGGGTGGCTCGAATTCGTAATCCAGTCACG 

151 AGAGTCAAAAATCAATATATGTGATGAAACAAACATCAAG 

152 ACTAGAAATATATAACTATATGTACGCTGAGA 

153 TCAATAATAGGGCTTAATTGAGAATCATAATT 

154 AACGTCAAAAATGAAAAGCAAGCCGTTTTTATGAAACCAA 

155 GTTTTGTCAGGAATTGCGAATAATCCGACAAT 

156 GACAACAAGCATCGGAACGAGGGTGAGATTTG 

157 TATCATCGTTGAAAGAGGACAGATGGAAGAAAAATCTACG 

158 TTAATAAAACGAACTAACCGAACTGACCAACTCCTGATAA 

159 TGTAGATGGGTGCCGGAAACCAGGAACGCCAG 



 

210 

160 GGTTTTCCATGGTCATAGCTGTTTGAGAGGCG 

161 GTTTGCGTCACGCTGGTTTGCCCCAAGGGAGCCCCCGATT 

162 TAGAGCTTGACGGGGAGTTGCAGCAAGCGGTCATTGGGCG 

163 GATTAAGAAATGCTGATGCAAATCAGAATAAA 

164 CACCGGAATCGCCATATTTAACAAAATTTACG 

165 AGCATGTATTTCATCGTAGGAATCAAACGATTTTTTGTTT 

166 AGGTTTAGTACCGCCATGAGTTTCGTCACCAGGATCTAAA 

167 AGCGTAACTACAAACTACAACGCCTATCACCGTACTCAGG 

168 TAGTTGCGAATTTTTTCACGTTGATCATAGTT 

169 GTACAACGAGCAACGGCTACAGAGGATACCGA 

170 GAGCAAAAGAAGATGAGTGAATAACCTTGCTTATAGCTTA 

171 GTTAAAATTCGCATTAATGTGAGCGAGTAACACACGTTGG 

172 GGATAGGTACCCGTCGGATTCTCCTAAACGTTAATATTTT 

173 AGTTGGGTCAAAGCGCCATTCGCCCCGTAATG 
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174 CGCGCGGGCCTGTGTGAAATTGTTGGCGATTA 

175 ACATAGCGCTGTAAATCGTCGCTATTCATTTCAATTACCT 

176 GTTAAATACAATCGCAAGACAAAGCCTTGAAA 

177 CCCATCCTCGCCAACATGTAATTTAATAAGGC 

178 TCCCAATCCAAATAAGATTACCGCGCCCAATAAATAATAT 

179 TGTAGCATTCC 

180 AACAGCTTGCTTTGAGGACTAAAGCGATTATA 

181 CCAAGCGCAGGCGCATAGGCTGGCAGAACTGGCTCATTAT 

182 ACCAGTCAGGACGTTGGAACGGTGTACAGACCGAAACAAA 

183 GTGGGAACAAA 

184 TGCTGCAAATCCGCTCACAATTCCCAGCTGCA 

185 TTAATGAAGTTTGATGGTGGTTCCGAGGTGCCGTAAAGCA 

186 TTAATTAATTT 

187 CTAAATCGGAACCCTAAGCAGGCGAAAATCCTTCGGCCAA 
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188 GTGTGATAAGGCAGAGGCATTTTCAGTCCTGA 

189 ACAAGAAAGCAAGCAAATCAGATAACAGCCATATTATTTA 

190 ACAGACAGCCCAAATCTCCAAAAAAAAATTTCTTA 

191 CGAGGTGAGGCTCCAAAAGGAGCC 

192 ACCCCCAGACTTTTTCATGAGGAACTTGCTTT 

193 CGGCGGATTGAATTCAGGCTGCGCAACGGGGGATG 

194 TGGCGAAATGTTGGGAAGGGCGAT 

195 TGTCGTGCACACAACATACGAGCCACGCCAGC 

196 TCCCTTAGAATAACGCGAGAAAACTTTTACCGACC 

197 GTTTGAAATTCAAATATATTTTAG 

198 AATAGATAGAGCCAGTAATAAGAGATTTAATG 

199 GCCAGTTACAAAATAATAGAAGGCTTATCCGGTTATCAAC 

200 TTTAATTGTAT 

201 AAAACACTTAATCTTGACAAGAACTTAATCATTGTGAATT 
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202 ACCTTATGCGATTTTATGACCTTCATCAAGAGCATCTTTG 

203 CGGTGCGGGCC 

204 TTCCAGTCCTTATAAATCAAAAGAGAACCATCACCCAAAT 

205 CAAGTTTTTTGGGGTCGAAATCGGCAAAATCCGGGAAACC 

206 TTAATTTCATC 

207 GCGCCTGTTATTCTAAGAACGCGATTCCAGAGCCTAATTT 

208 GCGCCTGTTATTCTAAGAACGCGATTCCAGAGCCTAATTT 

209 CGGTTTATCAGGTTTCCATTAAACGGGAATACACT 

210 GGCAAAAGTAAAATACGTAATGCC 

211 TCTTCGCTATTGGAAGCATAAAGTGTATGCCCGCT 

212 GCGCTCACAAGCCTGGGGTGCCTA 

213 TTCTGACCTAAAATATAAAGTACCGACTGCAGAAC 

214 TCAGCTAAAAAAGGTAAAGTAATT 

215 ACGCTAACGAGCGTCTGGCGTTTTAGCGAACCCAACATGT 
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216 ACTACGAAGGC 

217 TGGTTTAATTTCAACTCGGATATTCATTACCCACGAAAGA 

218 ATGAGTGAGCT 

219 CGATGGCCCACTACGTATAGCCCGAGATAGGGATTGCGTT 

220 CTGTCCAGACG 

221 GCGCTTAATGCGCCGCTACAGGGC 

 

Rothemund, P.W., 2006.  Nature 440(7082), 297-302. 
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Appendix B: In situ DNA Microarrays on Cyclic Olefin 

Copolymer Substrate 

Supplementary Sequences 

Red Fluorescent Protein (RFP) gene to be synthesized on chip: 

>RFP construct (723-bp) 

AATTTCACACAGGAAACAGCTATGATGGCTTCCTCCGAAGACGTTATCAAAGAGTTCATG

CGTTTCAAAGTTCGTATGGAAGGTTCCGTTAACGGTCACGAGTTCGAAATCGAAGGTGAA

GGTGAAGGTCGTCCGTACGAAGGTACCCAGACCGCTAAACTGAAAGTTACCAAAGGTGG

TCCGCTGCCGTTCGCTTGGGACATCCTGTCCCCGCAGTTCCAGTACGGTTCCAAAGCTTAC

GTTAAACACCCGGCTGACATCCCGGACTACCTGAAACTGTCCTTCCCGGAAGGTTTCAAA

TGGGAACGTGTTATGAACTTCGAAGACGGTGGTGTTGTTACCGTTACCCAGGACTCCTCC

CTGCAAGACGGTGAGTTCATCTACAAAGTTAAACTGCGTGGTACCAACTTCCCGTCCGAC

GGTCCGGTTATGCAGAAAAAAACCATGGGTTGGGAAGCTTCCACCGAACGTATGTACCC

GGAAGACGGTGCTCTGAAAGGTGAAATCAAAATGCGTCTGAAACTGAAAGACGGTGGTC

ACTACGACGCTGAAGTTAAAACCACCTACATGGCTAAAAAACCGGTTCAGCTGCCGGGT

GCTTACAAAACCGACATCAAACTGGACATCACCTCCCACAACGAAGACTACACCATCGT

TGAACAGTACGAACGTGCTGAAGGTCGTCACTCCACCGGTGCTTAAGAAACCGTGCGTTT

CCAGTCT 

 

Chip oligos: 

RFP-f1-

1,TTCAAATGGGAACGTGTTATGAACTTCGAAGACGGTGGTGTTGTTACCGTTACCCAGGA

CGCATGACTCGACCATCCGATTTTTT 

RFP-f1-

2,TTCATAACACGTTCCCATTTGAAACCTTCCGGGAAGGACAGTTTCAGGTAGTCCGGGAT

GGCATGACTCGACCATCCGATTTTTT 

RFP-f1-

3,CCAGTACGGTTCCAAAGCTTACGTTAAACACCCGGCTGACATCCCGGACTACCTGAAA

CTGCATGACTCGACCATCCGATTTTTT 

RFP-f1-

4,CGTAAGCTTTGGAACCGTACTGGAACTGCGGGGACAGGATGTCCCAAGCGAACGGCAG

CGGCATGACTCGACCATCCGATTTTTT 

RFP-f1-

5,ACGAAGGTACCCAGACCGCTAAACTGAAAGTTACCAAAGGTGGTCCGCTGCCGTTCGC

TTGCATGACTCGACCATCCGATTTTTT 
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RFP-f1-

6,GCGGTCTGGGTACCTTCGTACGGACGACCTTCACCTTCACCTTCGATTTCGAACTCGTGA

GCATGACTCGACCATCCGATTTTTT 

RFP-f1-

7,CATGCGTTTCAAAGTTCGTATGGAAGGTTCCGTTAACGGTCACGAGTTCGAAATCGAAG

GGCATGACTCGACCATCCGATTTTTT 

RFP-f1-

8,CATACGAACTTTGAAACGCATGAACTCTTTGATAACGTCTTCGGAGGAAGCCATCATAG

CGCATGACTCGACCATCCGATTTTTT 

RFP-f1-

9,AGCCTGGATGACGTTTTCATCAAAATTTCACACAGGAAACAGCTATGATGGCTTCCTCC

GGCATGACTCGACCATCCGATTTTTT 

RFP-f2-

1,CGGGAAGTTGGTACCACGCAGTTTAACTTTGTAGATGAACTCACCGTCTTGCAGGGAGG

AGCATGACTCGACCATCCGATTTTTT 

RFP-f2-

2,CGTGGTACCAACTTCCCGTCCGACGGTCCGGTTATGCAGAAAAAAACCATGGGTTGGG

AAGCATGACTCGACCATCCGATTTTTT 

RFP-f2-

3,TCAGAGCACCGTCTTCCGGGTACATACGTTCGGTGGAAGCTTCCCAACCCATGGTTTTTT

GCATGACTCGACCATCCGATTTTTT 

RFP-f2-

4,CGGAAGACGGTGCTCTGAAAGGTGAAATCAAAATGCGTCTGAAACTGAAAGACGGTG

GTCGCATGACTCGACCATCCGATTTTTT 

RFP-f2-

5,TTTAGCCATGTAGGTGGTTTTAACTTCAGCGTCGTAGTGACCACCGTCTTTCAGTTTCAG

GCATGACTCGACCATCCGATTTTTT 

RFP-f2-

6,GAAGTTAAAACCACCTACATGGCTAAAAAACCGGTTCAGCTGCCGGGTGCTTACAAAA

CCGCATGACTCGACCATCCGATTTTTT 

RFP-f2-

7,GTGTAGTCTTCGTTGTGGGAGGTGATGTCCAGTTTGATGTCGGTTTTGTAAGCACCCGGC

GCATGACTCGACCATCCGATTTTTT 

RFP-f2-

8,CCTCCCACAACGAAGACTACACCATCGTTGAACAGTACGAACGTGCTGAAGGTCGTCA

CTGCATGACTCGACCATCCGATTTTTT 

RFP-f2-

9,AAATTGAGACTGGAAACGCACGGTTTCTTAAGCACCGGTGGAGTGACGACCTTCAGCA

CGGCATGACTCGACCATCCGATTTTTT 

 

PCR primers: 

RFP-F,AATTTCACACAGGAAACAGCTATGA 
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RFP-R,AGACTGGAAACGCACGGTT 

RFP-M,TGTTGTTACCGTTACCCAGGACTCCTCCCTGCAAGACGG 

 

Vector primers for CPEC: 

RFP_VECTOR_RV,ATGATGATGGTGGTGCATAGCTGTTTCCTGTGT 

RFP_VECTOR_FW,ACCGTGCGTTTCCAGTCTGTCGCCACCGTGAGCAAGGGCGCCGAGCT 

 

Green fluorescent protein (GFP) fused fragment-A to be synthesized on chip: 

>GFP-fragment-A (501-bp) 

CAAATCAATACTATTACCGCCCATGTCGGAAGTAAATCCCACATGCATAGGTTGATGAAT

GTCTCCCATGAAGTGTGAAAGGAAGAGCAAAGCTCCAGTCATATTGTATCGCCTATCACT

TGTACCGTGACGGAAATGCCCCAATTGAGAGGTGAAATTTTGAATCGCGCCGGCAACGC

ACATGTCCTTCCCACCATGGGGATCATGACAGTCACGTTGATAGTCAAAGGAACATGCTT

GGTCAGGGGTATCAATGAAATGTAAGGAGGAGGTCCAACGGTACTTGTACCAATGACGG

ATCTGATCTGGCCAAACACATAGGCTTGATAAGTTTCCGTTGGCATAATCAGGCAACAAC

ATCTTTACCGCATGAGCGGCTTCTGGCTCAAGAAGGTCCTGGGCAATCTGACAGGTCATA

ACATGTCCTTCCTTTGACCAAGCTCTTACACCGGGCTCCACGACAAGGGCGAGAAGTAG

AAAGAACACGGAGTACAGTCTGGT 

 

Chip oligos: 

GFP-FRGA-

1,CAAATCAATACTATTACCGCCCATGTCGGAAGTAAATCCCACATGCATAGGTTGATGA

ATGCATGACTCGACCATCCGATTTTTT  
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GFP-FRGA-

2,TGAAGCTTTGCTCTTCCTTTCACACTTCATGGGAGACATTCATCAACCTATGCATGTGGG

GCATGACTCGACCATCCGATTTTTT  

GFP-FRGA-

3,GAAAGGAAGAGCAAAGCTTCAGTCATATTGTATCGCCTATCACTTGTACCGTGACGGA

AAGCATGACTCGACCATCCGATTTTTT  

GFP-FRGA-

4,TGCCGGCGCGATTCAAAATTTCACCTCTCAATTGGGGCATTTCCGTCACGGTACAAGTG

AGCATGACTCGACCATCCGATTTTTT  

GFP-FRGA-

5,ATCGCGCCGGCAACGCACATGTCCTTCCCACCATGGGGATCATGACAGTCACGTTGATA

GGCATGACTCGACCATCCGATTTTTT  

GFP-FRGA-

6,TTTCATTGATACCCCTGACCAAGCATGTTCCTTTGACTATCAACGTGACTGTCATGATCC

GCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-

7,TTGGTCAGGGGTATCAATGAAATGTAAGGAGGAGGTCCAACGGTACTTGTACCAATGA

CGGCATGACTCGACCATCCGATTTTTT 

GFP-FRGA-

8,AAACTTATCAAGCCTATGTGTTTGGCCAGATCAGATCCGTCATTGGTACAAGTACCGTT

GGCATGACTCGACCATCCGATTTTTT 
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GFP-FRGA-

9,GCCAAACACATAGGCTTGATAAGTTTCCGTTGGCATAATCAGGCAACAACATCTTTACC

GGCATGACTCGACCATCCGATTTTTT  

GFP-FRGA-

10,AGATTGCCCAGGACCTTCTTGAGCCAGAAGCCGCTCATGCGGTAAAGATGTTGTTGCC

TGGCATGACTCGACCATCCGATTTTTT  

GFP-FRGA-

11,CAAGAAGGTCCTGGGCAATCTGACAGGTCATAACATGTCCTTCCTTTGACCAAGCTCT

TAGCATGACTCGACCATCCGATTTTTT  

GFP-FRGA-

12,TTCTTTCTACTTCTCGCCCTTGTCGTGGAGCCCGGTGTAAGAGCTTGGTCAAAGGAAGG

AGCATGACTCGACCATCCGATTTTTT  

GFP-FRGA-

13,ACAAGGGCGAGAAGTAGAAAGAACACGGAGTACAGTCTGGTCTCGAGATCATCCTTG

TCAGCATGACTCGACCATCCGATTTTTT  

GFP-FRGA-

14,CCCCGATCCAAATACGCACTATAATCTAGATTTAACGCTGACAAGGATGATCTCGAGA

CCGCATGACTCGACCATCCGATTTTTT  

 

PCR primers: 

GFP-FRGA-F,TTCACACAGGAAACAGCTATGACCAGACTGTACTCCGTGTTCTTTCTA 

GFP-FRGA-R,CTTGCTCACGGTGGCGACCAAATCAATACTATTACCGCCCATGTCGGA 
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Vector primers for CPEC: 

GFP-

FRGA_VECTOR_RV,GGAGTACAGTCTGGTCATAGCTGTTTCCTGTGTGAAATTGTTATC 

GFP-FRGA_VECTOR_FW,GGTAATAGTATTGATTTGGTCGCCACCGTGAGCAAGGGC 

 

Green fluorescent protein (GFP) fused fragment-B to be synthesized on chip: 

>GFP-fragment-B (498-bp) 

ATGATGATGATGATGATGTGCCAACGAATGGTCAGCAGACGAACCCAGGACACGGTTAA

GAATCATGCTTAATCTGATTCCTCCTTGGGCGATACGTTTCATAACAATTGGCATTCGCGT

GTTAAAATATTTATCCGACAATGTCTCTCCACTTTCTACATCCTTATACCCCCAGTTACAA

GCCAACTTAATTGATTACTTAGCATATTTGTTTGCACAAGTAGAGATATCATCGCATTCTT

TCCAAGATTCCACGTCTTGCAACCAAGAACCCTCCGTAAAATTTCTCTGAATGTCTTGAA

GCAAGGAATGCATATCCTTTCCGTGATAATCAGCAGCAGCAGTTAGAATGATCTCTCGAT

CCCAGACGTGATGCAGGTTTGATTTATGACGAAACCACCTCAAATCAATACTATTACCGC

CCATGTCGGAAGTAAATCCCACATGCATAGGTTGATGAATGTCTCCCATGAAGTGTGAAA

GGAAGAGCAAAGCTTC 

 

GFP-FRGB-

1,TATTTAATTACCTGCAGGGAATTCTTAATGATGATGATGATGATGTGCCAACGAATGGT

CGCATGACTCGACCATCCGATTTTTT  
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GFP-FRGB-

2,GATTAAGCATGATTCTTAACCGTGTCCTGGGTTCGTCTGCTGACCATTCGTTGGCACATC

GCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

3,GACACGGTTAAGAATCATGCTTAATCTGATTCCTCCTTGGGCGATACGTTTCATAACAA

TGCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

4,GACATTGTCGGATAAATATTTTAACACGCGAATGCCAATTGTTATGAAACGTATCGCCC

AGCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

5,CGTGTTAAAATATTTATCCGACAATGTCTCTCCACTTTCTACATCCTTATACCCCCAGTT

GCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

6,AAATATGCTAAGTAATCAATTAAGTTGGCTTGTAACTGGGGGTATAAGGATGTAGAAA

GTGCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

7,GCCAACTTAATTGATTACTTAGCATATTTGTTTGCACAAGTAGAGATATCATCGCATTCT

GCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

8,GGGTTCTTGGTTGCAAGACGTGGAATCTTGGAAAGAATGCGATGATATCTCTACTTGTG

CGCATGACTCGACCATCCGATTTTTT  



 

222 

GFP-FRGB-

9,CGTCTTGCAACCAAGAACCCTCCGTAAAATTTCTCTGAATGTCTTGAAGCAAGGAATGC

AGCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

10,TCATTCTAACTGCTGCTGCTGATTATCACGGAAAGGATATGCATTCCTTGCTTCAAGAC

AGCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

11,TCAGCAGCAGCAGTTAGAATGATCTCTCGATCCCAGACGTGATGCAGGTTTGATTTAT

GAGCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

12,ACATGGGCGGTAATAGTATTGATTTGAGGTGGTTTCGTCATAAATCAAACCTGCATCA

CGGCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

13,CAAATCAATACTATTACCGCCCATGTCGGAAGTAAATCCCACATGCATAGGTTGATGA

ATGCATGACTCGACCATCCGATTTTTT  

GFP-FRGB-

14,TGAAGCTTTGCTCTTCCTTTCACACTTCATGGGAGACATTCATCAACCTATGCATGTGG

GGCATGACTCGACCATCCGATTTTTT  

 

PCR primers: 

GFP-FRGB-F, TTCACACAGGAAACAGCTATGGAAGCTTTGCTCTTCCTTTCACACTTCAT 

GFP-FRGB-R, CTTGCTCACGGTGGCGACATGATGATGATGATGATGTGCCAACGAATG 
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Vector primers for CPEC: 

GFP-

FRGB_VECTOR_RV,AAGGAAGAGCAAAGCTTCCATAGCTGTTTCCTGTGTGAAATTGTTAT

C 

GFP-FRGB_VECTOR_FW,GGTAATAGTATTGATTTGGTCGCCACCGTGAGCAAGGGC 

 

Supplementary Note 

Cost analysis of error correction as add-on per base: 

 

 

 

 

 

Supplementary Figures 

Figure S1. 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. 

* Linearized CPEC vector was formed from using transformants generated by the commerically
available pacGFP1 vector (Clonetech). Cost is delineated as zero since the initial commercial vector 
can be amplified limitlessly.

Name Price Reaction per Bulk Per experiment
SURVEYOR Mutation dectection kit (Transgenomic) 265 100 $0.38
Phusion kit (New England Biolabs) 176 200 $0.88
Gene end Primers (IDT) 10 200 $0.05
*CPEC vector (in-house) ---- ---- $0.00
EZNA gel extraction kit (Omega Bio-Tek) 247 200 $0.81
Agarose gel (in-house: using commercial 125g Bio-rad agarose pack) 150 156 $2.88

Total material cost of two iterations of ECR $5.00
Cost per base (RFP: 723 bases) $0.01
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723 bp
0.5 kb

1 kb

 

 

 

 

 

 

 

Figure S2. Truncated product bands appear very slowly when employing 20 min 

incubation of Surveyor during ECR. As shown in the example images below, the first 

iteration has no indication of the strong truncated band seen in the 60 min incubation 

ECR. We can see a faint truncated band only after the second iteration of the 20 min 

ECR. We posit that this is indicative that a longer incubation during ECR is crucial to 

increase the percentage of cleaved heteroduplexes, which then causes the truncated OE-

PCR product to increase and appear visible on the gel. 
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