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ABSTRACT 
 

Continuous monitoring of pathogens that may be present in water is one of the 

key preventive measures that can be used in rural areas of developed countries and 

developing countries to reduce chances of the water borne diseases outbreak. Off-site 

testing of microbiological contamination of water is conventionally done for monitoring 

water quality. However, such a process is time consuming and involves using a variety of 

hazardous reagents. To address these issues, a portable device for rapid detection of 

unsafe water is needed.  

One of the key components in this system is to extract DNA from the pathogens. 

The primary consideration for DNA extraction is to separate DNA from proteins and 

other cell debris in the lysate solution. The pure population of DNA molecules are then 

sent downstream for subsequent processing such as real-time PCR (Polymerase Chain 

Reaction) and BioFET sensors for further identification and analysis. 

The focus of the thesis will be on the fabrication of a microfluidic DNA extraction 

system that can achieve high DNA extraction efficiency and a good repeatability. It can 

also be easily automated, and integrated with other components of the DNA analysis 

system. The high surface-to-volume macro/mesoporous silica DNA binding column was 

synthesized using sol-gel silica technology and triblock copolymer F127 was added to 

form a crack-free mesoporous silica network. Furthermore, a monodispersed polystyrene 

microspheres soft-template was assembled using a simple but novel technique that 
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employs controlled suction to enhance self-assembly into a periodically patterned 

structure in the extraction chamber/chambers. In combination of heat annealing treatment 

of this assembled polystyrene template, one can easily control the size of the macropores 

in the final macro/mesoporous silica structure to allow a lower pressure resistance for 

DNA sample flow at elution stage. The final macro/mesoporous silica structure 

synthesized using heat annealing temperature of 115
o
C for 10 minutes was determined to 

have a porosity of 83.6%. Mesopores of this silica monolith was determined by BET test 

to be 3.65 nm and the macroporous ranging from 0.5μm to 0.86μm were observed. In 

addition, the fabrication of porous silica monolith can be easily integrated with the 

microfluidic system for achieving DNA extraction purposes  
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Chapter 1 Motivation & Organization 
 

1.1Motivation   

Former Secretary-General of the United Nations Kofi Annan stated in a press 

release for the World Environment Day in 2003 that “Water related diseases are 

responsible for 80% of all diseases and deaths in developing countries” [1]. Based on 

another research done by Prüss et al. from the World Health Organization in 2002, 

waterborne diseases cause an estimated 4% of all deaths and 5.7% of the total disease 

burden worldwide [2]. Although developing countries account for a major portion of 

those statistics, developed countries are not immune to these infections either. Examples 

of water borne disease outbreak in developed countries include the Milwaukee, 

Wisconsin Cryptosporidium parvum outbreak in 1993 [3]and the Walkerton, Ontario 

Escherichia coli outbreak in 2000 [4]. It indicates the importance of continuously 

monitoring water quality as one of the key preventive measures for water treatment 

process. 

Continuous monitoring of pathogens that may be present in water can effectively 

reduce chance of water borne disease outbreak in rural areas of developed countries and 

developing countries. This preventive measure is generally accomplished by off-site 

testing of microbiological contamination of water. However, such processes require 

centralized laboratories for analyses. The time delay associated with this procedure is 
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frequently unacceptable. To address this issue, a portable and low-cost device for rapid 

detection of unsafe water on-site is needed.  

Conventional monitoring of water for many different human pathogens can be 

done using culture methods, but it is time consuming (at least 48 hours [5]), labour 

intensive and cannot be used for the detection of active but nonculturable cells [6].  In 

contrast, molecular techniques, especially nucleic acid-based methods are able to detect 

pathogens or microorganisms with high sensitivity and within a few hours of time frame 

[6]. Microfluidic platform provides precise sampling control, parallel fabrication for low-

cost manufacturing process, and has been proven to be an ideal technology for 

miniaturization of biological assays. In this case, a microfluidic nucleic acid 

diagnostic/monitoring device will have the capability to continuously accumulate and 

collect pathogen samples from water and quantitatively detect their presence. As shown 

in Figure 1-1, the system starting from the sample preparation step, filters out unwanted 

particles/cells and increases the concentration of the target pathogens or indicator 

organisms such as E. coli from a 100ml water sample, and all target organisms are 

collected in 1ml of solution and send to the lysis stage to release the nucleic acid from the 

cells into the lysate solution, 10𝜇l of lysate collected from lysis stage will be used in 

DNA extraction device and nucleic acid will then be isolated from proteins and other cell 

debris. Polymerase Chain Reaction (PCR) will be carried out in the amplification stage in 

order to achieve the desired concentration for detection. Finally, the identification of the 

nucleic acid will be done by using a biosensor. All individual components are connected 



3 

 

through microfluidic channels and flow control will be achieved by a micropump or 

external pneumatic system. 

 

Figure 1-1 Block diagram for components of a microfluidic diagnostic/monitoring device 

One of the key components in this system is the DNA extraction and purification 

device. The presence of lipids, proteins and other cell debris in lysate will interfere with 

the operation of the biosensor downstream and lead to erroneous results. Thus the 

primary consideration for DNA extraction is to separate nucleic acid from proteins, lipid 

and other cell debris after the cell lysis process. The purified sample of nucleic acid 

molecules where there has no humic acid contamination are then sent downstream for 

subsequent processing such as real-time Polymerase Chain Reaction (PCR) and BioFET 

sensors for further identification and analysis. 

This thesis will focus on the design and engineering aspects of a microfluidic 

DNA extraction system. To yield high purity and efficiency of DNA for downstream 

Sample In Signal out 
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PCR application, a highly uniform macro/mesoporous silica monolith is synthesized and 

integrated into a single extraction chamber microfluidic device. In addition, the simple 

but novel suction assisted assembly approach is tested to demonstrate the feasibility of 

multiple chamber assembly for fabricating multiple extraction columns simultaneously. 

1.2 Sequence of Chapters 

The organization of the thesis is outlined as following: 

Chapter 2 provides an overview that outlines the overall focus of the thesis. 

Following introduction of Lab-On-A-Chip microfluidic devices and their suitability for 

the automation and miniaturization of DNA extraction process, various traditional DNA 

extraction methods are reviewed and discussed. Finally, several microfluidic DNA 

extraction techniques that have been published in the literature are compared and 

weighted. 

Chapter 3 presents the design of the microfluidic device for DNA extraction, brief 

introduction to self-assembly of polystyrene microspheres, sol-gel processes and use of 

polystyrene microspheres soft-template method for synthesizing a controllable 

macro/mesoporous silica monolith. The overall schematics for device fabrication are 

illustrated at the end of chapter. 

Chapter 4 includes the fabrication details for using a rapid prototyping mold to 

make a through-hole PDMS, soft-lithography technique to create PDMS channels and the 

process of synthesizing monodispersed polystyrene microspheres. The procedure for 
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preparing polystyrene microspheres assembly template and the sol-gel matrix integration 

is also illustrated. Finally, the characterization of the macro/mesoporous silica monolith is 

presented. And the concept for simultaneous assembly in multiple chambers is 

demonstrated for the case where there are multiple columns in a single device. 

Chapter 5 concludes the thesis by highlighting the contribution, namely, the Lab-

On-A-Chip format DNA extraction chip. It also provides suggestions for future device 

testing and improvement. 
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Chapter 2 Introduction and Literature 

Review 

2.1 Introduction 

The vision of a lab-on-a-chip real time monitoring system requires integration of 

sample pre-concentration, cell lysis, DNA extraction, polymerase chain reaction (PCR) 

and detection component. DNA extraction and purification is the first step in many 

molecular diagnostic methods such as PCR, fluorescent in situ hybridization (FISH) and 

DNA microarrays [7]. It essentially determines the reliability and sensitivity of the 

downstream application. This thesis will focus on the DNA extraction and purification 

part of the overall system. Various traditional benchtop DNA extraction methods and 

different microfluidic technologies will be compared and evaluated in order to design and 

construct an automated and miniaturized system for extraction of DNA. 

2.2Traditional DNA extraction methods 

2.2.1 Salting-out Method 

This method is based on differentially precipitating cellular components [8] due to 

solubility differences between nucleic acids and contaminants [9], [10] . When a high 

concentration of salt such as potassium acetate, lithium chloride or ammonium acetate is 

used, proteins and other contaminants precipitate from the cell lysate because of their 

lower solubility at that high salt concentration. The precipitate containing proteins can be 

subsequently removed by centrifugation. Finally, DNA can be recovered by using alcohol 
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precipitation as detailed in Section 2.2.7 of this thesis. This procedure for extracting DNA 

is very simple [11] however, yield and purity of extracted DNA is highly variable [12]. 

2.2.2 Phenol/Chloroform Extraction 

Phenol/chloroform extraction protocol was first developed by Chomczynski  et al. 

in 1987 [13], and it has been widely considered as a gold-standard for producing high-

purity DNA [14]. Equal volume of phenol/chloroform is mixed with aqueous cell lysate, 

resulting in separation of upper aqueous phase and lower organic phase rich in phenol. 

The nucleic acid (DNA, RNA) remains in aqueous phase while protein and other cellular 

contaminants are denatured and become less polar, thus dissolving in the organic phase. 

Nucleic acids from aqueous phase can then be re-extracted by repeating the process until 

high-purity of DNA is obtained. Finally the DNA is isolated using alcohol precipitation. 

Even though the phenol/chloroform extraction method has greater than 90% recovery 

efficiency [15] and is very reliable for any downstream molecular diagnostic assays, it is 

normally limited for laboratory environment because both phenol and chloroform are 

hazardous. In addition, it is very labour-intensive, time consuming (roughly 2 hours 

process [16]) and require user expertise [14]. The miniaturization of the process using 

microfluidic can potentially solve all above listed disadvantages, and an existing 

microfluidic device using phenol/chloroform extraction principle will be reviewed in 

section 2.3.2. 
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2.2.3 Anion-Exchange 

Anion exchange method for DNA extraction is based on the principle ion 

exchange chromatography to separate the ions and polar molecules based on differences 

in their charge [17] at physiologic condition. Solid phase anion exchange is performed 

wherein the positively charged surface molecules are attracted to the negatively charged 

phosphates of the nucleic acid. DNA binds to the substrate under low salt conditions, 

impurities such as RNA and cellular proteins are washed away using medium salt buffers 

[12]. High salt buffer is used to elute the DNA. Finally, DNA can be recovered from 

eluted solution by alcohol precipitation. 

Chelex
®
  100 extraction is one example of the anion exchange DNA extraction 

technique, and it is one of the mainstays of forensic science [18]. It has been used for 

extracting DNA from many different type of forensic samples [19–22]. Based on the 

DNA Analyst Online Training manual provided by National Forensic Science 

Technology Center (NFSTC) in United States, this method is fast, simple, inexpensive 

and does not involve any harzardous chemicals. But the trade off is harsh extraction 

environment, faster rate of DNA degradation [23], posibility of inhibition of subsequent 

amplification(PCR) process and inconsistency of extraction efficiencies based on 

different samples and resins. Resins also can lose its chelating capability after few hours 

in suspension. 

Another example of anion exchange resin is QIAGEN Resin. Its chemical 

structure is shown in Figure 2-1A. This resin is a macroporous silica material with a high 
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density of diethylaminoethanol (DEAE). By adjusting the salt concentration and pH 

conditions, the positively charged DEAE group on the surface of resin will interact 

differently with the negatively charged nucleic acid backbone (see Figure 2-1B ) [24] thus 

achieving binding and elution of nucleic acids. This product developed by QIAGEN is 

able to deliver ultrapure, transfection grade DNA for downstream applications. However, 

the process is labour intensive (roughly 1 hour process based on the recommended 

protocol) the resin chemistry and process of binding/elution at different buffer conditions 

is not publicly known and so will not be considered as an suitable technology for 

miniaturization. 

   

Figure 2-1 A) QIAGEN Resin Chemical Structures B) Binding principle (positively charged DEAE 

groups interact with negatively charged phosphate group of the DNA backbone[24] 

2.2.4 Silica Beads Extraction 

The chaotropic salt induced adsorption of DNA onto silica surface is sometimes 

referred as Boom method. Nucleic acid extraction was performed by activated 

diatomaceous earth (86% silica) absorption, as described by Boom et al [25] in 1991. This 

A. B. 



10 

 

method makes use of a chaotropic agent to disrupt and denature macromolecules such as 

proteins, while at the same time promote nucleic acids binding to silica surface [25].  

Guanidine thiocyanate is the most commonly used chaotropic salt in DNA 

extraction process [26]. It also has the beneficial property of lysing viruses [27][28]. With 

the presence of high concentrations of chaotropic salts like Guanidine thiocyanate, the 

nucleic acids are selectively attached to the surface of silica while the cellular proteins 

and other debris remains in the solution and can be subsequently washed away. Ready to 

use DNA is then eluted from the silica column using a lower salt buffer/water, and there 

is no alcohol precipitation required.  

The most common commercial available extraction kit is based on Boom 

extraction method where silica material is integrated with a spin column. The procedure 

is illustrated bellow in Figure 2-2 (NORGEN Bacterial Genomic DNA Isolation Kit), it is 

a three-step procedure: binding, washing and eluting. The hands on preparation time is 

typically 20 minutes, it is only a fraction of time spent for phenol/chloroform extraction 

and can yield high-purity (90-95% [29]) nucleic acid consistently and economically and 

no hazardous chemicals are used during the process. The only disadvantage is that the 

process requires laboratory centrifugation machine for binding and elution, which makes 

it very hard to miniaturize to a portable rapid detection device. 
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Figure 2-2 Commercial DNA extraction column extraction procedure (http://www.norgenbiotek.com) 

2.2.5 Magnetic Beads Extraction 

Principle of working of Magnetic Beads Extraction is same as the silica affinity 

extraction. The bead normally comprises of an iron oxide core with layers of silica 

coating on the surface as shown in Figure 2-3. The only difference between magnetic 

beads extraction and silica beads extraction is that there is no need of centrifugation step 

to separate particles and lysate solution. As shown in Figure 2-4, Magnetic force is used 

to separate DNA from contaminates. Only DNA binds to the silica surface of the 

magnetic particles, and the magnetic particles are collected along with nucleic acid. 

Finally the nucleic acids are extracted by standard wash and elute procedure. And 84% of 

recovery efficiency was reported by Yoza et al.[30]by using this technique. 
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Figure 2-3  “AccuBead
TM

  magnetic beads, silica coating of the iron oxide[31] 

 

Figure 2-4 Surface-Activated Dynabeads extraction procedure[32] 

 

2.2.6 Cesium Chloride (CsCl) Purification 

Cesium chloride (CsCl) and CsTFA are used as a gradient media for density 

gradient ultracentrifugation to separate nucleic acids and other macromolecules [33]. 

DNA, RNA, proteins, and lipid have different buoyant-densities and can be separated in 

equilibrium buoyant-density gradients in an ultracentrifuge [34]. RNA has a high buoyant 

density and will pellet in CsCl gradients [35] whereas DNA band formed can be collected 

from the centrifuge tube and extracted by alcohol precipitation. 

Resuspend the 

Dynabeads and 

pipette a chosen 

volume from the vial 

Incubate for covalent 

coupling of the 

ligand to the 

Dynabeads 

Add target 

containing 

sample 

Incubate for 

affinity binding of 

target  

Magnetic separation, 

remove supernatant 

Boil in SDS 

for PAGE 

Or elute pure, 

functional target 

protein 
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Despite high quality and high extraction efficiency of this method, CsCl gradient 

centrifugation is a labour-intensive, expensive and time consuming (up to 24-48 hours) 

method [36]. The relative centrifugal force (RCF) required can be up to 308,941 g-force 

(57,000 rpm) [37] and it is impossible to achieve based on current microfluidic 

technology. 

2.2.7 Alcohol Precipitation of DNA 

 

Most of bench-top DNA extraction technique list above includes an alcohol 

precipitation step at the end of the protocol to re-suspend nucleic acids in a more suitable 

buffer, solvents such as ethanol (75–80%) or isopropanol (final concentration of 40–50%) 

are commonly used in the presence of salt to precipitate nucleic acids [8]. 

The precipitation protocol normally uses salt like sodium acetate to neutralize the 

negatively charged DNA phosphate backbone. DNA becomes less soluble in water. 

According to coulomb’s law (Equation 2-1), with a much lower dielectric constant 

alcohol added, the overall dielectric constant become smaller and the force between 

phosphate groups and the positive ions from the salt added become stronger. This allows 

positive ions from salt added to interact with the negatively charged DNA phosphate 

backbone much easier and forming stable ionic bonds due to electrostatic attraction 

between two oppositely charged ions. This causes nucleic acids to precipitate from the 

sample solution [38].  
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Equation 2-1 Coulomb's law. q1,q2: phosphate backbone and positive ion  charge; r: separation 

distance; ε 0: electric constant; ε r:dielectric constant 

 

2.2.8 Other Extraction Methods 

There are also few other different extraction methods such as Hydroxyapatite (HA) 

based extraction [39] , ionic liquid direct (BmimPF6) extraction [40], Proteinase K 

extraction method [41], Alkaline Lysis and boiling method [42]. These methods are not 

discussed here either due to the low/inconsistent nucleic acids yield/quality or because the 

extraction procedure might leave behind many potential inhibitors that affects 

downstream applications [43].  

2.3 Microfluidic devices for Sample Preparation 
 

2.3.1 µTAS & Lab on a chip 

The concept of  lab on a chip (LOAC/LoC) or miniaturized total analysis systems 

(µTAS) as it is known today was first developed  by Manz et al. [44] in early 1900s. 

Manz and his co-workers successfully fabricated a completed chemical analysis system 

which incorporated sample treatment, separation and detection into a portable platform.  

µTAS was envisioned as a new way of chemical sensing [45] but this technique 

gradually gained more attention and branched off into several new fields and applications. 

The µTAS has been implementing in genomics, medical diagnostics [46], drug discovery 
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[47], biological [48][49], bio-chemical analysis [50], point-of-care testing [51] and many 

other different areas. 

The µTAS can precisely handle and analyse flow streams having microliter and 

even sub-microliter volumes [52] and has the advantage of minimal consumption of 

reagents, shorter reaction times, increased automation and reduced manufacturing costs 

[49]. The possibility of parallel operation, miniaturization of traditional large scale 

laboratory and automate the whole analysis process make this technology appealing to 

many researchers [49]. 

LoC technology has attracted a lot of attention from pharmaceutical industries in 

drug screening processes. Large quantities of enzymes/chemicals are used for 

experimenting the functionality and effectiveness of the substance against various 

diseases. These screening processes have to go through a very long development cycle 

and are normally very expensive. By the use of parallel processing and small quantities of 

drug candidates, LoC devices not only can speed up the drug discovery cycles but also 

can dramatically reduce the development cost in comparison with the traditional methods.  

Microfluidic technology as part of LoC technology also gained significant interest 

from both academia and industry for the sensing and diagnostic purposes. The intrinsic 

features of microfluidics make it a perfect LoC format to use as a Point-of-Care (PoC) 

diagnostic device (i.e. the medical testing at or near the location of patient without 

needing a clinical lab). Such microfluidic diagnostic devices will provide patients and 
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medical professionals a portable, affordable device with fast turnaround time of analysis, 

among other advantages [53] over traditional benchtop instrument.  

 There have been many companies that have introduced products to address 

different PoC disease diagnostics based on microfluidic technology. The microfluidic 

PoC product can be found for analysing Blood chemistries, respiratory infections, 

pathogen identifications, and HIV/AIDS related detection. There are also many more 

products focusing on different areas of interests that are currently under development [54]. 

Figure 2-5 shows few different portable microfluidic based PoC products for clinical tests. 

 

 

A B 

C 
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Figure 2-5 Images of microfluidics based PoC test devices: A) i-STAT portable clinical analyzer 

taken from http://www.abbottpointofcare.com/ B) Abaxis Xpress, taken from http://www.abaxis.com C) 

Biosite point-of-care testing test strip[55] 

 

2.3.2 Microfluidic chips for DNA Extraction 

In order to develop a nucleic-acid (molecular diagnostics) PoC microfluidic 

device and to be able to eliminate the interference of proteins and other cell debris on 

biosensor and achieve a reliable result, it is very important to have good quality and high 

purity of the DNA sample. There are many significant advances in development of DNA 

extraction device integrated with microfluidic technologies in order to address this issue. 

Various types of microfluidic DNA extraction chip published will be categorized and 

reviewed in this section.  

Liquid/Liquid Extraction  

 Liquid-liquid extraction in microfluidic device is done using phenol-chloroform 

extraction principle. A microfluidic Y junction configuration was proposed by Reddy et al. 

[56] to create a two phase flow. As shown in Figure 2-6A, a two phase flow between 

organic stream with phenol/ chloroform and an aqueous stream containing cell lysates 

was achieved through two inlet design. The protein and other cell debris partition to the 

interface between the organic and aqueous phases while the DNA stayed in the aqueous 

phase. Bovine serum albumin (BSA) was fluorescence tagged in order to visualize this 

precipitation (shown in Figure 2-6B).  

http://www.abaxis.com/
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 This technique proved the concept of microfluidic device for DNA extraction 

using organic extraction. However, Reddy et al. indicated that the complete removal of 

protein is not possible using this configuration due to limited interfacial area in the 

channel [56]. In addition, the intrinsic nature of phenol-chloroform extraction has 

determined the slow speed of extraction, and it would not be an efficient extraction 

process to use in a LoC microfluidic format.  

 

Figure 2-6 A) Two inlet design of two phase flow B) Two-phase flow DNA extraction [56] 

 

Solid Support Extraction 

Solid Support Extraction (SPE) or sometimes called Solid Phase Extraction (SPE) 

of nucleic acids has also been demonstrated in a microfluidic device. In this device the 

A 

B 
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principle of high affinity of nucleic acid to silica surface is used to extract DNA from 

other materials present in cell lysate. There are four different ways to achieve high 

contact surface areas between lysate solution and silica surface in a microfluidic device. 

Namely: (i) use of silica pillar structures, (ii) silica beads, (iii) magnetic beads and (iv) 

silica sol-gel matrix to increase surface-to-volume ratio of silica surface and achieve high 

extraction efficiency of DNA. 

 Silica Pillar Structure  

Figure 2-7A shows the features of silica pillars in the DNA extraction chamber 

that were created by using deep reactive ion etching (DRIE) of oxidized silicon 

wafer. By comparing DNA extraction quantity with a un-etched chip, Christel et 

al. [57] demonstrated that there is a direct correlation between the silica surface 

area and the binding capability of the device. They also confirmed the maximum 

DNA binding efficiency to the glass as 40 ng/cm
2
 reported by Vogelstein et al. 

[58]. In Figure 2-7B, similar techniques were employed in order to increase the 

silica surface areas further, thus increasing the capacity of the extraction chip [59]. 

One can also increase the surface to volume ratio by creating a more complex 

PMMA pillar structure using LIGA (lithography, electroplating and molding) 

process [60](Figure 2-7C), during this process, X-ray lithography is used to 

transfer designed pattern to PMMA photoresist on top of a conductive titanium 

layer deposited on the glass substrate. And the microposts are functionalized with 

chitosan and allow DNA binding in a pH-dependent manner [61]. 
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Both DRIE and LIGA fabrication process are robust and the pattern can be 

precisely controlled thus having high reproducibility. However, the processes are 

expensive as increasing silica surface is limited by the capability of 

micromachining process and which limits the efficiency of DNA extraction (<50% 

DNA recovery efficiency). In addition, the extraction efficiency is also limited by 

how well the lysate solution is in contact with pillars’ surface. In other words, for 

better extraction capability and extraction efficiency, this device should pack as 

many pillars as possible and the spacing between pillars should be as small as 

possible. Thus it will not be considered as a favorable technology due to its low 

yield and high cost.  

         

A B 
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Figure 2-7 A) Pillar structure created using DRIE in a DNA extraction chamber[57] B) Silica 

pillars in microfluidic channels[59] C) Micro pillars created using LIGA on a silicon chip[60] 

 

Silica Beads 

The idea behind packing silica particles into an extraction chamber is to achieve 

higher DNA extraction efficiency by dramatically increasing the silica surface 

area in contact with lysate solution. Packed silica particle for DNA extraction was 

first demonstrated by Tian et al. [62] by packing silica particles into a 500nL of 

capillary, roughly 70% of DNA is recovered from white blood cells and more than 

80% of the protein is removed in less than 10 minutes [62]. Their experiment also 

indicated that the DNA extracted using this method was free of PCR-inhibiting 

contaminants. Breadmore et al, [63] later demonstrated integration of silica 

particles with a microfluidic channel and immobilized using sol-gel method for 

DNA extraction (Shown in Figure 2-8) and achieved 67±10% recovery efficiency 

for λ-phage DNA. 

C 

20um 
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Figure 2-8 Silica particle immobilized with sol-gel in microfluidic channel [63] 

It is also important to note that there are significant differences in DNA extraction 

efficiency between the design of immobilized silica beads and free moving beads 

inside a microfluidic channel. Chung et al. observed that the extraction efficiency 

increased two-fold in the immobilized silica beads set-up comparing with the free 

moving beads set-up. With the addition of serum (protein) mixed with DNA as 

input sample, the amount of DNA extracted in immobilized silica beads set-up 

was an astonishing 88-fold higher than the one with the free moving silica beads 

[64]. The conclusion they draw from the experiments was that the free moving 

silica beads reduce the chance of interaction between DNA and the silica surface, 

thus the extraction efficiency decreases. With the addition of proteins, it further 

reduces the chance of DNA collision/binding with silica surface if the silica 

particles were not fixed. Also, the phenomenon was more evident when using the 

diluted/low concentration of DNA sample. This offers a guideline for designing of 

an ideal LoC device for performing DNA extraction: This device has to contain 

stationary silica support surfaces.  
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Other than sol-gel immobilization of particles another common practice, as shown 

in Figure 2-9, is to create physical barriers to retain silica beads into one specific 

chamber [65][66], and allowing the reagents to flow freely. Similar to silica pillar 

structure fabrication process, the device can be created by deep reactive ion 

etching (DRIE). 

 

Figure 2-9 Microfilter design for packing beads[65][66] 

Silica Matrix 

Instead of packing silica particles into a confined space for performing DNA 

extraction, Shaw et al. [67] injected potassium silicate into a glass capillary, and 

the sol-gel process formed a porous silica monolith after solidification. The 

network of silica monolith shows in Figure 2-10A has demonstrated ability of 

performing DNA extraction tasks. Later Wu et al.[68]improved the technique and 
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packed the sol-gel silica into a microchip to utilize the high surface area-to-

volume of silica sol-gel matrix for DNA extraction (Figure 2-10B). And the 

device was able to achieve 85 ± 7% of λ-phage DNA extraction efficiency and 68 

± 3% of genomic DNA extraction efficiency. 

  

Figure 2-10 A) Silica porous monolith[67] in a capillary tube B) silica porous network in a 

microchip[69] 

  

Other than using sol-gel to create a network of porous silica structure, researchers 

also explored the use of anodization technology to create porous silica structure 

on top of a silicon micro-channel (Figure 2-11). Various pore geometries, surface 

morphology and porosity can be achieved by adjusting the HF concentration,  

current density and etching time [70]. The microfluidic channel pattern is first 

defined using DRIE, a porous silica layer then is fabricated by anodizing the 

silicon channel surface in HF electrolyte. Finally glass wafer is anodically bonded 

with glass cover using silicon wafer bonder to enclose the microfluidic channel 

[70]. Chen et al demonstrated an average of 83±11.6% λ-phage DNA extraction 

using this technique. But their result also indicated 15% of extraction performance 

A B 
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drop after 5
th

 repetition. Considering that these devices are constructed on silicon 

substrate and cannot be reused after few times of use, they are significantly more 

expensive than a polymeric extraction device.  

 

   

Figure 2-11  A) Microfluidic porous channel device; B) Porous V channel, 80 mAcm
-2

 , 

Anodized in 30% HF, 15min   C)Porous rectangle channel, 80mAcm
-2

 , Anodized in 30% HF, 

15min [71] 

Magnetic Beads 

Instead of stationary solid silica phase, magnetic beads coated with silica were 

used to move DNA with lysate solution controlled by the movement of magnetic 

force. The microfluidic device constructed by Karle et al [72] shown in Figure 2-

12 is a great way to illustrate this dynamic solid phase extraction process. The 

lysed sample with beads and binding buffer are continuously injected into 

microfluidic channel, at this time DNA is bonded with the superparamagnetic 

A

A

B 

B

A

B 

C 
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beads. Washing buffer is then used to wash the protein and other debris into the 

parallel channel. The last step is addition of eluting buffer that allows DNA 

dissociation from the beads and is further collected for downstream applications.  

Unlike benchtop magnetic beads extraction, the magnetic beads are flowing with 

the lysate solution in a typical magnetic beads microfluidic extraction device, and 

it is very challenging to mix beads with lysate solution properly in a simple 

microfluidic configuration due to which this technique normally has very limited 

extraction rate. Karle et al only achieved 25% of extraction rate in their device. 

Additionally, generation of the magnetic field that controls the extraction process 

will be difficult to integrate with the microfluidic device.  

  

Figure 2-12 Schematic view of a continuous DNA extraction flow by using 

superparamagnetic beads[72] 
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2.3Summary 

In this chapter, various traditional benchtop and miniaturized platforms for DNA 

extraction were studied. All these platforms have their own advantages and disadvantages 

which make it difficult to choose a particular platform as ideal for all applications. To 

choose the proper technology for building a microfluidic device that fits our design 

criteria, all the advantages and disadvantages of different technologies are compared and 

weighted based on the following criteria: toxicity of chemicals involved, ease of 

automation and miniaturization, and extraction efficiency. Table 1 provides a summary of 

some of the advantages and disadvantages. The fact that silica solid phase extraction is 

very easy for LoC integration, high extraction efficiency, low cost and it does not require 

extra ethanol precipitation step makes it an ideal candidate.   

TABLE 2-1 Comparison of Nucleic Acid Extraction Techniques 

Technique Advantages Disadvantages 
Automation& 

Miniaturization 

Salting-out Quick, easy, low cost 
Efficiency & quality 

highly variable 
Easy 

CsCl High quality extraction 
Very time intensive, 

expensive 
Very Difficult 

Ion Exchange 

(Chelex) 
Quick, easy 

Consistency, Only 

extract ssDNA 
Easy 

Magnetic 

beads(silica) 

Low cost, high 

efficiency, PCR 

compatible 

Low extraction 

efficiency if uses 

LoC format 

Difficult 

Phenol & 

Chloroform 
Effective, reliable 

Toxicity, time 

consuming, require 

user expertise.  

Medium ( low efficiency & 

not possible for complete 

removal of protein) 

Silica solid 

support 

Low cost, high 

efficiency, PCR 

compatible, one step 

extraction 

Centrifugation 

machine is normally 

required 

Easy 
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A comparison table for different existing microfluidic extraction devices using 

SPE is summarized and shown in Table 2-2 below, which includes the DNA recovery 

efficiency and time required for different methods. 

 Table 2-2 Microfluidic Silica Affinity Extraction Comparisons 

Technique Recovery Efficiency Time Reference 

Silica resin 70% 10min [62] 

Magnetic particles 25% 1min [73] 

Silica micropillars 21%,50% 15min [74], [57] 

Silica beads, TEOS sol-gel 50-77% 15min [63], [75], [76] 

TMOS sol-gel 70-85% 30min [69] 

Porous Channel 83% 15min [71] 

 

It is easily seen that silica beads, silica beads/sol-gel hybrid, porous silica sol-gel 

and porous silica channel all can integrate into a microfluidic device and achieve high 

extraction efficiency. Compared with packed silica columns, the silica beads/sol-gel 

hybrid tends to be more stable over time, and therefore yields better reproducibility under 

optimized loading conditions. Thus focus will be given to silica sol-gel methodology to 

fabricate a microfluidic device that is cheap, disposable, reliable and has high extraction 

efficiency.  

In the next chapter, the top-down flow design configuration and polystyrene 

template method for creating macro/mesoporous silica monolith will be described in 

detail in order to optimize the silica surface-to-volume ratio for maximizing DNA 

extraction efficiency. 
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Chapter 3 Device Design and Principle 

3.1 Design Overview 

Health Canada’s guideline suggests that the Total Coliform Bacterial 

concentration in drinking water should bellow 10 cells per 100ml [77]. In recreational 

waters where the “primary contact” is through activities such as swimming, windsurfing 

and waterskiing, the maximum permissible E. coli concentration is 200 cells per 100ml. 

For “secondary contact” activities such as canoeing or fishing, the E. Coli concentration 

should below 1000 E. coli per 100ml [78]. It is also reported by Matthews et al that the 

typical concentration of pathogenic indicator microorganism (E. coli) in raw sewage is in 

between 10
5 

to 10
10

 cells per liter, Enterococci (indicator) is 10
6 

to 10
7
 cells per liter and 

Clostridium perfringens (indicator) is 10
5 

to 10
6
 cells per liter [79]. Any device used for 

monitoring water quality would be required to detect bacterial populations in the wide 

range as indicated above, spanning from close to drinking water level to the worst 

scenario - sewage water. And ideally it should be able to identify cells ranging from 10s 

of cells to 10
5 to 9

 cells in a 100ml of water sample. That means the device should have a 

detection range from pictograms to micrograms of nucleic acid, assuming the weight of 

nucleic acid in all indicator cells is the same as E. coli cells (0.117 pg per cell). 
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Therefore the design criteria for the extraction unit is set  for up to one microgram 

of nucleic acid extraction first and once the concept has been tested using biological 

samples, it will then be modified and optimized for achieving our detection goals.  

Typical microfluidic extraction devices uses an elution buffer size of 10μl -15μl 

and the elution buffer volume can vary from 2μl to 250μl depend on the technology used 

[60]. In order to reduce the time required for the whole extraction process and the 

chemical reagent consumption, the extraction chip has to be designed with a small dead 

volume that requires minimal elution buffer and other chemical reagents.  

3.2 Extraction Procedures 

Solid Support Extraction of DNA using silica has been chosen in this thesis as it 

offers a high DNA extraction efficiency, does not require any toxic chemicals and also is 

easy to automate and miniaturize in a microfluidic format as compared to other extraction 

processes. The microfluidic device for DNA extraction is illustrated in Figure 3.1. The 

chaotropic salt guanidine thiocyanate (GuSCN) is used as DNA binding buffer as it can 

achieve good DNA purification, where humic acid contaminant residual is very low 

comparing with other extraction & purification protocols [80], and it does not inhibit 

downstream PCR process. The cell lysate which contains DNA, protein and cell debris 

are mixed with GuSCN binding buffer and flowed through the porous silica monolith in 

the extraction chamber. The optimal DNA binding affinity with silica surface is created 

by controlling of the binding buffer pH under acidic conditions, where researches had 

found that the DNA adsorption rate increases significantly with the decreases of pH level 
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[81–83]. DNA attaches to the surface of silica while protein and other cell debris will 

continuously flow pass through the silica monolith and subsequently be collected at the 

outlet as waste. Finally, low concentration salt or water is infused through the main 

horizontal microfluidic channel wherein DNA will then detach from silica surface and be 

collected in the next chamber for uses in the downstream application like DNA 

amplification.  

 

Figure 3-1 Schematics of two step DNA extraction process, A) DNA Extraction B) DNA collection 

3.3 Sol-Gel Synthesis of Mesoporous Silica 

As explained in Chapter 2, the silica monolith created using TEOS sol-gel method 

can achieve high extraction efficiency similar to silica resins. With the addition of 

triblock copolymer, the crack-free silica structure allows yield better reproducibility 

comparing with packed silica column. This method is chosen here for synthesizing of 

mesoporous silica material. 
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3.3.1 Silica Extraction Principle 

In understanding the driving force and mechanism behind the DNA adsorption to 

silica surface, Melzak et al. [82] determined that there are three different competing 

effects, namely: (i) shielded intermolecular electrostatic force, (ii) dehydration of the 

DNA (iii) intermolecular hydrogen bond formation [82] that contribute to the overall 

driving force for adsorption. 

DNA and silica surface are both highly negatively charged, when high 

concentration of salt is added to the system, the ionic strength in the aqueous solution 

increases and the Debye length of the DNA and the surface decreases (Figure 3-2), and 

bulk of the liquid can gradually get closer to the charged surface. When the salt 

concentration reaches a critical level, the sorbent and adsorbent can get close enough and 

form intermolecular hydrogen bonds [81]. Decreasing pH value can also promote the 

binding between DNA and silica surface. Effect of decrease in pH value is equivalent to 

the protonation of both DNA phosphate backbone and the silanol groups on silica [82], 

and it significantly increases the binding sites for DNA interaction with the silica 

surface[81], that’s also why acidic condition was found to be optimal binding pH level 

instead of alkaline condition. 
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Figure 3-2 Illustration of the structure of the electric double layer and Debye length[84] 

As per the dehydration effect, Melzak et al. proposed the following equation for 

representing interaction between the DNA and silica surface:  

DNA (hydrated) + silica (hydrated) + conterions ⇌ neutral DNA- silica complex+ 

water 

With the addition of guanidine-HCl, the free water molecules in the solution decreases 

due to the formation of hydrated ions from the salt, and driven the reaction to the right 

direction, thereby increasing the affinity capability [81] of  silica.  

 When adding chaotropic salt such as guanidine thiocyanate into the cell lysate, the 

ionic strength increases and Debye length decreases between bulk solution and silica 

surface, and DNA in the bulk solution get close to the silica surface and forms hydrogen 

bonding when the salt concentration reaches a critical level. The addition of chaotropic 
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ions also destroys structure of hydrated shell consisting of water molecules and with the 

cation bridge formation that binds DNA molecules with silica surface. At the meantime, 

proteins are denaturized by chaotropic salt and subsequently washed away along with 

other contaminants. 

3.3.2 TEOS & Silica sol-gel 

The silica sol-gel process is a chemical hydrolysis and poly-condensation reaction 

from silicon alkoxide such as Tetraethyl orthosilicate (Si(OC2H5)4 ) to form SiO2 as the 

final reaction product. It essentially describes the change from dispersions of colloidal 

particles in a liquid solution (sol) state to a porous, interconnected, rigid silica network 

[85]. Tetraethyl orthosilicate (TEOS) consists of four ethyl groups attached to SiO4
4-

 ion 

and the chemical structure is shown in Figure 3-3. It is mainly used as a crosslinking 

agent in silicone polymers and as a precursor to silicon dioxide in the semiconductor 

industry [86]. Silica aerogel is another material developed via silica sol-gel process that 

attracts many researchers due to its excellent insulating, light weight and high specific 

surface area [87]. It is also used in the fabrication of hybrid material such as the 

inorganic/organic composite - TEOS/PDMS [88]. In addition, the sol-gel process is 

starting to gain more attention in DNA extraction and has been integrated with 

microfluidic device for DNA extraction purposes [68][63]. 
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Figure 3-3 Chemical structure of TEOS [Sigma Aldrich] 

3.3.3 Sol-Gel Chemistry 

TEOS (Tetraethyl Orthosilicate) is prone to being converted into silicon dioxide 

through hydrolysis and condensation reactions. The sol-gel process is initiated upon the 

addition of water, and resulting products are silica (SiO2) and ethanol. 

Si(OC2H5)4 + 2 H2O → SiO2 + 4 C2H5OH              Equation 3-1 

The first step of the reaction is the formation of silanol groups by hydrolysis of the 

alkoxide precursors, and a silica network is formed through the polymerization that 

occurs during alcohol condensation and water condensation. The polycondensation 

reaction leads to cross linked polysilicates which precipitate during the reaction [89].  

Hydrolysis: ≡ Si – OR + H2O ↔ ≡ Si – OH + ROH                                          Equation 3-2 

Alcohol condensation: ≡ Si – OR + HO – Si ≡ ↔ ≡ Si – O – Si ≡ + ROH       Equation 3-3 

Water condensation:  ≡ Si – OH + HO – Si ≡ ↔ ≡ Si – O – Si ≡ + H2O         Equation 3-4 

 The alcohol condensation and water condensation processes are uncontrolled and 

leads to poor ordered structure with broad range of pore sizes. In addition, Wolfe et al. 

found that the sol-gels alone did not yield good DNA extraction efficiency [63] as the sol-
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gel shrinks and forms a flow channel between the silica monolith and the channel wall 

(illustrated in Figure 3-4-B) and it can result cell lysate flow around the sol-gel structure 

instead of flow through it. Wu et al. explored the methodology to solve this problem by 

using Tetramethyl-Orthosilicate (TMOS) based sol-gel with polyethylene glycol as the 

porogen, but the pores created using this method are small (1.863nm to 3.324nm [90]) 

and Wu et al. observed that the pores can be easily blocked by cell debris in lysate 

solution and it can significantly reduce the DNA extraction efficiency of the device, 

especially when repeat extractions were performed in a single device [69]. 

    

Figure 3-4 A) monolith completely filled the capillary [91] B) Spacing between monolith and capillary 

formed a flow channel [92] 

Similar to Wu et al.’s methodology, a surfactant (Pluronic F127) template 

polymerization method can be used to control and guide the reaction in order to obtain 

well-ordered polysilicate structure [93], also minimize the effect of crack and shrinkage 

of silica sol-gel process. 

A B 
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3.3.4 Triblock Copolymer & Mesoporous Silica Structure 

Based on the International Union of Pure and Applied Chemistry (IUPAC) 

classification, microporous material have pore diameters smaller than 2 nm, mesoporous 

materials have pore diameters in between 2 nm and 50 nm and macroporous materials 

have pores with diameter larger than 50 nm [94].  

Zhao et al. first synthesized mesoporous silica by using non-ionic triblock 

polymers in 1997 [95], [96]. The material was characterized and using the naming 

convention abbreviation SBA-X (Santa Barbara Amorphous), where X corresponds to a 

specific pore structure and surfactant used. 

Non-ionic triblock copolymer, Pluronic F127 can be used as the structure 

directing surfactant for forming a well-ordered mesoporous silica structure. It consists of 

hydrophilic polyethylene oxide chains (PEO) and hydrophobic polypropylene oxide 

chains (PPO) shows in Figure 3-4.  

 

Figure 3-5 Chemical formula and properties of copolymer Pluronic F-127 (surfactant) [Sigma 

Aldrich] 

 

By carefully selecting the molar ratio of the water, butanol, Pluronic F127 system 

one could synthesize silica material with different periodic mesoporous structures such as 

two dimensional hexagonal and three dimensional cubic symmetry[97](Figure 3-5). The 
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molar ratio for this work is chosen to synthesize spherical pores in a body cubic center 

structure (SBA-160) [95].  

                        

Figure 3-6 Diagram of mesophase structures established based on XRD measurements by Kleitz et 

al[97] , the molar ratio Kleitz et al used is 0.0035 F127/x TEOS/y BuOH/0.91 HCl/117 H2O 

It is shown by Sakamoto et al. [98] that the pores in the SBA-16 mesoporous 

silica material were periodically ordered and it has the cage-like mesopores arranged in a 

three dimensional cubic body centered symmetry shown in Figure 3-6  [95], [98]. 
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Figure 3-7  3D arrangement of cavities and interconnection of SBA-16 [98],  Structure of periodic 

minimal surface of SBA-16 material[98]   

3.4 Colloidal Template (Soft-Template) Method 

The triblock copolymer mesoporous silica synthesis method however can create 

cubic body centered pores sizes ranging only from 2.1 -5.4 nm [99], which is difficult for 

2nm diameter DNA molecules to maneuver inside the porous media. And similar to 

polyethylene glycol synthesis method, the small sized pores can easily blocked by 

components in the lysate [69] and the small cavities also can potentially trap DNA and 

reduces the recovery efficiency. In addition, such extraction media also introduces high 

pressure resistance in the flow system. 

Colloidal template (soft-template) method for synthesizing macro/mesoporous 

silica material is used here to create a high surface-to-volume ratio silica surface for good 

extraction efficiency, and the ordered macroporous network formed can significantly 
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reduce the pressure resistance of the flow and allow easy attachment and elution of the 

DNA sample.  

The soft-template method for synthesizing porous silica material can preserve the 

long range periodicity of the negative replica structure from the soft-template [100], and 

the size of the uniform hexagonally structured pores can be easily controlled by varying 

the size of template particles. In addition, the size of macropores can be easily adjusted by 

heat annealing of the polystyrene template to form interconnections between particles. 

The highly ordered and controllable periodically arranged silica structures created can 

potentially enhance the repeatability and efficiency of DNA extraction process comparing 

with other sol-gel silica method, and enables the DNA extraction device for multiple time 

uses. This method however has never been integrated with any microfluidic system or for 

DNA extraction. In the following sections, a simple but novel technique to create and 

integrate the porous silica cartridge with a microfluidic chip for DNA extraction will be 

outlined.  
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Porous silica filling material obtained via colloidal crystal template is achieved by 

first packing monodispersed polystyrene particles tightly together, and then filling the 

silica sol-gel in the space between the particles. After the solidification of the gel, the 

polystyrene template will be removed to form high degree of interconnected pores with 

periodicity. 

3.4.1 Filtration Assembly 

Self-assembly is a process where disordered components spontaneously form a 

well-defined three dimensional ordered geometry [101] and it is described by Grzybowski 

et al. as the ultimate dream for lazy scientist to let the forces of nature to assemble 

components into a desired structure [102].  

 

Figure 3-8 Classification of self-assemblies based on the size or nature of building blocks[103] 

Self-assembly can be categorized by the size/nature of the building block as 

shown in Figure 3-7, there is atomic self-assembly that describes the phenomena of self-

assembly at atomic level, molecular self-assembly such as DNA self-assembly and 

colloidal self-assembly which is deals with self-assembly of larger building unit [103]. 

The initial testing has indicated that with the use of 2.8μm polystyrene template one can 
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create silica interconnect pore sizes of 100 nm, which is well above the physical size of 

DNA (2 nm in diameter). In other words, micrometer sized polystyrene can be used as 

template for creating a porous silica structure that allows the free movement of DNA 

inside the monolith during elution step. The method for colloidal self-assembly and the 

soft-template creation and synthesize of macro/mesoporous silica will be explored in the 

following sections. 

Development of the self-assembly approach to construct a new, functional 

material and device is based on the bottom-up approach, unlike the top-down approach 

which start from a complex structure and dismantle it into smaller components 

(Photolithography) [104]. The bottom-up approach will be starting from the self-assembly 

of building block and eventually build towards a more complex structure. The bottom-up 

approach is chosen due to its advantages of experimental simplicity, possibility of three 

dimensional assembly and potential for inexpensive mass production [105]. 

Two dimensional ordered patterns of particles can be created by utilizing the 

attractive capillary forces between substrate and particles, examples are: Dip coating/float 

transferring [106], electrophoretic deposition [107], [108], physical and chemical 

template [109], spin coating [110], [111] and Langmuir-Blodgett [112–114].  

The patterning of long range periodic three dimensional structures can be done 

through different types of techniques, such as sedimentation, filtration, centrifugation and 

slit filling as illustrated in Figure 3-8. Sedimentation of the particle is the easiest and the 

slowest process among different assembly methods. Filtration and centrifugation 
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processes are utilized to speed up the sedimentation process. Slit filling is also very 

effective way to pack particles into a thin slit between two plates by filtering particle 

suspension [115]. 

 

Figure 3-9 Schematics representation of different 3D colloidal crystalline methods[116]  

 The design criteria for this assembly device is to be able to simultaneously 

assemble particles in multiple chambers, allow wash and easy infusion of different media 

(i.e. silica sol-gel) material and should be able to easily integrate with different parts of 

microfluidic device components. Filtration fits all the above design criteria and therefore 

was chosen. 

In order to test this concept, a single filtration assembly chamber will be 

fabricated, which is comprised of a through-hole PDMS chamber and a porous 

polycarbonate membrane (shown in Figure 3-9). The chamber formed can accumulate 

particles and the membrane at the bottom allows pressurized removal of the liquid.   
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Figure 3-10 Filtration chamber 

A single chamber assembly and integration will be demonstrated in the Chapter 4 

of this thesis, and the concept of multiple chamber assembly will also be tested as proof 

of concept at the end of Chapter 4. 

3.4.2 PDMS Mold Design & Suction Device Design 

PDMS through-hole (Figure 3-10-B) can be fabricated by using a rapid prototyped 

mold (Figure 3-10-A). PDMS is cast into a mold and the inverse feature is transferred to 

the PDMS once it is cured. Another rapid prototyping mold is also created to apply 

suction pressure uniformly over the entire assembly chamber as shown in Figure 3-11. 

The process of assembly is as follows, the through-hole PDMS piece is first bonded with 

porous polycarbonate membrane to form the particle assembly chamber, and it is tightly 

secured in between a rapid prototyped suction mold and a cap to create a good contact of 

two surfaces. The rectangular 1mm by 1mm pressure channel inside the suction device is 

split into four smaller circular channels with diameter of 0.6mm to allow uniform 

pressure distribution to the opening area of through-hole PDMS when suction is applied 
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using a syringe pump. Details fabrication process of through-hole PDMS and assembly 

experiment set-up will be discussed further in Chapter 4. 

Figure 3-11 PDMS through-hole mold and PDMS through hole replicate 

Figure 3-12 Suction device for corresponding through-hold PDMS piece 

3.4.3 Macro/mesoporous Material: Soft-Template Method 

The soft-template method will be used to create highly ordered macropores on top 

of mesoporous material to form a macro/mesoporous material. As shown in Figure 3-12, 

polystyrene particles in ethanol solvent are first assembled inside the PDMS through-hole 

chamber. The silica sol-gel solution contains surfactant can fills the space in between 

polystyrene microspheres with the help of polystyrene microspheres acting as the 

templates. Finally the polystyrene template is removed after the infiltration and 

solidification of the silica gel and the inversed silica skeleton is left behind which 

contains mesoporous features defined by the triblock copolymer Pluoronic F127 

3mm 

3mm 
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surfactant, and the macroporous features which results after the removal of polystyrene 

templates.  

 

Figure 3-13 Schematics of template method for making porous silica monolith 

3.5 Microsphere Size & Total DNA Binding Capability 

The device is also designed to be able to continuously collect large amount of 

DNA sample. The total silica contact surface area has to be large enough to capture 1μg 

of DNA as explained at the outset. Based on the maximum binding efficiency of 

40ng/cm
2 

[58][117] to glass, the total silica surface inside the extraction chamber has to 

be larger than 25 cm
2  

to achieve the 1μg of DNA extraction goal. 

In order to have a small elution volume and a faster extraction speed, the 

corresponding extraction chamber should be also small. Our design uses 1.8 mm
3 

extraction chamber sizes with dimension of 3mm×1mm×0.65mm. As we can see from 
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Table 3-1, with the decrease of the assembled particle size from 9μm to 1μm, the 

theoretical maximum packing fraction (porosity) and the dead volume of the device 

remains constant. However, the number of particles that can be packed in one extraction 

chamber significantly increased, thus the total available silica surface for DNA binding 

increased significantly. Any monodispersed polystyrene microsphere smaller than 9μm 

can be used as soft-template for synthesizing porous silica monolith that’s capable of 1 μg 

DNA extraction, the particles also need to be larger than 1μm for easy visualization of 

self-assembly during development stage of design. In this thesis, 3μm polystyrene 

microspheres were chosen as it offers a total of 75.8 cm
2
 silica surface for 3μg of DNA 

binding (factor of safety: 3). The top-down flow configuration is illustrated in Figure 3-13, 

two separate microfluidic channels are placed on top and connected to the extraction 

chamber to form a complete microfluidic system. The total combined dead volume of 

extraction chamber and microfluidic channel is calculated to be 0.87 mm
3
 (0.87 μl). 

Typical dead volume/elution volume required for commercial available silica based 

extraction kit can ranges from 2ml to 24ml or even higher (Norgenbiotek kits). In contrast, 

5-10 μl of elution buffer should be sufficient for flushing DNA out of our microfluidic 

system at the end.  
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Figure 3-14 Illustration of top-down flow configuration (not to scale) 

Table 3-1 Relation between PS particle size, total silica surface, total DNA binding capability and 

dead volume 

Size (μm) Porosity No. of Particle Silica surface (cm
2
) Total DNA(μg) Dead volume(mm

3
) 

1 0.74 1.81E+09 22.7 9.10 0.87 

3 0.74 6.70E+07 75.8 3.03 0.87 

5 0.74 1.45E+07 45.5 1.82 0.87 

7 0.74 5.28E+06 32.5 1.30 0.87 

9 0.74 2.48E+06 25.3 1.01 0.87 
 

     

 

3.6 Synthesis of Polystyrene Microsphere: Dispersion 

Polymerization 

Highly monodispersed polystyrene particle size ranging from 1 to 10 micrometers 

can be synthesized by using dispersion polymerization process [118]. Figure 3-14 shows 

a schematic for the particle growth from a nucleus due to reaction between initiator and 

monomer molecules, which reaches a stable spherical state in the presence of polymeric 

stabilizers [119]. Initiator decomposes at the right temperature and the free radicals are 

formed that react with styrene monomers and form oligomers. The growing oligomer 

chains then aggregate and absorb stabilizer until a stable particle nucleus is formed. The 

polymerization and the growth of particles continue until all surrounding monomers are 

consumed [120].  

The synthesis process normally comprise of the following chemical components: 

monomers, water-insoluble initiator and stabilizer, and all components should be 

dissolved in the polymerization medium such as alcohol. The experimental procedures for 
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creating monodispersed polystyrene microspheres and the recipe used will be detailed and 

listed in Chapter 4. 

 

Figure 3-15 Schematic representation of nucleation and growth in a dispersion polymerization [121] 

3.7 Size Control of Macro-pores 

The monolith can be considered as a macroporous material due to the fact that 

larger than 50nm interconnected pores are present. However, the process cannot 

guarantee a complete interconnection everywhere as shown by initial tests (section 4.7.2). 

Heat treatment can be performed before the infiltration of silica sol-gel step in order to 

control interconnect pore size and to ensure interconnects are present throughout the 

monolith.  

As illustrated in Figure 3-15, polystyrene particles become soft when the 

annealing temperature exceed its glass transition temperature of 95
o
C [122] and the 

particle contact spot eventually melt and forms connection between particles when 
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temperature increases further. As a result, the macro pore size increases after removal of 

template due to the silica sol-gel solution can no longer infiltrate the merged part of the 

polystyrene particles. The process of identifying the appropriate temperature and 

annealing duration for achieving interconnected pores throughout silica monolith will be 

presented in next chapter. 

                                  

 

Figure 3-16 Dual macro/mesoporous silica monolith 
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3.8 Summary 

A highly ordered macroporous silica structure to be synthesized by using TEOS 

sol-gel and soft polystyrene template methodology was designed for DNA extraction 

module. Fabrication process for integrating the monolith with the microfluidic channel 

was also developed. 

Overall schematics of the microfluidic device are outlined in Figure 3-16. The 

PDMS mold will be printed using rapid prototyping machine, the through-hole PDMS 

will be replicated using printed mold and bonded with porous membrane by oxygen 

plasma and microcontact printing technique. Monodispersed polystyrene particles will be 

used to form closed packed assembly inside the through-hole PDMS and heat treatment 

will be used to control interconnection of particles. Silica sol-gel will then fill the voids 

between microspheres. Finally the microspheres will be removed to achieve the 

macro/mesoporous structure within silica monolith. 

At the same time, the silicon master mold will be made via photolithography 

patterning, and microfluidic channels will be replicated using PDMS as before using soft-

lithography. In the final step, the top microfluidic channel will be bonded with the bottom 

extraction chamber containing silica monolith to enclose the channel and the silica 

extraction chamber. The fabrication process will be discussed further in details in Chapter 

4. 
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Figure 3-17 Schematics for device fabrication 
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 Device Fabrication and Chapter 4

Experiment Set-up 

4.1 Introduction 

The overall design and principle were presented in the last chapter, and in this 

chapter the detail fabrication process of the microfluidic device will be discussed, as well 

as materials and method used during fabrication of microfluidic device and the 

macro/mesoporous silica material.  

Monodispersed polystyrene microspheres are first synthesized and then assembled 

inside the extraction chamber. This assembly is used as the soft-template for the 

fabrication of the porous silica monolith. The size of pores in the monolith is controlled 

by heat treatment of the polystyrene microspheres. The silica sol-gel is mixed and filled 

the interstitial space between the polystyrene particles to form macro/mesoporous silica 

skeleton. Finally, thermal decomposition removes the polystyrene microspheres template 

and forms macro/mesoporous silica network.  

The optimum temperature and duration for heat annealing of polystyrene 

microsphere monolith is presented at the result section, different methods for removing 

polystyrene templates are also explored and documented to justify the reason why 

thermal decomposition method is used for polystyrene template removal. Finally, 

characterization of the final macro/mesoporous silica structure is done by using N2 

isotherms, Thermogravimetric Analysis and Scanning Electron Microscopy. 
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4.2 Materials  

4.2.1 PDMS (Polydimethylsiloxane) 

SYLGARD
®
 184 PDMS (Polydimethylsiloxane) (Dow Corning, Midland, MI) 

was used at 1:10 curing agent to prepolymer base ratio. The curing agent is the cross 

linker used to form long polymer chains of the monomer when mixed with polymer base. 

The material has been widely used in the field of microfluidics due to its superior 

properties like transparency, biocompatibility, user defined stiffness [123] and the ability 

to routinely generate patterns with feature size down to 100nm[124] by using standard 

soft lithography procedures which do not require access to clean room facilities.  

4.2.2 Silica Sol-gel 

 TEOS (Tetraethyl orthosilicate) was used as a silica source, and triblock 

copolymer surfactants (Sigma Aldrich), Pluoronic F127, was used as structure directing 

agent. The silica sol-gel solution was mixed based on recipe reported in the literature, 

TEOS:n-Butanol:Ethanol:H2O:HCl molar ratio of 1:3:4:4:0.04 [125]. The triblock 

copolymer surfactant F127 was dissolved in n-butanol/EtOH to make 30 wt% solutions. 

The sol-gel solution was formed through hydrolysis and condensation as 

explained in the last chapter and it was used to fill the interstitial space between 

assembled polystyrene microspheres after 24 hours of aging at 50°C. 
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4.2.3 Filter Membranes 

 

Figure 4-1 A typical Anodic Aluminum Oxide (AAO) membrane[126](a) Top view (b) Cross-sectional 

view  and a typical Polycarbonate(PCTE) membrane (c) Top view (d) Cross-sectional view [127] 

There are few different types of membranes that can be integrated with PDMS 

based microfluidic devices, (i) Anodic Aluminum Oxide (AAO) membrane-Hydrophilic 

membrane (Figure 4-2 A&B); (ii) Polycarbonate Track Etch (PCTE) membrane-

Hydrophobic membrane, and (iii) Polyvinylpyrrolidone (PVP) coated PCTE- Hydrophilic 

membrane. It was observed that the polystyrene microsphere self-assembly was more 

uniform on hydrophilic membranes comparing with a hydrophobic membrane. In addition, 

compared with hydrophilic AAO membrane, hydrophilic PCTE membrane is much 

thinner (10 𝜇𝑚 thickness) and cheaper. Thus PVP coated PCTE membrane was chosen to 

create a through-hole PDMS piece. 

PVP coated PCTE membranes with various pore sizes were purchased from 

Sterlitech Corporation. The pore density for 2 𝜇𝑚 PC membrane used is 2 x 10
6
 pores 

/cm
2
, typical water flow rate through the membrane rated up to 300 ml/min/cm

2
. And the 

membrane can be easily bonded with PDMS material by using microcontact printing 

process with the use of PDMS glue and Oxygen plasma treatment of PDMS surface. 
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4.3 Fabrication Method 

4.3.1 Photolithography 

Photolithography is a widly used technique in microfabrication process. In this 

process, the light-sensitive chemical “photoresist” is first coated on a silicon wafer. UV 

light transfers a desired pattern onto photoresist through a photomask. With the use of  

negative photoresist, unexposed regions can be selectively removed by using developer, 

and for a positive photoresist, exposed pattern can be removed by using developer after 

exposure [123], [128], [129].  

4.3.2 Soft-Lithography: Replica Molding 

The term soft-lithography was coined by Whitesides and his coworkers[130]. It 

was first introduced by Xia et al [131]. A negative replica of the photoresist master mold 

can be generated by casting uncured PDMS, and the patterns will transfer from the master 

mold to PDMS when PDMS is cured. Unlike traditional method such as etching in glass 

and silicon, soft-lithography dramatically simplified the process of fabrication, reduced 

time and cost for a cycle of design and testing. It also provided a faster, less expensive 

and reliable mean to do device fabrication outside of the clean room environment [132]. 

4.3.3 Rapid Prototyping-3D Printer 

Photolithography technique is best suited to define patterns in photoresist that are 

few micrometers in height. Although features up to few hundred micrometers have been 

constructed using photolithography, the process becomes very time consuming and labour 

intensive. The rapid prototyping machine (3D printer) however offers a much easier 
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process albeit with lower resolution. The fast prototyping mold was first designed in 

AutoDesk Inventor software, and the 3D printer will then uses the design to inkjet the 

acrylic polymer to build the part line by line. 

Projet HD3000 (Agile Manufacturing Inc., Uxbridge, Ontario) fast prototyping 

printer was used for creating master molds used for making through-hole PDMS 

(Polydimethylsiloxane) pieces. The acrylic polymer used in the machine was Visijet 

EX200 and the high resolution printing mode was used to provide an accuracy of 0.025-

0.05 mm of part dimension and 29 micron print resolution [133]. 

4.3.4 Soft-Lithography: Microcontact Printing 

Microcontact printing (or μCP) technique uses a stamp with relief features to 

transfer an ‘inked’ material onto a different substrate. Typically a PDMS replicated mold 

is used as stamp to transfer a thin layer (200-500 nm) of uncured PDMS glue onto a 

different substrate with certain pattern. With the use of 50W, 50 second of oxygen plasma 

treatment for PDMS surfaces, this coated substrate can be permanently bonded to another 

PDMS substrate by bring two flat surface together [134]. 

Microcontact printing method was used to effectively bond the through-hole 

PDMS piece with a polycarbonate porous membrane, they were then bonded between top 

microfluidic channel PDMS and bottom blank PDMS pieces for enclosing the micro-flow 

channels. 
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4.4 Fabrication of Microfluidic Channels  
   

 

Figure 4-2 A) Photomask design B) Photo lithography: silicon master mold fabrication C) Soft 

lithography: PDMS channel replication 

In order to pattern microchannels on a silicon wafer, photomask was first designed 

in AutoCAD software (Figure 4-2A), a microfluidic channel pattern with total length of 

20 mm, width of 200 𝜇𝑚 and a center 2mm stop block was transferred to a 3 inch wafer 

via photolithography process (Figure 4-2B), the detail parameter and receipe for the 

photolithography process to fabricate 100 𝜇𝑚  height channel features using SU8-100 

photoresist is documented in the Appendix II. Finally the microchannel features were 

transferred to PDMS polymers through soft lithography procedure (Figure 4-2C). 

4.5 Synthesis of Mono-Dispersed Polystyrene Microspheres 

In order to assemble the polystyrene soft-template, first the monodispersed 

polystyrene microsphere has been synthesized by dispersion polymerization[121]. A 

modified drop-wise monomer feeding procedure for synthesizing monodispersed 

A 
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polystyrene microsphere developed by Qi et al. [135] has been adopted in the following 

synthesizing process to create  larger than micrometer sized  polystyrene microspheres. 

 

Figure 4-3 Synthesis of monodispersed polystyrene microspheres set-up 

Styrene (St) (99%, Sigma-Aldrich) was filtered by using Inhibitor remover 

(Sigma-Aldrich, 306320) to remove the inhibitor, and the filtered solution was stored in 

refrigerator before uses. As initiator, peroxide compound, benzoyl peroxide (BPO) (>98%, 

Sigma-Aldrich), was used as received. Polyvinylpyrrolidone (PVP-40) (Sigma-Aldrich) 

was used as the stabilizer and anhydrous ethanol was used as the dispersion 

polymerization medium. 

There are few parameters that are the important to successful synthesizing of 

monodispersed microspheres, namely reaction time, stabilizer concentration and feeding 

rate: 

87.5ul/s 
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Reaction Time: the polystyrene particle size is dependent on the reaction time, 

the size increases deeply at the early stage and then gradually increases until it reaches 

saturation point[136]. The 12 hours of stirring at the end of reaction ensures all particle 

size reaches saturation. 

Stabilizer Concentration: Lee et al. demonstrated that with PVP concentration 

relatively to the monomer weight of 2wt% [118] is best for producing monodispersed 

polystyrene microspheres when using amphoteric initiator. Polystyrene particle size 

decreases as the concentration of PVP increases due to the increase of primary nuclei in 

the beginning of polymerization.[136] 

  Feeding Rate: Styrene and BPO mixture feeding rate were chosen based on Fig-5 

of Qi’s work[135]. For instance, optimal feeding rate of 87.5ul/s is used when 

synthesizing 3.45 𝜇𝑚 sized polystyrene microspheres. 

Ethanol and PVP-40 were mixed and placed inside the three neck flask. The 

polymerization temperature was precisely controlled at 70 °C by using an oil bath.  Once 

the solution was well mixed and reached desired temperature, styrene and BPO mixture 

then were delivered into the system under nitrogen atmosphere via a syringe pump. The 

reaction was carried out for 12 hours with constant stirring. The final solution was 

centrifuged at 3,500 rpm to eliminate any unreacted chemicals, and polystyrene 

microspheres were then re-suspended in ethanol. Brookhaven Dynamic Light Scattering 

(DLS) with BI-9000AT auto-correlator and 35 mw laser was used to analyze the size and 
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the polydispersity index (PDI) of the polystyrene microspheres. The recipe and result are 

given in Table 4-1 as following. 

Table 4-1 Recipe for preparing monodispersed polystyrene microspheres 

Size\Ingredients Styrene(g) Benzoyl Peroxide(g) PVP 40(g) Ethanol(g) RPM PDI 

1.12 𝜇𝑚 6 0.006 0.18 18 200 0.147 

3.45 𝜇𝑚 32 0.472 0.96 68 500 0.11 

 

The polydispersity index effective (PDI) showed in above table is a measure of 

the size distribution for width of polystyrene particles resulted from DLS test. A low 

polydispersity value indicated a narrowly distributed particle size, 3.45 𝜇𝑚 polystyrene 

microsphere monodisperse to 0.11 and 1.12 𝜇𝑚 polystyrene microsphere monodisperse to 

0.147 were synthesized by using this drop-wise dispersion polymerization process. 

4.6 Suction Assisted Approach for Assembly 

 

4.6.1 Through-hole PDMS Piece Fabrication Standardization 

Figure 4-4A illustrated the process of fabricating a through-hole PDMS feature by 

using a rapid prototyping mold. PDMS was cast on the rapid prototyped printed mold 

(Figure 4-2B) and a glass slide was used to cover the top to create a smooth PDMS 

surface, which can subsequently bonded with a polycarbonate membrane. Two flat 

aluminum plates were used to clamp the glass slides tightly, and the glass slide on top 

was closely in touch with the printed feature which resulting a through-hole at the center 
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of PDMS piece. Finally, the PDMS was cured at 60
o
C for 3 hours, and the through-hole 

PDMS piece was peeled off carefully from the rapid prototyping mold. 

.    

 

Figure 4-4 A) Fabrication process of PDMS through-hole feature B) Inventor mold design 

The PDMS through-hole/extraction chamber is designed to have a 0.65 mm thick 

through-hole with an openning of 2.79 mm
2
 to achieve 1.81 mm

3
 chamber volume as 

specified in Chapter 3. However the top PDMS openings were always partially blocked 

by a thin PDMS film on the top side (Figure 4-5B). A complete PDMS film can even 

form if the fast prototyping mold bended due to thermal expansion during the curing 

3mm 
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phase (Figure 4-5A).  This problem has to be solved in order to create a uniform pressure 

distribution for polystyrene microspheres assembly. 

 

Figure 4-5 Problems when using 3D printed mold to make through-hole PDMS 

The procedure has been standardized in order to create a better through-hole 

PDMS part as illustrated in Figure 4-6. A transparency film was introduced in between 

the glass slide and fast prototyping mold for easier removal of cured PDMS, the center 

feature of the mold was designed 10-15 𝜇𝑚 higher than the edge to ensure the feature will 

be tightly in contact with transparency and glass slide on top. And the curing temperature 

was set at 50
o
C to prevent deformation of acrylic material. In addition a flat glass slide 

was used to remove excess PDMS from the fast prototyping mold before sandwiching the 

mold in between two glass surfaces. 
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The new standardized procedure yield significant improvements of the fabricated 

through-hole PDMS piece. Three new fast prototyping molds were printed and tested to 

verify the standardized procedure can generate a good and consistent through-hole PDMS 

piece every time. And three through-hole PDMS pieces were prepared from each mold. 

Then the feature surface area of the mold and corresponding opening area for each PDMS 

Figure 4-6 Standard procedure of making through-hole PDMS by using a 3D printed part 
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replicate were measured and compared (Figure 4-7). It is seen that the opening of 

through-hole PDMS created using this procedure can match average 95% opening areas 

from fast prototyping mold (Table 4-2), and the majority of unwanted extra PDMS film 

was eliminated.  

 

Figure 4-7 Measuring mold feature (left) area and PDMS opening area (right) using ImageJ software 

Table 4-2 Consistency of printed mold and PDMS through-hole replicate 

 

Part1 Part2 Part3 Average 

Printed Area (mm^2) 2.6254 2.5368 2.478 
 

Average PDMS area (mm^2) 2.5309 2.3821 2.3111 
 

Actual (PDMS)/Printed (%) 96.40% 93.90% 93.26% 94.52% 

 

4.6.2 Experiment Set-Up for Polystyrene Microsphere Assembly 

After through-hole PDMS piece was created, microcontact printing was used to 

attach the 2 𝜇𝑚 pore sized polycarbonate membrane (Sterlitech Corporation, 

PCT2013100) onto the through-hole PDMS piece.  
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Figure 4-8 Through-hold PDMS part bonded with PC membrane (20 𝜇𝑚 pore size polycarbonate 

membrane) 

A thin layer of PDMS was obtained by spinning PDMS pre-polymer (base/curing 

agent: 10:1) on the silicon wafer at 8000 rpm for 2 minutes, the through-hole PDMS 

piece was placed on the thin uniform PDMS pre-polymer and lifted off, the polycarbonate 

porous membrane which has uniformly distributed 2 𝜇𝑚 pores was carefully placed on to 

the through-hole to form the bottom filter membrane for the assembly chamber. The 

pores that came in contact with PDMS glue during microcontact printing were blocked 

and only the ones located within the through-hole opening were left open (Figure 4-8). 

The open region of polycarbonate membrane will be used as filter membrane to 

accumulate polystyrene particles in the chamber.  

 

Figure 4-9 Suction mold 

 

3mm 
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As shown in Figure 4-9, a fast prototyping suction mold has been designed and 

fabricated to supply an uniform negative suction pressure to the openning pore region of 

the through-hole PDMS piece using a withdraw syringe pump. The syringe was 

connected to the inlet of suction mold using TYGON tubing, when the syringe pump 

starts its withdrawing motion, the negative pressure created was distributed to the pore 

opening evenly through 4 smaller split channels inside the suction mold. A 8.5mg/ml 

concentrated polystyrene microspheres solution in ethanol was used, and it was sonicated 

for 5 minutes before using. The additional infusion syringe pump was  used to 

continuously delivering polystyrene particles through a BD 30G1/2" needle positioned on 

top of assembly chamber using a micro-positioning stage (refer to Figure 4-10), a small 

stirrer bar has been placed inside the infusing syringe tube and stir plate was used to 

agitate the solution to avoid the sedimentation of polystyrene particles. 

The surface of fast prototyping suction mold was coated with PDMS to make a 

good contact in between through-hole PDMS substrate and the mold. It ensures the seal in 

between two parts are good and no pressure leakage in between those two PDMS surfaces 

when suction is applied. 
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Figure 4-10 Pressure assisted beads assembly experiment set up 

 Delamination between polycarbonate membrane and PDMS occurs when 

withdraw rate applied to the system was higher than 0.5ml/min during assembly (Figure 

4-11). The polycarbonate membrane can still deform even at a slower withdrawal rate. To 

eliminate this problem, a small piece of 0.1µm pore sized AAO membrane was added in 

between PDMS through-hole piece and the suction mold to increase the stiffness of the 

membrane and prevent any deformation/delamination might occur when applying suction. 

With this modification, withdraw speed can be increased up to 0.8 ml/min without 

affecting the bonding and the shape of polycarbonate membrane, and 0.7ml/min withdraw 

rate were used during all assembly procedures unless otherwise stated. 

In addition, infusion syringe pump was stopped every 3 minutes and 2.5μl pure 

ethanol was manually deposited in the particle assembly chamber to help better assembly. 
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With the use of 0.7ml/min withdraw rate and 8.5mg/ml polystyrene solution, the filling 

process normally takes 20 minutes for completion. 

 

Figure 4-11 Delamination of polycarbonate membrane 

Once the polystyrene microspheres filled the whole assembly chamber, a flat glass 

slide was used carefully to remove excess amount of particles. Finally, additional low 

concentration (<0.5mg/ml) of polystyrene microsphere solution was applied to make the 

top surface of the assembly smooth, fill any voids caused by the removal process. 

4.7 Thermal Annealing of Polystyrene Monolith 

To ensure the monolith is one solid structure and the pores are interconnected 

throughout the monolith after removal of polystyrene template, the assembled polystyrene 

monolith was treated in an annealing oven. By varying the annealing time and the 

temperature, one could control the interstitial spaces between polystyrene particles. As 

illustrated in Figure 4-12, the interstitial space between polystyrene microspheres 

becomes smaller when the annealing duration increases. Since the interstitial space 

between particles will be filled by silica sol-gel material, annealing process can be used to 

control the macropores in the final silica monolith. The effect of heat treatment on the 
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polystyrene monolith was investigated by varying the temperature and the time duration. 

SEM images of top surface, bottom surface after removing polycarbonate membrane and 

the center of the monolith were taken after the annealing for analysis (three different 

locations are shown in Figure 4-13). The contact length between adjacent particles and 

the area of interstitial space in between particles were then measured to characterize the 

annealing process and its effects. 

                       

Figure 4-12 Monolayer of PS particle (3.4𝜇𝑚) annealing (107
o
C) with various time duration (10min, 

20min, 30min, 40min) 

 

Figure 4-13 SEM imaging locations 

The glass transition temperature for polystyrene material is 95
o
C[122], therefore 

temperatures ranging from 90
 o
C up to 124

 o
C were used in experiments to investigate the 

control of interstitial spaces. This range covers temperature from below the glass 
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transistion temperature to that well above it. and the temperature difference between 

heating substrate and the air was measured using thermostats (Appendix I), and it was 

noticed that the temperature of the heating substrate was on an average of 4.7
o
C higher 

comparing with the air temperature.  

Samples were subjected to various duration of annealing from 10 minutes to 40 

minutes, and ImageJ software was used to measure the contact length between adjacent 

particles: d and the interstitial space area for different samples (Figure 4-14). 

 

 

                                        

4.7.1 Results 

Scanning Electron Microscopy studies of the monolith formed have been 

conducted and are summarized into Table 4-3. It can be seen that particles remain in 

contact but have not melted when annealing temperature was below 95
o
C as shown in 

Figure 4-15. SEM images were not taken for these temperatures conditions due to the 

looseness and non-conductivity nature of the particle. Particle in the bottom surface of the 

polystyrene monolith started melting and bonding with one another when temperature 

Figure 4-14 Measurement of the contact length between adjacent particles: d and interstitial space 

areas (7, 10, and 11) 

1.5um 
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used slightly above glass transition temperature (98
o
C), but the particles at the center 

were still unbonded. Heat was able to penetrate the monolith deeper from the bottom 

surface towards the top surface at 107
o
C, and it was seen that the particle at the bottom 

surface particles all merged together and formed hexagonal patterns when duration 

increased to 40 minutes, the particle at the center also appeared to have small 

deformations (white dots) at this condition, which seems to be the location of break off 

point of bonded particles (Figure 4-16). When temperature was raised further to 116
o
C, 

an interconnected particle network was formed throughout the polystyrene monolith even 

at 10 minutes of heat treatment. Beyond 20 minute duration, further increase of the 

duration caused the particles to completely merge with one another and form hexagonal 

patterns which resulting zero interstitial spaces. And the completely merged state can be 

best illustrated with Figure 4-17, where the polystyrene monolith was treated at 124
o
C for 

10 minutes. 

Table 4-3 Time and temperature required for interstitial particle fusion start occurring (F) to the 

complete merged state(C), symbol “-” means there is no  connection formed due to melting of 

particles 

 

90⁰ 98⁰ 107⁰ 116⁰ 124⁰ 90⁰ 98⁰ 107⁰ 116⁰ 124⁰ 90⁰ 98⁰ 107⁰ 116⁰ 124⁰

10min − − − F C − − − F C − F F F C

20min − − − F C − − − F C − F F C C

30min − − − C C − − − C C − F F C C

40min − − − C C − − F C C − F C C C

 

Top Center Bottom
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Figure 4-15 SEM images for top and bottom surface of monolith at 90
o
C, 10min 

 

Figure 4-16 Interconnectivity of PS beads at 107
o
C, 40min 

                             

Figure 4-17 Complete merged state at 124
o
C, 10 min 

 Duration and Temperature Effect on Polystyrene Monolith 

The effect of the annealing duration at different locations on the polystyrene 

monolith is shown in Figure 4-18. It indicates that at constant temperature of 116
o
C the 

particles at various locations on the monolith show increasing interconnectivity with 

increase in the annealing time. The particles at the bottom surface particles became 

Top Bottom 

50 um 

 

 50um 

 

Center 

1.5um 1.5um 

 

1.5um 
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completely bonded after 10 minutes, the particles at the center and the top both started 

bonding after 20 minutes. And it is obviously to see that when annealing temperature is 

above glass transition temperature of polystyrene, increases in the duration of annealing 

can result the increase in contact length and the decreases in interstitial space. 

 

Figure 4-18 Effect of variation in time 

The effect of annealing temperature at various locations of the polystyrene 

monolith is illustrated in Figure 4-19. When the annealing time kept at constant 20 

minutes and the temperature increased, both the particles at the bottom and top surface  

start deforming from a circular cross section to a hexagon as they been to merge at 116°C. 
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The center of monolith also had good interconnectivity at 116
 
°C and 124

 
°C. However, 

in the case of 98°C and 107
 
°C, the particles were not bonded with each other at the 

center of the monolith which made it difficult to obtain SEM images at those conditions. 

Based on these result it can be concluded that the increase of temperature at a fixed 

annealing duration will result longer contact length between adjacent particles and 

smaller interstitial spaces. 

 

Figure 4-19 Effects of variation in temperature 

20min                    98°C                     107 °C                        115.5°C                          124°C 
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Maximum Contact Length & Optimal Temperature and Duration 

In order to determine the maximum contact length, the contact length attainable 

between perfectly stacked monodispersed polystyrene microspheres after annealing ( the 

contact length of adjacent particles at the moment of zero interstitial space), the contact 

length data for both top and bottom surface of monolith at 116
o
C for 20 minutes is plotted 

in Figure 4-20, the interstitial spaces were completely sealed at the bottom of the 

monolith (close to the PC membrane)  while  small interstitial  openings were still present 

at the top  (Figure 4-20). By measuring contact length between adjacent particles at this 

instance, the maximum contact length between adjacent particles was determined to be 

between 1.4 𝜇𝑚 and 1.5 𝜇𝑚. Which is close to the side length of a hexgon inscribed in a 

3 𝜇𝑚 polystyrene microsphere.   
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Figure 4-20 Maximum contact-length for forming hexagon pattern 

 

Figure 4-21 Interstitial space areas for all different parameter settings 
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 The interstitial spacing formed between particles in respect to the annealing 

temperature and the time duration is plotted in Figure 4-21, note that the data for those  

temperatures that include bonding without complete merger of 

particles(0.363𝜇𝑚2
>interstitial space>0) were presented. As we can see from the graph, 

the interstitial space decreases as the annealing duration increases, and the interstitial area 

decreasing rate increases while temperature increases. 

The bottom surface particle contact length data from all different settings is 

plotted in Figure 4-22. The maximum contact length between adjacent particles is 1.4-1.5 

𝜇𝑚 and the shaded band shown in the figure is indicating the complete merge of particles. 
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When the temperature approaches glass transition temperature, the contact length 

of the adjacent particle should start increasing from zero and approach to the side length 

of the hexagon that circumscribes/inscribes the circular cross section of a particle as 

iluustrated in Figure 4-23, and the interstitial space should approch to zero. With the use 

of 3 𝜇𝑚 polystyrene microspheres, The particles are expected to completely fuse with one 

another when the contact length is between 1.5 𝜇𝑚 and 1.73 𝜇𝑚, where 1.5 𝜇𝑚 is the side 

length of the hexagon, and 1.73 𝜇𝑚 is the side length of circumscribes the circular cross 

section of a particle with a diameter of 3 𝜇𝑚. Which maches our experimental 

observation of maximum contact length of 1.4 𝜇𝑚 - 1.5 𝜇𝑚.  

 

Figure 4-23 Theoretical particle fusion-length for hexagon pattern 

Based on all discussion above, to avoid the complete merge of polystyrene 

particles and to ensure the interconnectivities are presented throughout polystyrene 

template, one could heat up the monolith to 116
o
C degree for between 10 minutes in 

order to create fused connections in all locations without sealing the gaps in between 

particles and reaching complete merged state.  

1.5 𝜇𝑚 

1.73 𝜇𝑚 3 𝜇𝑚 
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4.8 Synthesis and Pattern of Macroporous/mesoporous SiO2 

Monolith 

Acetone or toluene dissolution was investigated as possible methods to remove 

polystyrene template inside a PDMS through-hole chamber, result indicated that both 

solvents dissolved polystyrene microsphere assembly within one minute, but it was found 

that solidificated silica sol-gel crumbles to poweder after toluene treatment (Figure 4-24C) 

the toluene also partically disolved the polycarbonate membrane during the dissolution 

process, thus acetone has been chosen as solvent removing method for comparison with 

the thermal decomposition method.  

   

Figure 4-24 A: Solidified silica sol-gel, B: Acetone treated silica sol-gel, C: Toluene treated silica sol-

gel 

Silica sol-gel solution was prepared based on the process and recipe outlined in 

4.2.2, it was heated to 50
o
C for 2 days, and three samples were prepared from this 

solidified silica monolith for comparisons purposes. The first sample was the solidified 

sol-gel silica monolith without any treatment (Figure 4-24A, Figure 4-25A), the second 

sample was the sol-gel silica monolith treated with acetone for 1 minute (Figure 4-24B, 

Figure 4-25C) and the third solidified sol-gel sample was placed in a programmable 

A B C 
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calcination oven and heated up to 550
o
C for 5 hours with a ramp up rate of 1.5

o
C /min to 

simulate the polystyrene thermal decomposition process (Figure 4-25B).  

      

     

Figure 4-25 comparison of two different methods of dissolving template polystyrene particles, A) 

Silica monolith B) Silica monolith + calcination C) Acetone treated Silica monolith  D) Pure SiO2 

A B

) 

C 
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Energy Dispersive X-ray (EDX) spectroscopy was used to analyze the chemical 

composition of the silica material after thermal decomposition and solvent dissolution. 

EDX for silica sol-gel solid is shown in Figure 4-25A, the final sol-gel product without 

any treatment resulted almost 90% of carbon might due to the presence of large amount 

of triblock copolymer F127.      

SEM images revealed the structure integrity has been serverly damaged for 

acetone treated silica monolith (Figure 4-25C), and the structure still contains almost 70% 

of carbon. High carbon content might cuased by inefficienct disolving of F127, and one 

reason why the strucutre was damaged by acetone might be that acetone attacks F127 and 

dissolved incompletely solidified colloidal silica nanoparticles in the silica-gel.  

The EDX result for thermal decomposition silica sol-gel (Figure 4-25B) and pure 

silica (Figure 4-25D) are very silmilar, both contains roughly 30% of Si and 60% of O 

element. And the ratio of the chemical element weight percentage obtained are very 

similar to the composition of silica nanotube reported by Jo et al [137]. Compared to the  

solvent dissolution  method, thermal decomposition can preserve the structure integrity of 

the porous silica monolith, and the chemical composition from EDX indicated that the 

monolith is silicon rich. Thus thermal decomposition will be used as polystyrene soft-

template removal method. 
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4.8.1 Silica Monolith without Heat Annealing 

Silica sol-gel solution was prepared and used to fill interstitial spaces in between 

particles by using the same suction assisted assembly set up described in 4.6.2, but with 

much slower withdraw rate 0.3ml/min because the sol-gel solution is more viscous. Once 

the sol-gel has penetrated through the monolith to the suction device, the syringe pump 

was then stopped and the system left under pressure for 30 minutes to allow infiltration of 

sol-gel solution. The sol-gel residual on top of polystyrene monolith was carefully 

removed by KIMWIPES
®
 Wipers. Finally, the monolith was undergoing thermal 

decomposition process to remove polystyrene template. 

The calcination oven was programed with ramp up rate of 1.5
o
C /min to 550

o
C for 

5 hours. The decomposition of polystyrene material started at temperature 200
o
C and 

complete volatilization was achieved at 450
o
C [138]. After the complete removal of 

polystyrene microspheres, temperature was kept at 550
o
C for 5 hours to remove any 

organic contaminants.   
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Figure 4-26 Silica mesoporous monolith characteristics without heat annealing process  

 As shown in Figure 4-26, SEM images for different locations of silica monolith 

are taken after thermal decomposition removal of polystyrene template. It was observed 

that most of the pores formed were sealed and only a few were interconnected with each 
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other through openings as small as 150 nm. The isolated pores will be of no use for DNA 

extraction as sample solution cannot enter them.  

The result also revealed the spherical cavity formations were presented 

everywhere as expected, since the silica sol-gel will be a negative replica of the original 

polystyrene colloidal assembly. The hexagonal close-packed lattices of pores were 

observed at the top surface, cross-section and the bottom surface of the monolith. The 

hexagonal close packed cavities on top and bottom are most open pores, which means the 

cavity is expose directly to the air without the sol-gel residual blocking the pores. On the 

side of the monolith however, there is a thin layer of silica film formed between the 

original polystyrene microspheres assembly and the PDMS sidewall that completely 

enclosed all cavities. 

It was also observed that the shape of cavities was slightly deformed (Figure 4-

26Cross-section& Edge) and became more elliptical. The overall shrinkage of the 

monolith was 14% in contrast to the shrinkage of 50%-85%[139] in a TEOS derived 

silica without addition of F127. More importantly, the porous silica monolith synthesized 

was crack free as illustrated in Figure 4-27. 

 
350um 
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Figure 4-27 Crack-free mesoporous silica monolith, bottom surface 

It is critical to ensure the interconnectivity of all pores is presented throughout the 

silica monolith for DNA extraction purpose, and the synthesis of silica monolith with heat 

annealing was investigated. 

4.8.2 Silica Monolith with Heat Annealing 

 Silica sol-gel solution was again prepared and used to fill the interstitial spaces in 

between particles, based on previous polystyrene assembly annealing result, the 

polystyrene monolith was heated up to 116°C for 10 minutes before silica sol-gel solution 

infiltration step to control the interconnectivity of all pores. As illustrated in Figure 4-28, 

the porous silica monolith created appears similar as before, but the interconnected pores 

were formed everywhere throughout various locations. The interconnecting openings at 

the cross-section close to the top shows circular shaped pores (0.5 𝜇𝑚 to 0.86 𝜇𝑚) 

presented in different cavities. Instead of one circular shaped pore, interconnect pores 

comprised of series of small openings that forms a ring shape was observed at the center 

location, which essentially matched the negative replica of Figure 4-18Center. 
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Figure 4-28  Silica macro/mesoporous monolith characteristics with 116 
o
C, 10min annealing 

Pore Size Distribution: N₂ Absorption isotherms 

The physical gas adsorption can be used to detect pores up to 100nm [140], and 

the N2 adsorption properties of synthesized mesoporous silica structure was obtained by 
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nitrogen adsorption/desorption tests at 77K using an ASAP 2020 Nitrogen Adsorption 

Porosimeter. The pore size distributions of representative mesoporous silica monolith, 

calculated from the desorption branches of the isotherms using the Barrett-Joyner-

Halanda (BJH) method, are displayed in Figure 4-24B, and the pore size distributions of 

the strucutre are centered around 3.65 nm with a relatively narrow pore size distriution, 

indicating the uniform mesoporous strucutre created via silica sol-gel process. BJH model 

also indicated total pore volumn of 0.3729 cc/g was presented in the material. And finally 

the Barrett- Emmett-Teller (BET) calculations for surface area revealed the silica 

monolith has BET surface area of 333 m
2
/g. 

The 3.65 nm pore size measured matched with the reported value for SBA-16 

material synthesized using triblock copolymer [141]. Compared with BET surface value 

reported 810m
2
/g, the obtained measurement was significant less. This could be because 

the removal of the polystyrene template significantly reduced the specific area of the 

monolith. 
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Figure 4-29 Pore size distribution curve obtained from the desorption branch of the nitrogen 

adsorption–desorption isotherm measurement (Dv(log d) Vs. Pore size). The mean pore diameter is 

3.65 nm. The BET surface area and the total pore volume are 333 m
2
/g and 0.3729 cc/g, respectively. 
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Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was used in order to investigate the porosity 

of the monolith and to examine the weight composition of the polystyrene particles and 

silica skeleton frame, the weight percentage of polystyrene microspheres and the weight 

percentage of silica in a typical polystyrene and silica composite material can be 

calculated by keep tracking of the weight before and after volatilization of polystyrene 

microspheres. And the porosity can be estimated based on the density of polystyrene, 

F127 and silica. 

 

Figure 4-30 Sample preparation for TGA test 

Two samples were prepared using the same pressure assisted assembly process as 

before, with 8.1mm diameter and 1mm depth of assembly chamber, total weight of 45mg 

polystyrene microspheres were packed in the chamber as shown in Figure 4-30. The first 

sample was the composite of polystyrene latex spheres and silica, and the second sample 

was the monolith made out of pure polystyrene microspheres. Water was removed from 

both systems using hot plate before the TGA test, and both samples were heated to 105°C 

for one minute at the beginning of TGA test to ensure there wasn’t any water residual left 
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in the system. As indicated in Figure 4-31, temperature was ramped up to 500°C with 

heating rate of 10
o
C/min after removing all water residual, and then remains at 500°C to 

ensure complete removal of polystyrene template. Finally, it is heated up to 700
o
C with 

ramp up rate of 10
o
C/min to finish the test. 

The analysis results for comparing the thermal decomposition of polystyrene 

particle and silica composite and of pure polystyrene are shown in Figure 4-31. Both 

samples started losing weight rapidly around 400
o
C, polystyrene monolith sample quickly 

and completely evaporated at 450
o
C. Polystyrene template with silica material however 

had a slower weight loss rate, as due to the mesoporous structure added obstacles and 

made it harder for vapor to escape. At temperature of 600
o
C the total weight remains 

constant, which indicated all polystyrene microspheres and other organic impurities are 

burned off and only silica structure remained at the end. The total micro/mesoporous 

silica monolith weight is 6.89% of total weight. And rest of 93.11% weight can be 

attributed to the Polystyrene and F127. 
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Figure 4-31 Thermogravimetric plot obtained during calcination of materials formed from 3um latex. 

The latex-silica composite sample is normalized to 100% after evaporation of the residual water. The 

inset shows the temperature cycle vs. time. 

Equation 4-1 was used to evaluate the porosity of the final silica monolith, in this 

equation, ρ1, ρ2 and ρ3 are density of polystyrene microspheres, density of silica [142] and 

the density of F127 respectively. w1, w2 and w3 are weight of polystyrene microspheres, 

silica and F127, respectively. Substituting TGA values for silica weight and assuming a 

polystyrene microsphere density of 1.05g/ml [143], F127 density of 0.5 g/ml [144] and a 

density of mesoporous silica of 2.198g/ml [142]. The final estimated porosity calculated 

as 83.6%. 

  
  

  
 

         𝑚 

               𝑚 
 

     

  
   

  
   

  
  

 

Time (min) 

T
e
m

p
e
ra

tu
r
e 

(°
C

) 

 

W
e
ig

h
t 

(%
) 



93 

 

Equation 4-1, Adopted from [145] 

Compare with theoretical porosity calculated 79.1% based on the pore volume 

measurement of 0.3729m
2
/g and the assumption of closed packed polystyrene 

microspheres with filling fraction of 74%. The result is very close to the theoretical value. 

Combine with the observation from SEM images of the monolith and it is safe to draw 

the conclusion that the final porous silica structure is highly ordered and closed packed. 

Because of its high porosity, the monolith is very fragile and great care was taken when 

transferring it to the new through-hole PDMS chamber for microfluidic integration. 

4.9 Multi-chamber Assembly 

In order to prove that the single chamber assembly process can be easily scaled to 

multiple chamber assembly with minimal modifications, a seven by seven micropillar 

array multi-chamber fast prototyping mold has been created and used to cast and fabricate 

the PDMS through-hole part as shown in Figure 4-32. The 500×500 𝜇𝑚 rectangular 

micropillars were spaced 500 𝜇𝑚 apart from one another, and the pillar features were 

transferred to 0.5mm thick PDMS piece and formed 49 assembly chambers. 

              

Figure 4-32 7X7 chamber mold used for casting PDMS through-hole part 

PDMS  

Multi-chamber 

mold 
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Microcontact printing was used to bond a 13mm diameter polycarbonate 

membrane with multiple chamber through-hole PDMS piece, and open chambers were 

formed by the polycarbonate membrane and four PDMS side walls created by the pillars 

(Figure 4-33). The corresponding fast prototyping suction mold is used to evenly 

distribute the negative pressure to all assembly chambers. In addition to the old fast 

prototyping suction mold, a ring shaped protrution and a center star shapped pillar design 

was added to create a holder to support a full size 13mm AAO membrane as shown in 

Figure 4-34. Individual bead assembly in each chamber was then observed by using 

Scanning Electron Microscopy.  

 

Figure 4-33 Through-hole PDMS from 7X7 array printed by 3D printer, bonded with PC membrane  

500um  Bottom Surface 

500um Top 

Surface 
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Figure 4-34 Suction assembly of PS microspheres in 7X7 assembly chambers 

4.9.1 Results  

The polystyrene particles were easily assembled inside all seven by seven arrays 

of chambers by using withdraw rate of 0.7ml/min as demonstrated in Figure 4-36, It was 

observed that the through-hole features was harder to create when it comes to 500𝜇𝑚 

features, with the center pillars’ height raised 25𝜇𝑚 higher above the edge of the mold, 

the bottom opening was only up to 300-350𝜇𝑚 in diameter (Figure 4-36C). And it was 

due to the limitation of fast prototyping printer (resolution of 29𝜇𝑚), the edge of 

rectangular pillar became more rounded for smaller features like 500𝜇𝑚 by 500𝜇𝑚 

(Figure 4-35).  
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The polystyrene assemblies were then heat treated at 116
o
C for 10 minutes and the 

SEM images of monoliths are show in Figure 4-36. This suction assisted assembly 

process is very robust, even with only 30%-40% of through-opening for the multi-

chamber assembly; it still can assemble and pattern polystyrene microspheres closely in a 

short period of time (10-20 minutes). It opens up the possibility of integrating with 

multiple microchannels on top and expanding the capacity of the microfluidic DNA 

extraction chip in the future.  

 

 

Figure 4-35 Printed 500 𝜇𝑚X500𝜇𝑚 pillar feature 

500um 
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Figure 4-36 Multi-Chamber assembly, annealing at 116
o
C for 10min 

4.10 Microfluidic Device Integration 

4.10.1 Flow Visualization 

The integration of a top-down configuration microfluidic device was first 

demonstrated by assemble 3𝜇𝑚 plain silica microspheres (50mg/ml, Kisker Biotech) 

into an extraction chamber and  then bonded with a top microfluidic channel and a 

bottom blank PDMS piece. Fluorescence tagged lipids was used to visualize sample 

flow inside the assembled media.  

 

A B 

C D 

500um 100um 

100um 100um 
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Figure 4-37 Flow visualization in an integrated device 

As illustrated in Figure 4-37, the solution was flowing from the left of the 

microfluidic channel to the right at 1ml/hr. The fluorescent signals were uniformly 

distributed throughout different locations of silica assembly, which indicated 

fluorescence tagged lipids were able to penetrate into all particles interstitial spaces, and 

the sample solution was fully utilizing all available surfaces of the silica assembly. 

4.10.2 Porous Monolith Integration 

Once the macroporous/mesoporous silica monolith was synthesised, it was then 

used as a cartridge to fill in another through-hole PDMS piece. Shrinkage makes the 

monolith smaller than the original through-hole size, and silica sol-gel was used to apply 

at the chamber inner wall surfaces to ‘glue’ the porous silica monolith in place and the 

final device integration is shown in Figure 4-38. 

 



99 

 

 

Figure 4-38 Macro/mesoporous silica monolith integration 
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Chapter 5 Conclusion & 

Recommendation 
 

5.1 Conclusion 

 Continuous monitoring of pathogens that may be present in the water is one of the 

key preventive measures that can be used in rural areas of developed countries and 

developing countries to reduce chances of the water borne diseases outbreak. The 

traditional off-site testing of microbiological contamination requires centralized 

laboratories and labour intensive experimental work, the additional time delay incurred is 

normally undesired. Molecular biological methods such as DNA based detection based on 

microfluidic platforms rather than bacterial culture are being currently investigated for the 

rapid detection of microbiological contaminations. 

 Such a microfluidic system will include sample processing device that filters and 

accumulate target pathogens or indicator organisms such as E. coli, a cell lysis component 

that break open the cell membrane and releases nucleic acid, and a DNA extraction and 

purification phase where DNA are separated from proteins and other cell contaminations 

present in the lysate. Finally the PCR will be carried out to amplify the concentration of 

DNA preparing for the BioFET sensors for further identification and analysis. 

 In this microfluidic sample preparation system, one of the key components is the 

DNA extraction chip that extracts DNA from lysate solution to avoid interference causes 
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by lipid, protein and other cell debris in the biosensor. And the focus of the thesis will be 

on the fabrication of this microfluidic DNA extraction system. 

The synthesis of porous silica monolith was chosen as the main technology used 

to create a high surface-to-volume silica surface for DNA binding column. Such column 

would have similar high extraction efficiency to silica resins, and the sol-gel silica 

structure synthesis method can yield better reproducibility comparing with other packed 

silica column methods. With the addition use of triblock copolymer guiding agent F127 

in the sol-gel silica solution, a crack-free mesoporous silica network was created in the 

monolith. Furthermore, a monodispersed polystyrene microspheres soft-template 

assembly was used in combination of heat annealing treatment to generate a highly 

controllable macroporous silica structure that allows a lower pressure resistance for 

sample flow. The method for fabrication that has been developed is scalable and can be 

integrated with existing processing methods for microfluidic lab-on-chip systems. 

The final macro/mesoporous silica monolith was determined to have a porosity of 

83.6%. Mesopores of the silica monolith was determined by BET test to be 3.65 nm, and 

the macropores ranging from 0.5μm to 0.86μm were observed using SEM based on 

chosen annealing parameters of 115.3
o
C for 10 minutes. The high surface-to-volume ratio 

of the monolith synthesized makes it possible to have a small sized monolith and large 

DNA molecules extraction capacity.  

The TEOS and Pluronic F127 silica monolith synthesis approach was then 

integrated with a top-down flow configuration microfluidic device to minimize the effect 
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of crack and shrinkage during solidification of sol-gel process. Additionally, the concept 

for simultaneous assembly in multiple chambers was tested for the case where there are 

multiple columns in a single device.  

5.2 Contributions 

The contribution of this thesis primarily consist of a novel but simple 

methodology of assemble monodispersed microspheres into single/multiple chambers, 

which fabricated through fast prototyping printing technology and soft-lithography 

technology. The synthesis and characterization of highly controllable macro/mesoporous 

silica structure that can be further integrated for microfluidic DNA extraction chip. 

 Single Chamber & Multiple Chambers Microsphere Assembly 

It was demonstrated in this thesis that assembly chamber/chambers can be 

fabricated via molds printed in a fast prototyping machine, and long range periodicity of 

polystyrene microsphere assembly can be achieved in a short period of time for both 

single and multiple chamber assembly with the use of negative pressure applied 

uniformly through the porous polycarbonate filter membrane. This method can be easily 

re-designed and used for other different size/material particle assembly purposes. This 

process is also easy to integrate with existing fabrication methods for microfluidic LoC 

devices. 
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Highly Controllable Macroporous Silica Structure 

The interstitial space between adjacent microspheres can be controlled by varying 

the annealing temperature or duration. The effect of temperature and annealing duration 

on the polystyrene template was investigated and characterized. And the final size of 

macropores presented in the silica monolith was controlled by choosing the optimal 

annealing condition. And this methodology can be further expanded for creating different 

macropores in other materials using the soft-template technique. 

5.3 Future Work 

There are a number of aspects of the device that can be improved and enhanced, 

in order to have a uniformly temperature distribution and a similar contact length between 

adjacent particles throughout the polystyrene monolith, microwave pulse heating can be 

considered as an alternative heating method. The method was briefly tested and showed 

signs of uniform interstitial particle fusion-length distribution on a 2D polystyrene 

microsphere assembly. The microwave annealing method potentially can replace the 

conventional annealing oven for heat treatment of polystyrene monolith to achieve 

uniform macroporous, but a systematic characterization for this method is needed in order 

to identify the optimal parameter settings.  

Although EDX test has revealed the chemical composition of the porous monolith 

is in fact silica, but additional tests like streaming potential measurement of integrated 

microfluidic system and Fourier transform infrared spectroscopy (FTIR) can be 
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conducted to confirm that silica material is the only surface that lysate solution will be in 

contact with on top surface, within pores of the silica monolith, and there is no other 

contaminate residual left in the porous monolith structure. 

Biological validation tests need to be done on the final integrated microfluidic 

device to assess the capability and repeatability. Sensitivity and the capability of the 

device can be determined by testing the DNA recovery efficiencies at different given 

amount of DNA sample. In theory, the device would be able to recovery 1μg of DNA 

with efficiency more than 70%, and the experiment should start from recovering of 1μg 

of DNA and slowly reduces the amount of input DNA, until the recovery efficiency falls 

below our required minimal efficiency of 70%, that range would be considered as the 

detection limit and capability of this DNA extraction device. Similarly, the repeatability 

test can be identified by using a fixed amount of input DNA sample and repeatedly test 

the recovery efficiency on the same microfluidic chip until it falls below our requirement. 

Finally, real cell lysate solution which contains nucleic acid, proteins and other cell debris 

have to be introduced as testing sample in order to examine the real purification 

efficiency.  

Once all these aspects of device are addressed, the device can then be fully 

automated by adding another cross flow channel controlled by a syringe pump to separate 

the washing process and the eluting process (Figure3-1). Finally, the improved 

microfluidic device can be integrated with upstream cell lysis device and downstream 

PCR and BioFET sensors for pathogen detection in real-life water samples. 
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APPENDIX I: TEMPERATURE DIFFERENCE 

BETWEEN SUBSTRATE AND AIR 
 

Tdisp
 o

C 100 105.1 110.0 115.0 120.0 125.0 130.0 135.0 140.0 145.0 

Tair
 o

C 86.4 89.5 93.5 98.0 102.0 107.0 110.7 116.3 120.2 124.3 

Track
 o

C 90.0 94.3 98.3 102.9 107.2 112.3 115.5 122.2 124.2 128.5 
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 APPENDIX II: SU8-100 MOLD 

FRABRICATAION 

 

 Wash silicon wafer in acetone solution for one minute 

 Methanol wash and blow dry with nitrogen 

 Place wafer in plasma etcher at 50Watt for 1 minute  

 Spin Su-8-100 photoresist on the wafer at 500 rpm for 20 second   

 Ramp up the speed to 2750 rpm at an acceleration of 100 rpm/s and spin at final speed 

for 40 second 

 Prebake the wafer at 65ºC for 15 minutes  

 Increase the pre-baking temperature to 95ºC in 5 minutes  

 Bake the wafer at 95ºC for the period of 30 minutes 

 Align the wafer and photomask on mask aligner 

 Expose the wafer to UV light for a total exposure energy of 600 mJ/cm
2
 

 Post bake at 65ºC for 1 minute 

 Increase post bake temperature to 95ºC and maintain the temperature for 10 minutes 

 Submerge wafer into developer solution and slowly stir until the features are clear 

 Isopropyl alcohol check for complete removal of unexposed photoresist  

 Re-submerge wafer back in developer solution if white residual appears 

 DI water rinse and blow dry with nitrogen 


