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Introduction 

Microfluidics 

 
Interest in microfluidic devices for bio-medical diagnostic applications has 

increased markedly in the past two decades [1].  The benefits of microfluidic 

devices include efficient operation with a small sample size, high recovery of 

sample and reagents, portability and decreased analysis time [1].  Microfluidic 

devices utilize a chip, which contains one or more microchannels.  Glass is the 

substrate that was first utilized for chip fabrication; however, glass substrates 

present multiple drawbacks [1].  The fabrication of glass chips is not only 

expensive and time-consuming, it also requires the use of harmful chemicals such 

as hydrofluoric acid in the production process.  Glass is also very fragile and 

breaks easily during fabrication.  Therefore, the need has arisen for a less rigid 

substrate that requires a less expensive fabrication process. 

Polymers alleviate many of the limitations of glass substrates [2]. The 

common polymers used in chip fabrication are polydimethylsiloxane (PDMS), 

polycarbonate (PC), polyethylene terephthalate (PETE) and poly(methyl 

methacrylate) (PMMA).  The properties of the polymer are an important factor in 

the choice of polymer for the specific application of the microfluidic device.  Said 

properties might include “machinability, surface charge, molecular adsorption, 

electroosmotic flow mobility, optical properties” [2], surface chemistry, and glass 

transition temperature.  Not all of these properties are vital to the success of each 
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application of microfluidic devices but each is important to consider when 

selecting a polymer. 

Lab Automation 

Microfluidic devices lend themselves to integration into miniaturized 

instruments, and facilitate automation of many traditionally bench top, labor 

intensive lab processes.  The polymeric microfluidic chip can be designed in such 

a way as to allow for complete control and automation.  In order for microchip 

automation to take place the method/s of automation must be considered prior to 

design and integrated into the design of the chip.  Some common methods of 

automation are programmable pumps, programmable electrophoresis methods or 

simple diffusion.  Valves are also commonly used to control the on-chip reaction 

and frequently require automation.  If multiple methods of reaction control are 

used on one chip, programming is often required to automate the device and to 

control the timing of the different components.  Lab-on-chip automation has been 

successfully demonstrated for polymerase chain reaction (PCR) [3,4].  

PCR on Chip 

The polymerase chain reaction is a common laboratory technique that 

allows for amplification of DNA.  PCR can be applied to either a single strand of 

DNA or to multiple copies, however the end product is double stranded.  Thermal 

cycles control the enzymatic reaction of heat-stable DNA polymerases to 

assemble the complimentary strand of DNA.  The thermal cycles must be tightly 

controlled to optimize the reaction.  Primers, short fragments of complimentary 
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DNA, select for specific regions of the DNA.  Primers are frequently marked with 

fluorescent molecules or dyes to identify them after PCR is complete.  PCR is 

frequently used to copy long strands of DNA for molecular research applications 

[1]. Miniaturized PCR devices have become a primary focus for researchers over 

the past few years with much success being made in this area [5].  Microfluidic 

devices have been a common platform for miniaturization of these devices. 

Gene Synthesis 

Gene synthesis from oligonucleotides is a common laboratory technique 

for synthesizing genes in vitro.  Gene synthesis is also frequently referred to as 

oligonucleotide synthesis.   No template strand is required for oligonucleotide 

synthesis.  The DNA strands are built from a library of short oligo fragments.  An 

oligo or oligonucleotide is a short polymer of nucleic acids, with typically twenty 

of fewer bases.  The desired ending sequence must be known to complete the 

process of gene synthesis.  Traditionally, gene synthesis has been performed as a 

series of bench top reactions.  However, there has been a recent push to move to 

lab-on-chip technology [6,7,8,9].  This transition presents numerous challenges 

for researchers.  One such challenge is immobilizing the growing oligonucleotide 

chains in the chip.  Recently, magnetic streptavidin-agarose beads have been used 

as a way to immobilize the DNA chains during the process of DNA synthesis 

[10].  The magnetic properties of the streptavidin-agarose beads allow for 

containment at one or more specific sites in the microchip via an external 

permanent magnet.  One side of the chain is bonded to the bead via an avidin-
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biotin interaction.  Biotin is attached to the streptavidin-coated bead through an 

antibody-antigen interaction.   

Project goal 

The standard method of gene synthesis is a costly and time intensive 

endeavor.  Genes contains thousands of oligonucleotides, which are comprised of 

numerous individual nucleotides.  When a polynucleotide of a given sequence is 

ordered from a commercial vendor the product is priced on a “per nucleotide” 

basis, typically at $0.50 per base.  A typical gene built for research applications 

contains thousands of bases.  Individual nucleotides are then combined to form 

oligonucleotides, which are then arranged to form genes.  This process is very 

costly and time consuming, and is often the rate limiting step in genomics 

research efforts. The research community needs a timely, cost effective method to 

synthesize and produce genes.  The likely venue is through microfluidics. 

Microfluidics offer the advantage of using small volumes of reactants as well as 

controlled reactant addition.  Highly accurate gene formation is possible due to 

the high surface area to volume ratio allowing for instantaneous mixing as well as 

minimizing side reactions.  Additionally, microfluidics is also cost effective as the 

devices are reusable.  The focus of this research is the design and fabrication of a 

polymeric microfluidic device for automated gene synthesis applications. 
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Design 

There are two main areas to consider when designing a polymeric 

microfluidic device.  The first major area of consideration is the design of the 

device.  Additionally, the method of fabrication is an important consideration.  

The fabrication method and channel design are dictated primarily by the function 

of the device.  The design of a microfluidic device for controlled oligonucleiotide 

synthesis presents many components far consideration in both areas.  It is 

common for the design to dictate the fabrication method or vice versa. 

Handling of the growing oligo chain was the primary focus for the design 

of the microchanel.  The oligo chain needed to be maintained in a small area for 

optimum reaction efficiency.  To do this the volume of the reaction chamber was 

kept to a minimum.  This allowed for a more complete interaction in each reaction 

as well as minimized the contamination of the channel.  If contamination from 

previous reactions was not minimized it could result in incomplete mixing and 

interaction of the sample solutions with the beads.  The design choice was to 

utilize commercially available streptavidin agarose beads that have useful 

magnetic properties.  The beads were functionalized off-chip to contain the first 

segments of double stranded DNA bound to biotin.  The first DNA segment had a 

“sticky-end” (Figure 2.1).  The beads were held in place in the device by an 

external magnet [11].  
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Figure 2.1 Streptavidin agarose bead bound to biotinylated, double-stranded DNA with a 
sticky-end. 
 

The polymeric material related for chip fabrication required careful 

consideration.  The polymer must be able to withstand a wide temperature range. 

The polymer must be able to retain its shape during the large temperature 

fluctuations during PCR cycling; therefore, polycarbonate (PC) was selected as 

the material for the microchip because of its appropriate physical properties. The 

temperature range required for PCR is 4 -100 C.  The Tg (glass transition 

temperature) of PC is 150 oC, which is well above the working temperature for 

PCR. 

It was also necessary for the device to provide a means for incubation of 

the oligo addition reaction.   The enzyme requires time to react with the oligos 

and complete the reaction.  This reaction cannot be interrupted by additional 

reagent or be emptied before complete.  Each oligo and enzyme added to the 

reaction chamber needs time to incubate and once complete needs to be 

completely removed form the chamber.  This reaction was initially completed in a 

beaker on a bench top, the beaker offered many benefits.  Addition of appropriate 
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reaction volumes were easily controllable, the beaker was also easily cleaned.  As 

such, the first concept design was made to mimic this style of reaction chamber 

(Figure 2.2, Table 2.1). 

 

Figure 1.2 Circular chip design utilizing valves and circular reaction chamber. 
 

Table 2.1 Circular chip channel dimensions on a 4-inch wafer. 
 

Channel Channel Width (L) 

Outer Channel 700 

Feeder Channel 200 

Reagent Well 2 

Delivery Channels 100 

Reaction Chamber 20 

Outlet Channel 300 
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Reagent storage and control was another major area for design 

consideration.  The device needed to be able to hold as many different oligos as 

possible in sterile environments.  The reagent wells must protect against 

contamination as well as sustain long-term storage conditions.  Ideally these 

concerns would all be addressed within the chip itself.  The first concept design 

was a circular chip containing reaction wells in sets of three.  Two of the wells 

contained oligo solutions and the third the enzyme ligase.  The chip had an outer 

channel that was connected to a pump containing reaction buffer.  Valves were 

used to control the direction of flow through the chip.  The valves were intended 

to be integrated into the chip and formed out of polydimethylsiloxane (PDMS) 

[12]. When a valve between the outer channel and the set of three reaction wells 

opened the reaction buffer would wash out the reagents and empty them into the 

center reaction chamber which would house the magnetic beads. The reaction 

would be contained in the chamber for the desired length of time and valves 

would prevent back flow. 

Contamination of the channel is another design concern.  Reaction buffer 

was used as a means to wash the channel thoroughly after each oligo addition.  

Another consideration for preventing contamination of the channel was to use a 

pneumatic pump to dry the channel in addition to washing with the reagent buffer. 

The circular design provided many design and fabrication challenges.  The 

uniformity of flow would be difficult to control within the circular reaction wells 

and chamber.  This would result in incomplete mixing and potentially incomplete 
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or incorrect oligo additions.  Additionally, PDMS valve fabrication is a relatively 

new technology and requires a significant effort to optimize the function of the 

valves in the device.  Due to the large number of valves needed for this design it 

will be very costly to purchase commercially available valves and would require a 

redesign of the chip. 

To eliminate some of the challenges presented by the circular chip design 

the design concept was simplified. Storage and control of the reagents were taken 

off chip.  This eliminated the problem of numerous and complex valves, and 

enabled a simpler channel design.  Additionally, the circular reaction chamber 

was modified to a single channel.  Initially, a simple Y-shaped design was chosen.  

The Y-shaped design has two inlets and one outlet (Figure 2.3).  One inlet was 

connected to a pump containing the buffer solution and the other to a pneumatic 

pump for drying the channel after washing with buffer.  As illustrated in Figure 3, 

an external magnet was applied underneath the channel to capture the streptavidin 

agarose beads. 

 

 

Figure 2.2 Y-shaped channel with pneumatic inlet. 
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The Y-shaped channel was connected to the pump containing the reaction 

buffer and would be flowing continuously.  Continuous flow through the channel 

did not allow for the reaction to incubate.  Designing a program to turn the pump 

on and off would have been challenging considering the dead volume and back 

pressure created each time the pump was restarted.  Additionally, the method of 

reagent addition would have required designing and programming an injector arm 

to introduce reagents to the microchannel.  Therefore, a design that would allow 

for the flow to take an alternative path was sought. 

The next stage of chip design was to include a fork (Figure 2.4) as a means 

to redirect the flow during incubation of the oligo, enzyme and growing DNA 

chain on the beads.  A commercially available 3-way valve was to have been 

situated over the fork to redirect the flow of the buffer during the oligo reaction 

with the beads. 

 

 

Figure 2.4 Fork-shaped chip design.  One side of the fork contained the streptavidin 
agarose beads while the other allowed for redirection of the flow during closed volume 
mixing after oligo addition. 
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Another key component of the design that was dictated by the desired 

function of the chip was a way to circulate the reaction volume during its closed 

reaction time [13].  A figure eight channel was considered as a means to 

magnetically control the flow of the beads through the channel (Figure 2.5).  The 

figure eight chip design was modified from the fork-shaped chip design.  The 

magnet was manipulated under the channel in a path to push the streptavidin 

agarose beads through the reaction solution.  This allowed for the reaction to 

continuously mix in the channel during incubation time.  However, this design 

had its drawbacks as well.  It is possible that the attraction between the beads and 

the magnet might not have been strong enough to keep the beads above the 

magnet.  Instead, the beads might have trailed along the channel and would not 

have been fully exposed to all of the reaction volume.  This incomplete mixture of 

the oligo reaction solution would have resulted in a smaller number of correct 

oligo additions making subsequent procedures more difficult and less effective. 
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Figure 2.5 Figure eight, fork-shaped chip design. Valves would be placed at the 

fork and after the inlet to the figure eight shape to keep the reaction volume in the 

figure eight. 

Automation 

Controlled automation of the oligo addition microchip device had its many 

challenges.   Initially the design called for all control of the device to be on the 

chip itself.  However, in order to simplify the design and focus on the 

effectiveness of the reaction chamber itself the components for automation were 

moved off chip.  A commercially available High Performance Liquid 

Chromatograph (HPLC) from Agilent Technologies (Waldbronn, Germany) was 

used to control and automate the process of oligo addition and the rate of flow of 

buffer (Figure 3.1).  The HPLC instrument used contained an 1100 series micro 

wellplate autosampler with an 1100 series nanoinjector.  The autosampler held 
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two 384-well plates with caps allowing for up to 768 reagents, both oligos and 

ligase.  The autosampler was programmed using ChemStation® (Agilent 

Technologies; Waldbronn, Germany) to follow a reagent addition plan selected by 

the operator.  The HPLC instrument also controlled accurate flow rate of the 

buffer and accommodated multiple reaction methods within one continuous gene 

synthesis. 

 

Figure 3.1 Setup of the HPLC with micro wellplate autosampler and nanoinjector for 
automation of the oligo microchip and storage of reagents and buffer. 

Fabrication 

Numerous fabrication methods were explored as a means to optimize the 

function of the chip.  Initially, for rapid prototyping, microchips were fabricated 

using a silhouette SD cutting plotter from Graphtec America (Santa Ana, CA, 

USA) [14]. The channel was cut out in a layer of double sided adhesive tape 
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which served double duty as the bonding method.  This method proved to have 

numerous drawbacks.  The adhesive tape was unreliable in maintaining the shape 

of the channel.  Additionally, the tape was extremely compressible and did not 

maintain a channel height of 150µm, as desired.  Inlet and outlet clogging was 

also a problem as the adhesive sealed itself across the channel openings during 

pressure bonding.  During testing, the double-sided adhesive tapes exhibited signs 

of leaking across the bonding layer.  All of these challenges outweighed the ease 

of the double-sided adhesive fabrication method.  The double-sided fabrication 

method was abandoned for a well established, but more laborious fabrication 

method.  Thermal embossing from an SU-8 epoxy based photoresist master 

fabricated by photolithography is the method of fabrication proved most useful 

being explored as a means to fabricate this device.  Photolithography involves the 

transfer of a geometric shape from a mask to silicon wafer coated with SU-8.  The 

SU-8 was exposed, developed and hard-baked before its features were transferred. 

Future work 

It is recommended that fabrication of the polymeric microchip for 

automated oligo addition be completed using photolithography.  Photolithography 

is a fast, inexpensive, simple method of fabrication that is appropriate for our 

feature sizes [15].  An SU-8 photoresist master with negative features should be 

made using photolithography to serve as the primary mold.  The use of 

photolithography to fabricate a master is well documented and familiar; 

additionally, the materials and tools are already available to us and the process is 
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simple and reproducible [15].  Polycarbonate (PC) is recommended as the 

material for the final product.  PC has a high Tg, is compatible with aqueous 

environments, and has excellent success in imprinting by hot embossing [15].  

Positive features in PC should be made using thermal embossing from the SU-8 

master. Thermal embossing is a simple, well established method of transferring 

features from a master to a polymer and is particularly successful with PC.  

Oxygen plasma bonding is recommended as the bonding method between the 

embossed PC and the blank PC.  Oxygen plasma modifies the surface of the 

polymer (both the embossed PC and the blank PC cap) and results in permanent, 

irreversible bonding [16].  Oxygen plasma bonding prevents the chip from leaking 

because the bonds formed are strong and cover the entire surface. 

It is recommended that future chip designs include valves, either in the 

chip or external, to re-direct the flow during incubation.  Commercially available 

valves are readily available and only require that the device be designed to 

accommodate them; however, the fixtures needed to attach them are often 

difficult to fabricate and reduce the function of the valve.  Non-commercial valves 

can be fabricated and integrated into the chip itself.  However, non-commercial 

valve fabrication is a relatively new process and has not yet been optimized.  A 

method to mix the reaction volume during incubation should also be sought out.  

The reaction volume needs to mix continuously and uniformly during incubation 

in order for the reaction to proceed as planned.  Manipulation of the magnetic 

beads was considered as a method for mixing but disregarded because the beads 

are hard to control in the chip with an external magnet.  It is recommended that in 
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the future a system be designed that would allow for the reaction chamber to be 

closed on both ends with an external method to push and pull the fluid back and 

forth in the channel.  Additionally, on-chip storage for reagents and a 

programmable method for flow rate control and reagent addition is recommended.  

The initial project goal was to include reagent storage within the chip itself.  

Reagent storage on chip would result in a more portable, less expensive product.  

Reagent wells or bags, controlled by valves are recommended as a storage 

method.  Programming will allow for automation and control of the many device 

components and are more applicable than diffusion or electrophoresis. 

Conclusion 

The design, fabrication and automation of a microfluidic device for gene 

synthesis proved to be challenging; however, a considerable amount of progress 

was made toward developing a prototype.  Polycarbonate (PC) was chosen as the 

polymer from which the microchip was fabricated.  The use of a cutting plotter 

was tested as a means to fabricate the microchip.  However, in the future it is 

recommended that photolithography and thermal embossing be used to fabricate 

the microchip.  Streptavidin-agarose beads proved to be a useful tool for 

immobilization of the growing gene within the microchannel due to their 

magnetic properties and their ability to be functionalized with biotinylated oligos.  

Much progress has been made in the design of the microchannel although it is 

recommended that the design be refined further.  Additionally, it is recommended 

that a method be devises to manipulate the solution in the microchannel during 
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incubation.  The use of the HPLC micro-well plate auto injector and nanopump 

was successful in automating the addition of reagents and flow rate of the buffer 

solution.  However, in the future an on chip method should be explored to replace 

the use of the HPLC components. 
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