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ABSTRACT 

 
Genetic Analysis and Cell Manipulation on Microfluidic Surfaces 

 

Jing Zhu 

 

Personalized cancer medicine is a cancer care paradigm in which diagnostic and 

therapeutic strategies are customized for individual patients.  Microsystems that are created 

by Micro-Electro-Mechanical Systems (MEMS) technology and integrate various 

diagnostic and therapeutic methods on a single chip hold great potential to enable 

personalized cancer medicine. Toward ultimate realization of such microsystems, this 

thesis focuses on developing critical functional building blocks that perform genetic 

variation identification (single-nucleotide polymorphism (SNP) genotyping) and specific, 

efficient and flexible cell manipulation on microfluidic surfaces. 

For the identification of genetic variations, we first present a bead-based approach to 

detect single-base mutations by performing single-base extension (SBE) of SNP specific 

primers on solid surfaces. Successful genotyping of the SNP on exon 1 of HBB gene 

demonstrates the potential of the device for simple, rapid, and accurate detection of SNPs. 

In addition, a multi-step solution-based approach, which integrates SBE with mass-tagged 

dideoxynucleotides and solid-phase purification of extension products, is also presented. 

Rapid, accurate and simultaneous detection of 4 loci on a synthetic template demonstrates 

the capability of multiplex genotyping with reduced consumption of samples and reagents. 

For cell manipulation, we first present a microfluidic device for cell purification with 

surface-immobilized aptamers, exploiting the strong temperature dependence of the 

affinity binding between aptamers and cells. Further, we demonstrate the feasibility of 



 

 

using aptamers to specifically separate target cells from a heterogeneous solution and 

employing environmental changes to retrieve purified cells. Moreover, spatially specific 

capture and selective temperature-mediated release of cells on design-specified areas is 

presented, which demonstrates the ability to establish cell arrays on pre-defined regions 

and to collect only specifically selected cell groups for downstream analysis. 

We also investigate tunable microfluidic trapping of cells by exploiting the large 

compliance of elastomers to create an array of cell-trapping microstructures, whose 

dimensions can be mechanically modulated by inducing uniform strain via the application 

of external force. Cell trapping under different strain modulations has been studied, and 

capture of a predetermined number of cells, from single cells to multiple cells, has been 

achieved. 

In addition, to address the lack of aptamers for targets of interest, which is a major 

hindrance to aptamer-based cell manipulation, we present a microfluidic device for 

synthetically isolating cell-targeting aptamers from a randomized single-strand DNA 

(ssDNA) library, integrating cell culturing with affinity selection and amplification of cell-

binding ssDNA. Multi-round aptamer isolation on a single chip has also been realized by 

using pressure-driven flow. 

Finally, some perspectives on future work are presented, and strategies and notable 

issues are discussed for further development of MEMS/microfluidics-based devices for 

personalized cancer medicine. 
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Chapter 1. Introduction 

1.1. Microelectromechanical Systems and Microfluidics for Biomedical 

Applications 

Microelectromechanical systems (MEMS) are systems that integrate small-scale 

electrical and mechanical components (with feature size ranging from submicrometers to 

hundreds of micrometers) to accomplish specific objectives. Microfluidics focuses on a 

special class of MEMS technology that processes or manipulates small-volume fluids  

(10-6 L to 10-18 L) geometrically constrained to channels with dimensions of tens to 

hundreds of micrometres [1], employing knowledge from the field of engineering, physics, 

chemistry, nanotechnology and biotechnology. Typically, a microfluidic system will 

integrate methods for sample and reagent introduction, fluid movement and mixing, 

analytical reactions, and product detection into a single device [1]. The development of 

microfabrication technologies for MEMS and traditional semiconductor manufacturing has, 

likewise, led to the rapid development of microfluidics over past 20 years. This can be seen 

in the diversity of functional components that have been realized onto a single chip, such 

as valves [2, 3], mixers [4-6] and pumps [7]. Compared with conventional platforms, 

microfluidics offers a number of advantages, such as very low sample and reagent 

consumption, high resolution and sensitivity in separations and detections, low cost, fast 

analysis, and small device footprint [8]. Microfluidics were first employed to the field of 

molecular analysis, initially for chemical sensing [9]. Now, microfluidics are widely 

applied to a broad range of applications such as chemical analysis [10, 11], cell biology 
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[12-14], genetic analysis [15-18], biosensing [19-21], and drug discovery [22, 23]. 

Microfluidics is the critical technology for lab-on-a-chip systems. 

Lab-on-a-chip micro systems, which are also referred to as micro total analysis 

systems (µTAS), are chip-format devices that integrate various processes and functions, 

including sample preparation, reactions and detections for biological and chemical analysis 

(Figure 1.1) [24]. Such systems typically consist of subsystems that accomplish a variety 

of functions that involve fluidic, chemical, mechanical and electrical operations. The 

ultimate objective of this research is to develop integrated microsystems for personalized 

cancer medicine, which is a healthcare paradigm that allows physicians to tailor cancer 

treatment strategies for individual patients based on the exclusive patient-specific 

characteristics of a disease. These unique characteristics can be revealed by evidence such 

as identification of genetic variations, and cellular and pathological responses to 

pharmaceutical drug candidates [25]. As conventional methods are still time-, labor-, and 

resource-consuming, MEMS-based microfluidic systems, which are able to effectively and 

efficiently produce patient- and disease-specific information at multiple levels and thus 

identify the nature of cancer for each patient, become ideal platforms to realize 

personalized cancer medicine. 
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Figure 1.1: Lab-on-a-chip: Miniaturizing and integrating laboratory processes onto a 

single chip [24]. 

1.2. Personalized Cancer Medicine 

Personalized cancer medicine is a cancer care paradigm in which diagnostic and 

therapeutic strategies are customized for individual patients. Different from traditional 

diagnostics and therapeutics, which rely on medical history and laboratory evaluation to 

determine a generic treatment scheme for patients with similar symptoms, personalized 

medicine utilizes patient-specific genetic, proteomic, cellular, clinical and environmental 

information to tailor a unique treatment approach for each individual cancer patient [25]. 

For example, to make an optimized medical decision toward each patient, genetic and 

cellular analyses are commonly employed to identify patient-specific characteristics of 

cancer. Advances in large-scale genomic, proteomic, and cellomic technology have led to 

vast improvements in the understanding and application of personalized medicine to cancer 

diagnosis and therapy. For example, the fine interrogation of genetic variations in DNA 

has revealed their impact on phenotypic differences, disease development, and drug 
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response, leading to a more efficient process for drug discovery [26]. However, due to the 

heterogeneity of the diseases at the pathological and cellular level, knowing only the 

genetic makeup of cancer is not sufficient to determine the outcome of a cancer treatment 

strategy [27]. For the same pharmaceutical drug, differences in the pathological and 

cellular level responses will also contribute to different therapy results. Therefore, drug 

candidates, chosen according to genetic information, also need to be further selected based 

on toxicity, side effects, and effectiveness. Since it is often not feasible to treat patients 

with multiple drugs, as there is potential for harmful toxicity and side effects, it is critical 

to use the most effective drug, which can be determined by drug screening using isolated 

cancer cells or tissues directly from the patient. This procedure will contribute to the 

optimization of  treatment for an individual patient, which is the final goal of personalized 

cancer medicine. 

1.3. Microfluidic Genetic Analysis and Cell Manipulation 

Microfluidic technologies have been explored in a broad range of bioanalytical 

applications [28]. In particular, microfluidic genetic analysis and cell manipulation have 

been enabling applications such as genetic variation interrogation and cell-based drug 

screening, which are highly desired capabilities in personalized cancer medicine. This 

section provides a brief overview of related work in the literature on microfluidic 

approaches to genetic analysis and cell manipulation. 

1.3.1. Microfluidic Genetic Analysis 

The successful sequencing of the human genome [29-31] has offered opportunities to 

elucidate the genetic bases of evolution, biological functions and diseases [32, 33]. The 
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increasing demand of genome-related research requires fast, high-throughput, sensitive and 

reliable analytical methods, but traditional genetic analysis systems may not be able to 

satisfy these requirements. A fully integrated microfluidic system has the capability to 

integrate all the analytical steps onto a single chip at pL-nL volumes [34], and thus 

eliminates most of the substantial manual labor, which increases the assay speed and 

throughput, decreases reagent and sample consumption, and reduces the instrument size 

[9, 35]. Therefore, microfluidic genetic analysis systems have been developed rapidly in 

the last ten years, addressing bioanalytical challenges, such as DNA sequencing, SNP 

genotyping, gene expression analysis, and pathogen detection, thus enabling large-scale 

and point-of-care applications [15]. 

1.3.1.1. Microfluidic DNA Sequencing 

Deoxyribonucleic acid (DNA), which encodes the genetic instructions used in the 

development and functioning of living organisms, is a long double helical polymer made 

from repeating deoxyribonucleotides, each containing a base, a sugar and a phosphate 

group [36]. In the DNA replication process, a new strand of DNA molecules is synthesized 

from deoxyribonucleoside 5’-trisphosphates (dNTPs), using the original strand as the 

template. Briefly, the 3’-hydroxyl group of the sugar in one nucleotide binds to the 5’-

phosphate group of the sugar in the adjacent nucleotide by a phosphodiester bond, 

generating the DNA molecules with a phosphate group on the 5’-terminal of the sugar unit 

(5’-end) and a free hydroxyl group at the 3’-terminal of the sugar unit (3’- end). The sugars 

and phosphate groups support the DNA structure, and the bases carry the genetic 

information. There are four different bases, adenine (A), guanine (G), thymine (T) and 
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cytosine (C), with thymine replaced by uridine in ribonucleic acid (RNA) [37]. Since the 

introduction of the dideoxyribonucleotide chain terminator sequencing method (Figure 

1.2) by Sanger, in which primer extensions terminate randomly with labeled 

dideoxyribonucleotide to generate different fragments to interrogate the terminating bases, 

DNA sequencing has revolutionized biological sciences and become one of the most 

powerful technologies in biology [38, 39]. To reduce the cost and increase throughput of 

Sanger sequencing, next-generation DNA sequencing techniques have also been evolving 

rapidly, such as massively parallel signature sequencing (MPSS) [40], polony sequencing 

[41], and DNA nanoball sequencing [42], amongst others. 

 

Figure 1.2: Schematic of Sanger sequencing process [43]. 

Driven by the ambitious goal of DNA sequencing, microfluidic devices have been 

developed to improve the Sanger biochemistry to provide longer reads and higher 

throughput, leading to significant breakthroughs. For example, microchip capillary 

electrophoresis (µCE) devices have realized ultrafast separation of 600 bases in 6.5 min 

[44] and extremely high-throughput analysis of 768 samples simultaneously [45]. A fully 

integrated platform has also been reported in 2006 [46], in which a nanoliter-scale device 
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incorporated all three Sanger sequencing steps, thermal cycling, sample purification, and 

capillary electrophoresis, into a 4-inch glass wafer (Figure 1.3). The integrated device can 

complete the sequencing of 1 fmole DNA template in less than 30 min with 99% accuracy. 

 

Figure 1.3: A fully integrated microfluidic device for Sanger DNA sequencing [46].  

1.3.1.2. Microfluidic SNP Genotyping 

Single nucleotide polymorphisms (SNPs) are genetic variations in a DNA sequence 

occurring when single nucleotides in the genome differ between members of a biological 

species. SNPs are the most abundant type of genetic variations, which includes 

substitutions, insertions and deletions of individual bases, and happen at specific locations 

in the genome. SNPs are found in more than 1% of the population [47], occur every 100 to 
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300 bases in the human genome, and have more than 10 million entries in public databases 

[48]. 

Although direct DNA sequencing is the most straightforward method to discover and 

analyze SNPs, when analyzing known SNP targets, sequencing methods are expensive, 

complex and usually unnecessary. Therefore, a number of alternative SNP genotyping 

technologies have been developed and used to analyze highly targeted SNPs, such as 

enzymatic cleavage, allele specific hybridization, allele specific ligation or cleavage, and 

allele specific primer extension [49, 50]. 

Enzymatic Cleavage. Polymerase chain reaction-restriction fragment length 

polymorphism (PCR-RFLP) is a simple and convenient laboratory technique for SNP 

detection [51]. It utilizes DNA sequence-specific restriction endonucleases to identify 

DNA polymorphisms [52]. DNA restriction enzyme can recognize PCR-amplified specific 

sequences and catalyze endonucleolytic cleavages, generating fragments with known 

lengths. The individual base variations inhibit the cleavage and thus result in DNA 

fragments of different lengths (Figure 1.4A). Thermostable flap endonucleases (FEN) are 

sensitive to sequence mismatches and structure-specific in DNA cleavages [53]. Invader® 

Assays employ FEN to cleave a three-dimensional complex formed by the hybridization 

of allele-specific overlapping oligonucleotides to target DNA with a polymorphic site, 

followed by detection of cleavage products by different methods, such fluorescence 

resonance energy transfer (FRET) (Figure 1.4B) [54]. While it is highly accurate, this 

method is generally time-consuming and difficult to multiplex (i.e., to detect multiple SNPs 

in one reaction). 
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Figure 1.4: Schematic of (A) PCR-RFLP assay [37] and (B) Invasive cleavage assay [54]. 

Allele Specific Hybridization. Single base discrimination can be realized by utilizing 

thermal stability differences of perfectly matched and mismatched target-probe pairs. The 

effectiveness of this method mostly depends on the length, sequence and GC content of the 

probe, secondary structure of the target, and hybridization condition. According to this 

principle, a number of SNP genotyping approaches have been developed. For example, 

Affymetrix® Human SNP Array is based on allelic discrimination by direct hybridization 

of genomic DNA (gDNA) to arrays containing locus- and allele-specific oligonucleotides 

[50, 55]. Briefly, gDNAs are first digested and amplified, and the resulting products are 

then fragmented, labeled, and hybridized to the DNA array with surface-bound probes 

under controlled conditions. The array is finally imaged, and the genotypes can be 

determined according to the hybridization signal (Figure 1.5). However, due to insufficient 

accuracy caused by false positives, this method is not suitable for fine mapping of SNPs. 
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Figure 1.5: Schematic of SNP genotyping by DNA microarray hybridization [56].  

Allele Specific Ligation or Cleavage. This method combines the hybridization of 

probes specific to the target DNA sequence and the specificity of the ligase enzyme to 

distinguish mismatched nucleotides. The DNA ligase will only join the two 

oligonucleotides together through the formation of a phosphodiester bond when they 

hybridize to a single-strand DNA (ssDNA) with prefect matching [57]. Usually, three 

oligonucleotide probes are employed, one of which binds to the template adjacent to the 

SNP site. The other two probes are allele specific and target the SNP site. The ligation 

reaction happens only if the allele specific probe perfectly matches the SNP site. The 

products can then be detected by various methods, such as using fluorescently and 

radioactively labeled probes (Figure 1.6A). In another example, TaqMan® Assay, two 

allele specific probes are labeled with different reporter dyes at 5’ end and with non-
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fluorescent quenchers at 3’ end. When the forward primers extend, the Taq polymerase 

enzyme degrades the nucleotide at the 5’ end of the perfectly matched probes, and thus 

releases the 5’ bound reporter dyes, exhibiting corresponding fluorescence (Figure 1.6B) 

[58]. However, the slow reaction speed and limited number of modified probes restricts its 

applications [49]. 

 

Figure 1.6: Schematic of SNP genotyping by ligation. (A) A ligation assay based on 

fluorescent/radioactive detection [57] ; (B) TaqMan® Assay [58].  

Allele Specific Primer Extension. This method is a robust and flexible emerging 

method that involves allele-specific incorporation of nucleotides in primer extensions with 

a DNA template [49, 50].  Briefly, the primer anneals to the target DNA template with its 

3’ end adjacent to the SNP site, and then extends by polymerase enzyme. The 

discrimination between different incorporated nucleotides can be achieved by different 
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methods, such as fluorescence (Figure 1.7A), and mass spectrometry (Figure 1.7B). For 

the fluorescence-based approach, the primers are labeled with fluorescent dyes by 

incorporating fluorescently tagged nucleotides, which can be used to determine the base at 

the SNP site, such as Illumina® Infinium Assays [59]. For the mass spectrometry-based 

approach, the extended primers are analyzed by mass spectrometry to identify the 

nucleotides incorporated according to different molecular weights, such as Sequenom® 

iPlex Assays [60]. While rapid, accurate and capable of multiplexing, it requires 

complicated design of primer and fluorescent-tagged or mass-tagged nucleotide. 

 

Figure 1.7: Allele specific primer extension. (A) Fluorescence based detection [59]; (B) 

Mass spectrometry based detection [61]. 

Microfluidics technology has enabled fast, low-cost and automated SNP detection 

with improved sensitivity, resolution, accuracy, efficiency and throughput, as well as 
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minimized sample consumption [62]. The SNP genotyping methods described above have 

been implemented in microfluidic systems, leading to significant improvements. For 

example, enzymatic cleavage has been integrated with µCE to determine an SNP site in a 

p53 suppressor gene from clinical samples in ~100s, which is 10 and 50 times faster than 

using traditional capillary and slab gel electrophoresis, respectively [63]. By incorporating 

allele specific hybridization methods, a fully integrated microfluidic device has also been 

reported, which is comprised of a microfluidic channel, a DNA chip platform, and a 

photodetector for the discrimination (Figure 1.8) [64], and can achieve SNP detection 

without DNA extraction, purification and PCR in less than 1 hour. 

 

Figure 1.8: A fully integrated microfluidic device for SNP genotyping [64]. 

1.3.1.3. Microfluidic Gene Expression Analysis 

Gene expression is the process that interprets the genetic information (genes) stored in 

DNA to functional gene products, such as protein, and is the most fundamental procedure 
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through which genotype of an organism influences the phenotype. Genes are expressed by 

transcribing gDNA to RNA, which may then be translated to protein. Because of the 

random fluctuations and complex molecular switches [65, 66], the messenger RNA 

(mRNA) production level may differ, even for genetically identical cells. Although we can 

consider RNA as a mediator between gene and protein, it is still the focus and a valuable 

component in the study of organism growth and development [67]. Due to instability of 

RNA, reverse transcription PCR (RT-PCR) of mRNA becomes an important tool for gene 

expression analysis, which has also been significantly improved by integrating RT-PCR 

and other functional units into the microfluidic platforms [15]. 

For example, by integrating single-cell lysis, mRNA isolation and complementary 

DNA (cDNA) synthesis, a multilayer PDMS microsystem has been reported [68]. In this 

work, the employment of on-chip microvalaves and micrpumps led to accurate fluid 

control, the use of a 450 pL reaction volume enhanced the reaction efficiency, and the 

enclosed structures reduced the risk of degradation and contamination. Expanding on this 

technology, an improved and fully integrated microfluidic device has been established to 

perform high-precision qRT-PCR analysis from 300 cells in parallel [69] (Figure 1.9A). 

Compared with previous work, a more efficient single cell capturing strategy, on-chip 

amplification and fluorescence-based real-time detection have been incorporated in a 

single microfluidic device, extensively increasing the throughput and sensitivity. In 

addition, the CE device has also been integrated with single-cell capture, RT-PCR and 

post-PCR purification to be capable of analyzing gene expression [70] (Figure 1.9B). As 

low as 11 copies of mRNA in each reactor has been detected in this device. 
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Figure 1.9: Integrated microdevice for gene expression analysis of single cells. (i) A 

fluorescence-based approach [69]; (ii) a CE-based approach [70]. 

1.3.2. Microfluidic Cell Manipulation 

Sample preparation, which plays a very important role in the quality of results, is often 

the most tedious step in any assay. As biological problems and analytical methods become 

more and more complicated, there is a rapidly growing need for systems that can reliably 

reproduce and prepare samples with high purity, high throughput and high recovery [71]. 

Recently, cell and microparticle manipulation in microfluidic systems have drawn 

significant attention as potential biological and chemical sample preparation platforms for 

their advantages of fast assay period, minimal reactant consumption and high throughput 

[72, 73]. 

In principle, microfluidic cell manipulation involves applying differential forces on 

target cells to guide them along prescribed paths [72]. According to the way forces are 

applied to cells, the separation method can be divided into 5 categories: geometry based 

methods, electrokinetic methods, acoustic methods, optic methods, and affinity based 
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methods. The details of these microfluidic cell manipulation methods will be reviewed in 

the sections below, with particular focus on affinity-based methods. 

1.3.2.1. Geometry-Based Cell Manipulation 

Geometry-based cell manipulation relies on the difference in cell size or volume to 

separate cells [74]. The most straightforward method is filtration. For example, an array of 

closely packed micropillars (Figure 1.10A) [75] or microsieves (Figure 1.10B) [76] with 

designed dimensions can be employed to separate cells. In such devices, solutions with 

different types of cells can be introduced into the main channels; small cells will be carried 

with the bulk fluid and pass through the intervals between pillars or the slits under the 

sieves, leaving larger cells entrapped in the main channels.  A second geometry based cell 

manipulation method utilizes the nature of laminar flow in the microfluidic channel. In a 

micropost array with a lateral displacement, the direction of cell movement depends on the 

location of the cell’s center. Therefore, smaller cells maintain their position in the flow, 

while larger cells move to the right (Figure 1.11A) [77].  Similarly, in another 

hydrodynamic approach, cells are pinched to a sidewall as they move along their center 

streamlines, which are linearly expanded along with the chamber expansion, and thus 

separated accordingly (Figure 1.11B) [78]. A third method exploits particle equilibration 

in the channel. In a spiral microchannel, the shear gradient induced Inertial Lift Force (FL), 

generated in a plane Poiseuille flow, drives the suspended particles away from the 

microchannel center, and Dean Drag Force (FD) moves the particles away from the channel 

sidewall. Both of them depend on the particle diameter (d), and the ratio of FL and FD on 

particle size ( 3

L D/F F d ) determines the position of a particle (Figure 1.12) [79]. A forth 
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method relies on physical barriers, such as microwells [80, 81] and microcups [82, 83], to 

restrict cells to some specific locations. The microstructures are designed according to the 

size of target cells, which fall down to the wells (Figure 1.13A) or are trapped in the cup 

(Figure 1.13B) when passing by the microstructures with carrier fluids. Although 

geometry-based cell manipulation does not require any chemicals or any kind of external 

force to drive cells, it can only be applied to cells with a particular size or volume. 

 

Figure 1.10: Different filtration based cell manipulation using (A) micropillar array [75] 

and (B) microsieves [76]. 

 

Figure 1.11: Cell manipulation according to the nature of laminar flow in a microchamber. 

(A) Example of using a micropost array with lateral displacement [77]. (B) Example of a 

pure hydrodynamic approach [78]. 



18 

 

 

Figure 1.12: Schematic of the spiral microparticle separator based on equilibrium between 

Lift Force (FL) and Drag Force (FD) at different positions for different particle sizes [79]. 

 

Figure 1.13: Principle of (A) microwell [81] and (B) microcup based cell trapping [83]. 

1.3.2.2. Electrokinetic Cell Manipulation 

Electrokinetic cell manipulation depends on the phenomenon of dielectrophoresis 

(DEP), in which dielectric particles are polarized when placed in a non-uniform electric 

field [84, 85]. This polarization does not require the particle to be charged, and, overall, 
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the particles should be electrically neutral. The magnitude of the dielectric force generated 

on polarized particles depends on the electrical properties of the media and particles, the 

geometry of particles, and the electrical field frequency. Therefore, at a given electrical 

field frequency, different DEP forces will be induced on particles of different electrical 

properties, leading to selective manipulation of particles. 

The phenomenon of DEP was first investigated by Pohl in 1951 [86]. For a 

homogeneous spherical particle in a conducting dielectric media, the DEP force applied 

onto the particle is 
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minima, and negative DEP (n-DEP) happens [84]. 

Based on this principle, a variety of devices have been designed for cell manipulation. 

For example, platelets are the smallest cells in blood and as such, have significantly 

different electrical properties than other cells. Therefore, A DEP-activated cell sorter 

device has been reported to perform size-based fractionation of blood samples and 

enrichment of platelets in a continuous flow [87]. Because the DEP force on a particle has 
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a cubic dependence on its radius, whereas the hydrodynamic drag force under laminar flow 

conditions only has a linear dependence, the ratio between DEP force and drag force has a 

quadric dependence on cell radius. In addition, DEP force can be tuned by controlling the 

applied voltages, and the drag force can be modulated by altering the flow rate, so that the 

two forces can also be changed independently. By adjusting both flow rate and applied 

voltage, cells with different radii will have different deflections in the microfluidic channel, 

and thus can be separated (Figure 1.14). In another example, target cells are tagged with 

polystyrene beads through an antibody and antigen interaction, whereas non-target cells 

are not tagged [88]. After introducing an external electrical field, the dielectrophoretically 

labeled cells (bead bound target cells) move along the electrical field gradient. However, 

the non-labeled cells (non-target cells) are not affected. Therefore, the target cells are 

directed to the collecting channel under the combination of hydrodynamic force and 

dielectric force, and non-target cells are simply carried to the waste channel by the flow 

(Figure 1.15). 

 

Figure 1.14: Operation principle of electrokinetic based cell manipulations according to 

different cell size: the larger cells experience a larger DEP force than the smaller cells 

causing greater deflection , and thus are separated from smaller cells [87]. 
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Figure 1.15: Operation principle of electrokinetic based cell manipulation according to 

dielectrophoretical labeling [88]: (A) cells are only deflected into the collection stream only 

if they are dielectrophoretically labeled. (B) Schematic of device. 

1.3.2.3. Acoustic Cell Manipulation 

Acoustic cell manipulation depends on the acoustic forces generated in an acoustic 

standing wave field [89], in which particles move toward either the pressure node or the 

anti-node (Figure 1.16), depending on the properties of particles, such as density and 

compressibility. According to this principle, a variety of microfluidic devices have been 

designed to separate cells of different size or density [89-91]. For example, a method of 

free flow acoustophoresis has been reported to separate micrometer-sized or smaller 

particles into multiple fractions in a continuous flow mode [90]. The acoustic standing 

wave generated by an ultrasonic transducer induces lateral displacement in the laminar 

flow of the microchannel, leading to a particle gradient developed across the channel 
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(Figure 1.17A). By using several outlets, particles of different size can be collected 

(Figure 1.17B).  

 

Figure 1.16: Particles positioned, by the acoustic forces, in (A) the pressure nodal plane 

(B) the pressure anti-nodal plane of a standing wave [89]. 

 

Figure 1.17: (A) Particles are moved to the center of the channel at a rate determined by 

their acoustic properties. (B) Fractions of separated particles are collected at five 

consecutive outlets. [90] 

1.3.2.4. Optic Cell Manipulation 

Optic cell manipulation depends on the attractive or repulsive forces generated by a 

highly focused laser beam. It was first used to move micrometer-sized dielectric particles 

in water and air [92], after which it was employed in a series of different experiments from 
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the cooling and trapping of neutral atoms [93] to manipulating live bacteria and viruses 

[94, 95]. Optical forces consist of two components: a scattering force and a gradient force 

[96]. The scattering force is responsible for moving microparticles along the direction of 

light propagation, and the gradient force is responsible for suspending microparticles. A 

typical experimental setup for optic cell manipulation is shown in Figure 1.18 [96]. 

 

Figure 1.18: Layout of a typical cell manipulation implementation [96]. 

According to this principle, multiple microfluidic devices have been reported to 

achieve active cell manipulation [97-100]. For example, combining refractive multiple 

optical tweezers, microfluidics, and optical microscopy, contact-free immobilization of 

more than 200 yeast cells into a high-density array have been demonstrated, where the cell 

array can be moved to any specific region during operation (Figure 1.19) [97]. In another 

example, optical force has been used for rapid and active control of cell routing on a 

microfluidic chip. Cells were aligned to a narrow stream by hydrodynamic focusing, passed 
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through an analysis region and optical switch region, and flowed out to a waste channel. 

Cells identified to be target cells causes the optical switch to be activated, which deflects 

cell to the target output channel (Figure 1.20) [101].  

 

Figure 1.19: Optical cell trapping in a microfluidic device [97]. 

 

Figure 1.20: Layout of a microfluidic sorting junction and optical switch [101]. 
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1.3.2.5. Affinity-Based Cell Manipulation 

Affinity based cell manipulation is based on a highly specific interaction, such as the 

interaction between antigen and antibody, or receptor and ligand, and it enables target 

recognition. However, the application of affinity methods has some limitations. First, the 

interaction between probes and target cells must be much greater than the interaction 

between probes and non-target cells. Secondly, the immobilization of probes onto a 

substrate must be stable. Finally, a large effective probe area is required to enable high 

capture efficiency.  

Antibodies are immunoglobulin found on the B cell membrane surface or in blood and 

other bodily fluids, and are used by the immune system to recognize and counteract foreign 

objects, such as bacteria and viruses. Antibodies distinguish cell types by the proteins they 

express. The general structures of all antibodies are very similar, and only a small region 

at the amino terminal end (paratope) is tremendously variable [102]. This allows the 

immune system to recognize an equally wide diversity of antigens [103]. The antibodies 

bind to unique parts of antigens, called epitopes, with a highly specific interaction [104], 

which allows antibodies to identify and bind only with their unique antigens in the midst 

of millions of different molecules that make up an organism. It enables specific cell 

recognition followed by manipulation. 

Surface functionalization is used to immobilize cell-specific probes onto the substrate 

surface. Silanization is the most common method to modify various molecular functional 

groups to a silicon-based surface [105]. After cleaning, the surface is treated with some 

form of energy to generate hydroxyl groups. These reactive molecular groups can provide 
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a surface onto which other chemical groups can be attached. This process is usually 

accomplished by exposing the hydroxyl-functionalized surface to the silanization agent 

dissolved in a solvent (Figure 1.21). 

 

Figure 1.21: Basic process of silanization [105]. 

Figure 1.22 details how to immobilize a peptide, DNA, or protein on the 

polydimethylsiloxane (PDMS) surface, a silicon-based material, after silanization. 

Modification of PDMS-based microfluidic channels starts with the solution-phase 

oxidation reaction of PDMS surfaces (1), which is carried out by continuously passing a 

mixture of H2O/H2O2/HCl (in a volume ratio of 5:1:1) through the microchannels for 5 

min. After purging the microchannels with deionized (DI) water and dry air, the 

hydrophilic silanol-covered PDMS surfaces (2) were obtained. The silanol-covered PDMS 

microchannels (2) were reacted with (3-aminopropyl) trimethoxy silane (5) to generate the 

amino-grafted PDMS surfaces (6). The surface-grafted amino groups were converted to 

the isothiocyanate groups by introducing a 0.5% (v/v) thiophosgen solution in MeCN to 

the microchannels (6). Again, after purging with DI water and dry air, the isothiocyanate-

grafted PDMS microchannels (7) were then subjected to attachment reactions with a 

variety of amino-terminated biomolecules, including tripeptide RGD (arginine-glycine-

aspartic acid), ssDNA and PSCA (prostate stem cell antigen) protein to produce the RGD-
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grafted PDMS surfaces (8), the DNA-grafted PDMS surfaces (9), and the PSCA-grafted 

PDMS surfaces (10), respectively [106].  

 

Figure 1.22: Immobilization of peptide, DNA, or protein on PDMS surface [106]. 

Cell capture efficiency most strongly depends on the effective area of cell-specific 

probe functionalized surface and the shear stress applied on cell surface [107, 108]. 

Biomaterial surface topography has shown to influence protein adsorption to material 

surface. Nanoparticles can be applied to increase the amount of probes in a certain area 

(Figure 1.23). For example, selectins are a family of cell adhesion molecules, which can 

be used to capture and separate CD34+ hematopoetic stem and progenitor cells and human 

leukemia HL60 cells from peripheral blood. Compared with direct immobilization, more 
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HL60 cells were captured on the selectins modified surface using nanoparticles as mediated 

layer (Figure 1.24) [107]. 

 

Figure 1.23: Basic principle of increasing effective area using nanoparticles [107]. 

 

Figure 1.24: Example of nanoparticles to increase cell capture efficiency [107]. 

Shear stress is another important factor that affects capture efficiency. In order to 

optimize the required shear stress, the Hele-Shaw chamber (Figure 1.25) can be used to 

investigate dynamic cell attachment behavior at different shear stresses by creating a linear 

shear gradient [109]. By employing Anti-CD5 and anti-CD19 antibodies as cell capture 
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probes, more MOLT-3 and Raji cells were captured at lower shear stresses, respectively 

(Figure 1.26) [108].  

 

Figure 1.25: (a) Hele-Shaw chamber and (b) generated linear shear stress [109]. 

 

Figure 1.26: Number of cells captured under different shear stress on (a) anti-CD5 surface 

and (b) anti-CD19 surface [108]. 

According to this principle, antiepithelial cell adhesion molecule (anti-EpCAM) 

antibodies have been successfully immobilized onto the inner surface of a circulating tumor 
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cell chip (CTC-chip) containing an array of 78,000 silicon microposts with 970 mm2 of 

surface area (Figure 1.27) [110]. This CTC-chip was able to purify spiked non-small-cell 

lung cancer (NSCLC) cells (NCI-H1650) in whole blood with concentration ranging from 

50 to 50,000 cells/mL, and was also capable of purifying CTCs from whole blood samples 

donated by cancer patients, with analyzed volumes ranging from 0.9 to 5.1 mL. This work 

demonstrates that with proper design considerations, affinity-based methods can capture 

viable CTCs from whole blood sample without any preprocessing steps, and can be used 

in basic biological research and clinical diagnostics. 

 

Figure 1.27: Microfluidic device for CTC isolation. a, experimental setup; b, a silicon-

based CTC chip; c, whole blood sample flowing through the CTC chip; d, Scanning 

electron microscope (SEM) micrograph of a captured NCI-H1650 lung cancer cell [110]. 

Unfortunately, antibodies generally have limited stability, are expensive and time-

consuming to develop [111]. Aptamers, which are oligonucleotide or peptide molecules 
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that bind to a specific target molecule, such as small molecules [112, 113], peptides [114], 

amino acids [115, 116], proteins [116], cells [117, 118], viruses [119, 120], or  bacteria 

[121, 122], are good alternatives to antibodies. Compared with antibodies, aptamers 

provide a lot of advantages, such as the ability to control properties, synthetic 

reproducibility, biocompatibility, enhanced stability and flexible terminal modification 

[123], and thus are ideal specific probes for affinity-based cell manipulation, although 

conventional platform for developing cell-targeting aptamers are still labor-, time- and 

resource-intensive [124]. 

1.3.3. Microfluidic Aptamer Development 

Aptamers are isolated from a large random sequence pool of single-stranded 

oligonucleotides (ssDNA or ssRNA) through an in vitro process known as systematic 

evolution of ligands by exponential enrichment (SELEX) [125-127]. A typical SELEX 

process for ssDNA aptamer development (Figure 1.28) starts from incubating a random 

ssDNA library of 1013-1015 different sequences with the target. The unbound and weakly 

bound ssDNA is removed, leaving strongly bound ssDNA binding to the target (selection). 

The strongly bound ssDNA is then eluted and amplified via PCR (amplification). The 

amplified double strand DNA is subsequently separated into ssDNA, which is used for the 

next selection process. This iteration is repeated several times until the amplified ssDNA 

has a high binding affinity to the target. 
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Figure 1.28: A typical SELEX process [128]. 

Conventional SELEX for Aptamer Development: As discussed above, a typical 

SELEX process includes two major steps, selection and amplification, which have been 

extensively explored in the field of biological research. Conventional SELEX platforms, 

therefore, combine different selection and amplification methods to realize the 

development of aptamers for a large number of target molecules. 

Most current conventional SELEX processes utilize PCR to amplify the isolated 

sequences. Due to the designable known priming regions, PCR can rapidly and easily 

duplicate the separated ssDNA sequence at low cost. 

The selection process commonly employs one of two separation methods: solution-

based methods and solid-phase-based methods. For solution-based methods, target 

molecules are incubated with an ssDNA library in solution, which allows maximal binding 

efficiency between them. Then, the binding oligomers are separated from non-binding 

strands, using capillary electrophoresis [129], gel electrophoresis [130], centrifugation 
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[131], or electrophoretic mobility shift [132], and then used for amplification. For the solid-

phase-based method, target molecules are immobilized in agarose or sepharose matrix in 

an affinity column [133]. The strong binding strands capture the targets, and thus remain 

in the column. The weak binding oligomers are removed during washing. The captured 

strands are then eluted by changing the environmental condition, and collected to be 

amplified.  

These methods are labor- and time-intensive, requiring tedious pipetting steps for both 

selection and amplification processes, and thus cost a large amount of time and effort to 

successfully develop an aptamer for a single target [134]. Therefore, researchers have been 

investigating the integration of all necessary procedures using robotic workstations for 

sample and reagent dispensing [135, 136], and thus trying to eliminate human intervention 

during iterations. However, these automatic workstations consist of a number of expensive 

equipment, and require a large amount of reagents. Therefore, it is highly desired to 

develop a miniaturized system that can implement the whole SELEX procedure.  

Microfluidic SELEX for Aptamer Development: Microfluidics, which provides 

better efficiency, shorter assay duration and automated reactions, has been recently 

investigated to address issues in conventional SELEX described above.   

Hybarger and coworkers first reported a microfluidic SELEX system consisting of 

fused-silica microlines with surface immobilized proteins for isolation of target-binding 

strands, and a conventional thermal cycler for strand amplification (Figure 1.29) [137]. 

Although the system required extensive manual assembly, it proved the possibility of 
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performing SELEX in an integrated device and minimizing tedious manual sample transfer 

steps. 

 

Figure 1.29: The first integrated microfluidic SELEX system prototype [137]. 

Since PCR in a microdevice has been well investigated since 1994 [138], researchers 

primarily explored the development of microfluidic device for target-binding strand 

selection [124, 139-141]. For example, Soh and coworkers developed a continuous flow 

magnetic actuated cell separation (CMACS) system to isolate weak- and un-bound 

oligomers (Figure 1.30) [139]. In their approach, targets were immobilized on magnetic 

beads, which were then incubated with random ssDNA library, leading to surface-bound 

strong binders and free weak binders. The magnetic beads were then guided to the center 

of the microfluidic channel through a localized magnetic field generated by surface-

patterned ferromagnets. Due to the highly efficient washing provided by the continuous 

flow, this method could generate ssDNA aptamers with strong binding affinity in only a 

single round of selection. 



35 

 

 

Figure 1.30: The CMACS system to isolate weak- and un-bound oligomers [139]. 

Recently, researchers have been working on the development of fully integrated 

microfluidic SELEX systems that can perform all necessary procedures without any human 

interference [142-146]. For example, Lee and coworkers immobilized target molecules on 

magnetic beads, which were retained in a single microfluidic chamber by a ferromagnet 

located beneath the chamber (Figure 1.31) [142]. The reagents, samples and products were 

pneumatically introduced into and sucked out of the microchamber during different stages 

of the SELEX process. However, the selection condition was restricted to using PCR buffer 

and it was unclear how to separate and collect amplified ssDNA after the amplification 

procedure. The use of unpurified/not well purified ssDNA significantly decreases the 

selection efficiency due to the competition effect, and limits the application of the 

microfluidic device. 
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Figure 1.31: A magnetic bead based microfluidic system for integrated SELEX [142]. 

1.4. Objective and Significance 

The completion of the Human Genome Project has enabled greater understanding of 

the roles of genes in human development and physiology. Applying these advances to 

cancer care, genetically based diagnosis can be attained by identifying genetic variations 

that may directly contribute to disease development of individual patients, thereby 

achieving one of major goals of personalized medicine [25]. On the other hand, genetic 

information alone may not be sufficient for personalized medicine. Diseases that are 

identical at the molecular level may differ at the cellular level; a drug that is effective for 
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one patient may not be effective for another patient with the identical genotype [27]. Thus, 

we envision that personalized medicine could be enabled by microsystems which combine 

genetic analysis and drug effect screening of cancer cells for individual patients. Such 

microsystems would accept whole blood samples or other body fluids from individual 

patients, purify and retrieve tumor cells, and then identify genetic variation and perform 

anti-cancer drug screening. 

This thesis addresses the development of MEMS-based microfluidic devices toward 

personalized cancer medicine. Focusing on SNP genotyping, cell array formation, specific 

enrichment and nondestructive retrieval of cells using aptamers, and synthetic isolation of 

cell-targeting aptamers on microfluidic surfaces, these devices provide critical analytical 

capabilities required by genetic variation identification and cell manipulation at the 

individual patient level, and can hence be used as building blocks to ultimately realize fully 

integrated microsystems for personalized cancer diagnostics and therapeutics. 

1.5. Contributions of Thesis Research 

Allele-specific primer extension based SNP genotyping: Two microfluidic 

approaches have been developed to achieve high-throughput and multiplexed SNP 

genotyping. The bead-based approach uses solid-phase-based reactions in a single 

microchamber, in which all the reactions, including polymerase chain reaction (PCR), 

allele specific single base extension (SBE) and desalting, are performed. The easy design, 

fabrication and operation of the microfluidic device enable high-throughput detection of 

SNPs. Meanwhile, the solution-based approach integrates SBE, solid-phase purification 

(SPP), chemical cleavage and reverse-phase desalting onto a single microfluidic device. 
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Along with the employment of mass-tagged dideoxynucleotides, the multiplexing 

capability has been significantly improved. This microfluidic device is amenable to 

parallelization, and can be ultimately produced in array format to allow simultaneous 

analysis of samples from a large number of different sources, such as different patients. 

Aptameric specific cell capture and temperature-mediated cell release: We 

employed aptamers to achieve specific cell capture on microfluidic surfaces. More 

importantly, the microfluidic device has been designed to investigate the temperature 

dependence of binding affinity between aptamers and cells, which allows for 

nondestructive retrieval of target cells, eliminating the use of potentially harsh chemicals. 

In addition, the aptamer-cell binding reaction is reversible, making the aptamer-

functionalized surface regenerative and this capture and release strategy highly repeatable. 

The studies presented in this thesis elucidate, for the first time, the temperature dependence 

of aptamer-cell binding affinity in microfluidic devices for applications such as cell 

purification.   

Mechanically tunable cell trapping: To realize controllable cell trapping, we, for the 

first time, exploited the large compliance of elastomers to establish a tunable cell trapping 

microchip. The dimensions of these microstructures can be mechanically modulated by 

simply inducing uniformly distributed strain via the application of an external force on the 

chip, so as to precisely control the number of cells captured at the single and individual cell 

level. 

Development of cell-specific aptamers: To synthetically isolate cell-targeting 

aptamers from a randomized ssDNA library, we developed a microfluidic device that 
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integrates cell culturing with affinity selection of cell-binding ssDNA, which is then 

amplified by bead-based PCR. The on-chip cell culturing provides an ideal approach for 

cell membrane protein regeneration, as well as restraining cells in the selection chamber. 

The bead-based PCR significantly facilitates the ssDNA separation after the amplification 

process, eliminating the contamination of complementary strands. In addition, transfer 

between the selection and amplification chambers using pneumatic controlled pressure-

driven flow realizes multi-round aptamer isolation on a single chip, as well as reducing 

potential damage to cells caused by electrical fields in our previous work. 

1.6. Organization of Thesis 

In this thesis, we focus on the development of key technologies for microfluidic cell 

manipulation, genetic analysis, and selection of aptamers specific to cells. Following this 

introduction, Chapter 2 develops a bead-based genotyping approach to detect single-base 

mutations associated with sickle cell anemia, in a single chamber. Chapter 3 designs, 

fabricates and optimizes an integrated microsystem for multiplex SNP genotyping. 

Compared with the bead-based approach developed in Chapter 2, this multi-step solution-

based approach utilizes the mass-tagged dideoxyribonucleotides for SBE and integrates the 

functions of sample purification and desalting on solid-phase surfaces, and thus has an 

improved single-to-noise ratio and enhanced multiplexing capability. Chapter 4 

investigates the temperature response of binding affinity between surface-immobilized 

aptamers and cells, which demonstrates the feasibility of using aptamers to specifically 

separate target cells from a heterogeneous solution and employing environmental changes 

to retrieve purified cells. Based on this technique, Chapter 5 explores the spatially specific 
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capture and selective temperature-mediated release of cells using the same aptamers, which 

provides the potential to establish cell arrays on pre-defined regions and to only collect 

interested cell groups for downstream analysis. Chapter 6 presents a tunable microfluidic 

device for physically modulated cell trapping, which enables the trapping of various 

numbers of cells using a unique device. Chapter 7 describes the design and some 

preliminary results for a hydrodynamic based SELEX platform for cell-specific aptamer 

development, in which multiple rounds of SELEX have been successfully performed. 

Conclusion and future work are presented in Chapter 8. 
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Chapter 2. Microfluidic Genotyping of Single-Nucleotide 

Polymorphisms: a Bead-Based Approach 

In this chapter, a bead-based single-nucleotide polymorphism (SNP) genotyping 

device is presented. Polymerase chain reaction (PCR), allele specific single-base extension 

(SBE), and desalting on microbeads are performed in a single microchamber situated on a 

temperature control chip, which is coupled with matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry (MALDI-TOF MS) to analyze the SBE product. 

Experimental results from genotyping of the SNP on exon 1 of HBB gene, which causes 

sickle cell anemia, demonstrate the potential of the device for rapid, accurate, multiplexed 

and high-throughput detection of SNPs. The work presented in this chapter has resulted in 

a peer-reviewed conference proceeding [147] and a journal publication [148]. 

2.1. Introduction 

Genetic mutations take many forms, ranging from chromosome anomalies to single-

base substitutions [149]. Among them, SNPs, which are single nucleotide variations in the 

genome between different individuals, are the most common form, occurring 

approximately once every 1000 bases [150]. SNPs can be used as genetic markers to 

identify genes associated with complex disease [151, 152]. Therefore, accurate 

identification of SNPs is of great utility to disease diagnosis and prognosis [153-155]. 

Genotyping of SNPs can be based on enzymatic cleavage, allele specific hybridization, 

allele specific ligation or cleavage, and allele specific primer extension [49]. Enzymatic 

cleavage, illustrated in Invader® Assays [52, 53], utilize thermostable flap endonucleases 
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(FEN) and fluorescence resonance energy transfer (FRET) to recognize and detect SNP by 

the annealing of allele-specific overlapping oligonucleotides to the target DNA. While it is 

highly accurate, this method is generally time-consuming and difficult to multiplex (i.e., to 

detect multiple SNPs in one reaction). Allele-specific hybridization, used for example in 

the Affymetrix® Human SNP Array [55], is based on matched or mismatched probes 

annealing to the target DNA sequence adjacent to the SNP site [155]. This method allows 

detection of up to 2 million SNPs simultaneously, but it requires labor-intensive genomic 

DNA (gDNA) digestion, fractionation and amplification, and is prone to unspecific binding 

that leads to false positives [156]. Allele-specific ligation or cleavage combines the 

hybridization of probes specific to the target DNA sequence and the specificity of the ligase 

enzyme (e.g., SNPlexTM Assay [157]) or 5’ nuclease (TaqMan® Assay [157]) to distinguish 

matched or mismatched nucleotides. These assays have a very high level of specificity, but 

their applicability is hindered by slow reaction speeds and the limited number of modified 

probes available [49]. Allele-specific primer extension, which involves allele-specific 

incorporation of nucleotides during primer extension [49, 50], is an emerging SNP 

genotyping method that offers flexibility and robustness. The discrimination between 

different incorporated nucleotides is based on either fluorescence (e.g., Illumina® Infinium 

Assays [158]) or mass spectrometry (e.g., Sequenom® iPlex Assays [60]). While rapid, 

accurate and capable of multiplexing, they require complicated design of primers and 

fluorescent-tagged or mass-tagged nucleotides [159, 160]. There is hence a strong need for 

new genotyping platforms to address these issues. 
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Microfluidics technology can potentially enable fast, low-cost, and automated SNP 

detection with improved sensitivity, resolution, accuracy, efficiency and throughput, as 

well as minimized sample consumption [62]. The aforementioned genotyping principles 

have been implemented in microfluidic systems to generate modified DNA indicative of 

SNPs, which is then detected by methods such as electrophoresis and bioluminescence [62, 

161]. Electrophoresis, in which an applied electric field separates DNA fragments by 

charge-to-mass ratio, provides high accuracy with reduced buffer and sample consumption, 

but has limited potential in high throughput and multiplexed genotyping [63]. 

Alternatively, bioluminescent methods utilize fluorescent probes to provide either high 

sample throughput [162-165] or high accuracy [166] along with enhanced sensitivities and 

reduced time, sample and reactant consumption, but are limited by false positives and an 

inability to multiplex. Therefore, more research is needed to develop microfluidic SNP 

detection systems that offer improved accuracy, ability to multiplex, and increased 

throughput. 

This chapter presents a bead-based SNP genotyping approach using solid-phase based 

reactions in a single microchamber on a temperature control chip. PCR, allele specific SBE 

and desalting on microbeads are performed in the single microchamber, and are coupled 

with MALDI-TOF MS to identify SBE products. The use of SBE and MALDI-TOF MS 

provides the possibility of accurate, fast and multiplexed detection [167-169]. The single 

chamber design eliminates the use of on-chip valves, resulting in greatly simplified fluid 

handling, and integration of PCR with SBE on-chip has the potential to improve assay 

efficiency. Miniaturization reduces sample and reagent consumption, and when 
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implemented in array format, this integrated SNP detection approach can potentially allow 

parallelized and high-throughput analysis of patient samples. We demonstrate this bead-

based SNP genotyping approach by detecting the SNP on exon 1 of HBB gene located in 

chromosome 11, which alters the sixth amino acid in the beta hemoglobin to cause sickle 

cell anemia, a life-threatening disorder [170]. 

2.2. Principle and Design 

2.2.1. Principle of Bead-Based SNP Genotyping 

Our bead-based SNP genotyping method performs PCR, SBE, and desalting reactions 

on microbeads in a single microchamber. The chamber is first packed with polymer 

microbeads that are functionalized with reverse primers via a biotin-streptavidin link and 

mixed with the target template DNA and PCR reagents, followed by thermal cycling to 

generate double-stranded DNA (dsDNA) (Figure 2.1A&B), which is then purified by a 

buffer wash (Figure 2.1C). By introducing NaOH solution, template single-strand DNA 

(ssDNA) is chemically eluted, leaving ssDNA complementary to the template on the 

microbeads (Figure 2.1D) to be analyzed in the following steps. Subsequently, SBE 

reactants are introduced, and allele-specific primers anneal to the complementary strand 

immediately adjacent to the polymorphic site. These primers then undergo SBE, by 

thermally cycling the reaction mixture in the presence of dideoxyribonucleotide 

triphosphates (ddNTPs) and enzyme, to generate primers extended by only one base 

(Figure 2.1E) [169]. Washing with deionized water (DI water) then removes free primers, 

salts and any other impurities for purification of the bead-bound extended and unextended 
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allele-specific primers (Figure 2.1F). The additional nucleotide is then identified 

according to the difference in mass between the extended and unextended primers. 

 

Figure 2.1: Principle of bead-based SNP detection. (A) The first cycle of PCR on bead-

immobilized reverse primers generates dsDNA. (B) Additional PCR cycles generate 

dsDNA. (C) A buffer wash purifies bead-bound dsDNA. (D) Template ssDNA is 

chemically eluted from beads. (E) SBE is performed on bead-bound ssDNA 

complementary to the template. (F) The SBE product is purified and then desalted for 

subsequent MALDI-TOF MS detection. 
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2.2.2. Design and Fabrication 

The microfluidic device used to demonstrate the bead-based SNP genotyping approach 

consists of a polydimethylsiloxane (PDMS) microchamber situated on a temperature 

control chip integrated with a micro heater and temperature sensor (Figure 2.2A&B). The 

tapered microchamber (Figure 2.2A&B, 150 µm in height) with an approximately 5 µL 

volume contains dam-like structures (Figure 2.2A&B, 15 µm in height), called weirs, to 

retain microbeads (50 - 80 µm in diameter) during wash steps. The surfaces of 

microchamber are coated with Parylene C to prevent evaporative loss of reactants [171]. 

On the temperature control chip, a resistive sensor (16.5 mm L × 50 µm W) is located 

beneath the center of the chamber, and a resistive serpentine-shaped heater (296 mm L × 

500 µm W) surrounds the temperature sensor. Thus, the chamber is heated with its 

temperature near the center measured by the sensor to complete a closed-loop temperature 

control setup. 

The temperature control chip was first fabricated using standard microfabrication 

techniques. Briefly, a glass slide (Fisher HealthCare, Houston, TX) was cleaned by piranha. 

Chrome (10 nm) and gold (100 nm) thin films were deposited by thermal evaporation and 

patterned by wet etching. Then, a passivation layer of 1 µm of silicon dioxide was deposited 

using plasma-enhanced chemical vapor deposition (PECVD). Finally, the on-chip 

temperature sensor and heater were equipped with contact pads (2.5 mm  2.5 mm, also 

fabricated from gold), which were opened by etching the oxide layer using hydrofluoric 

acid and connected to measurement instruments via wire bonding (Figure 2.2C). 
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In parallel, the microfluidic chamber was fabricated from PDMS (Sylgard 184, Dow 

Corning Inc. Midland, MI) using soft lithography techniques. SU-8 photoresist 

(MicroChem Corp., Newton, MA) was spin-coated and patterned on a silicon wafer to form 

mold-defining microfluidic features. Next, a PDMS prepolymer solution (base and curing 

agent mixed in a 10:1 ratio) was cast onto the mold and cured on a hotplate at 72 °C for 1 

hour (Figure 2.2D).  

 

Figure 2.2: (A) Schematic of the bead-based SNP genotyping device. (B) Cross-sectional 

view along line a-a illustrating the layered structure of the device. (C) - (G) Fabrication 

process for the device: (C) Deposition, patterning and passivation of gold sensor and 

heater; (D) Fabrication of SU-8 mold; (E) Demolding of PDMS microchamber, and 

bonding between microchamber and temperature control chip; (F) Deposition of Parylene 

C; (G) Packing of streptavidin beads. 
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Subsequently, the inlet and outlet were punched on the resulting sheet bearing the 

microfluidic features, which was then bonded to the temperature control chip after 

treatment of the bonding interfaces with oxygen plasma for 15 seconds (Figure 2.2E).  

Finally, the surface of the microchamber was coated with a thin layer of Parylene C 

via chemical vapor deposition (Figure 2.2F), prior to packing streptavidin beads (Figure 

2.2G). An image of a fabricated device is shown in Figure 2.3.  

 

Figure 2.3: Photograph of a fabricated device. 

2.3. Experimental 

2.3.1. Materials 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 

indicated. Streptavidin beads (Pierce Streptavidin Plus UltraLink Resin) were obtained 

from Thermo Fisher Scientific Inc. (Rockford, IL). ddNTPs were purchased from Jena 

Bioscience GmbH (Jena, Germany). Deoxyribonucleotide triphosphates (dNTPs) and 
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GoTaq Flexi DNA Polymerase were obtained from Promega Corp. (Madison, WI). Thermo 

Sequenase was purchased from GE Healthcare (Piscataway, NJ). Template DNA, 

including a mutated type (5’-CCT CAC CAC CAA CTT CAT CCA CGT TCA CCT TGC 

CCC ACA GGG CAG TAA CGG CAG ACT TCT CCA CAG GAG TCA GAT GCA CCA 

TGG TGT CTG TTT GAG GTT GCT AGT GAA CAC AGT TGT GTC AGA AGC AAA 

TGT AAG CAA TAG ATG GCT CTG CCC TGA CT-3’, the SNP site is underlined and 

SBE primer annealing site is italic) and an unmutated type (5’-CCT CAC CAC CAA CTT 

CAT CCA CGT TCA CCT TGC CCC ACA GGG CAG TAA CGG CAG ACT TCT CCT 

CAG GAG TCA GAT GCA CCA TGG TGT CTG TTT GAG GTT GCT AGT GAA CAC 

AGT TGT GTC AGA AGC AAA TGT AAG CAA TAG ATG GCT CTG CCC TGA CT-

3’, the SNP site is underlined and SBE primer annealing site is italic) of the HBB gene, 

double biotin modified reverse primer (5’-double biotin-AGT CAG GGC AGA GCC ATC 

TA-3’), fluorescein amidite (FAM) modified forward primer (5’-FAM-CCT CAC CAC 

CAA CTT CAT CC-3’, M.W. = 6651), and SBE primer (5’-ACG GCA GAC TTC TCC-

3’, M.W = 4513) were synthesized and purified by Integrated DNA Technologies 

(Coralville, IA). 

2.3.2. Experimental Setup 

Closed-loop temperature control of the microchamber was achieved using the 

integrated temperature sensor, heater, and the fan under the temperature control chip with 

a proportional-integral-derivative (PID) algorithm implemented in a LabVIEW (National 

Instruments Corp., TX) program on a personal computer. The resistance of the sensor was 

measured by a digital multimeter (34420A, Agilent Technologies Inc., CA), and the heater 
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and fan were connected to two DC power supplies (E3631, Agilent Technologies Inc., CA) 

respectively. The inlet was connected to a syringe that contained reaction buffer or washing 

buffer driven by a syringe pump (KD210P, KD Scientific Inc., MA). The outlet was 

connected to a microcentrifuge tube for collection of genotyping product to MALDI-TOF 

MS or experimental waste. All fluorescent images of beads were taken using an inverted 

epifluorescence microscope (Diaphot 300, Nikon Instruments Inc., NY) with a CCD 

camera (Model 190CU, Micrometrics, NH), after removing the device from the fan (Figure 

2.4). 

 

Figure 2.4: Experimental setup for bead-based SNP genotyping. 

2.3.3. Experimental Procedure 

Just prior to experimentation, the streptavidin beads in the microchamber were rinsed 

with binding and washing (B&W) buffer (5 mM Tris-HCl, 0.5 mM EDTA, 1 M NaCl, and 

0.01% Tween 20, pH=7.5). The reverse primer (50 pmol) in B&W buffer was introduced 

and incubated with the beads for 30 min, followed by washing with B&W buffer at 10 

L/min for 10 min.  
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Bead-based PCR was performed for 30 thermal cycles as follows: 95 °C for 15 s, 56 °C 

for 30 s, and 72 °C for 30 s. A 5 L sample of PCR reactants was introduced twice, prior 

to cycling and between 15th and 16th cycle, and each sample consisted of 0.08 pmol of 

template, 8.33 pmol of forward primer, 1× GoTaq Flexi Buffer, 0.83 units of GoTaq Flexi 

DNA Polymerase, 1.67 nmol of dNTP and 6.25 nmol of MgCl2 (1.25 mM). The microbeads 

were then rinsed with 0.15 mM NaOH in B&W buffer at 5 L/min for 10 min to elute 

template ssDNA, followed by a rinse of pure B&W buffer at 10 L/min for 10 min, leaving 

complementary strand on the beads. 

To perform SBE, the SBE primer targeting the SNP on the complementary sequence 

of exon 1 of the HBB gene was extended by a single base in the microchamber using 

ddNTPs. A 5 L sample of SBE reactants was introduced to the microchamber twice, prior 

to SBE and between 5th and 6th thermal cycle, and underwent 10 thermal cycles as follows: 

90 °C for 15 s, 40 °C for 30 s, and 70 °C for 30 s. Each SBE reactant consisted of 6.67 

pmol of primer, 16.67 pmol of ddNTP, 1× Thermo Sequenase reaction buffer and 2.67 

units of Thermo Sequenase. 

The microchamber was then rinsed using B&W buffer at 5 L/min for 10 min, 

followed by desalting with DI water at 5 L/min for 20 min. Finally, the microchamber 

was incubated at 95 °C for 1 min, followed by a rinse with DI water at 20 L/min and 

95 °C for 3 min, to elute the hybridized primer. 
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2.4. Results and Discussion 

This section presents and analyzes experimental results from the fabricated bead-based 

SNP genotyping device. We first characterize the temperature control chip. Then, bead-

based PCR, chemical elution, in-situ desalting and thermal elution are performed using 

exon1 of the HBB gene to characterize each functional unit. Finally, the integrated 

procedure is executed on-chip to demonstrate successful SNP genotyping. 

2.4.1. Temperature Control Characterization 

The temperature-resistance relationship of the thin-film gold temperature sensor was 

calibrated following fabrication. The experimental data showed that the measured 

resistance (R) of the sensor exhibited a highly linear relationship with temperature (T), 

which can be fitted to R = R0 [1 +  (T - T0)], where R0 is the sensor resistance at reference 

temperature T0, and  is the temperature coefficient of resistance (TCR) of the sensor. The 

TCR was determined to be 3.06×10-3 °C-1 for a typical chip, which had a reference 

resistance of 83.44 Ω at a reference temperature of 21.9 °C. Time-resolved tracking of on-

chip thermal cycling showed that the chamber temperatures attained specified setpoints via 

control of the on-chip heater and off-chip fan quickly and precisely (Figure 2.5). The 

thermal time constant of a typical temperature control chip was 126 s based on an 

exponential fit. The time constants of closed loop temperature control (based on an 

exponential fit) were 1.4s for heating from 56°C to 72°C, 1.9 s for heating from 72 °C to 

95 °C and 8.7 s for cooling from 95 °C to 56 °C, which represented a significant 

improvement over typical time responses of conventional PCR thermal cyclers (e.g., 6s for 

heating from 56°C to 72°C, 8 s for heating from 72 °C to 95 °C, and 16 s for cooling from 
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95 °C to 56 °C for the Eppendorf Mastercycler® Personal used in our related experiments 

below).  

 

Figure 2.5: Time-resolved tracking of the chamber temperature. 

2.4.2. Characterization of Bead-Based PCR and Chemical Elution 

To characterize bead-based PCR, reactants were thermally cycled on-chip and 

fluorescent bead intensity was then measured and compared to control tests. To obtain 

consistent results under controlled experimental conditions, template DNA was used as the 

target sequence for the characterization. After B&W buffer washing, the fluorescent 

intensity of beads was significantly higher than those without thermal cycling, enzyme or 

templates, which were only 5%, 7% and 16% of the original test (Figure 2.6A). This 

indicates that the bead-based PCR process did amplify template DNA and that the 

fluorescently modified primer enables monitoring of this step of the SNP genotyping 

procedure [172]. 



54 

 

 

Figure 2.6: (A) Characterization of bead-based PCR: fluorescent intensity of beads with 

different PCR parameters, measured in arbitrary units (a.u.). (B) Verification of removal 

of template ssDNA by NaOH: fluorescent intensity of beads before and after rinsing with 

NaOH, and after introduction of FAM-modified forward primers. Error bars represent 

standard deviations based on four independent measurements of fluorescent microbeads. 

Prior to SBE, template ssDNA generated during PCR must be removed from the bead-

bound complementary strand. To test the efficiency of the chemical elution method, the 

template ssDNA was first amplified using fluorescently labeled forward primers and 

double biotinylated reverse primers in a conventional thermal cycler, and the amplification 

product was immobilized onto the streptavidin beads, which were packed in the 

microchamber afterwards. The fluorescent intensity of the beads was then measured before 

and after rinsing with buffer containing 0.15 mM NaOH. The fluorescent intensity of rinsed 

beads was 87% lower than that of pre-elution beads (Figure 2.6B), indicating that most 

template ssDNA had been removed from the bead surface. To further demonstrate that the 

template ssDNA had been removed from the beads, rather than the dsDNA, 5 L of 5 M 



55 

 

FAM-modified forward primers in 1× PCR buffer was introduced into the microchamber. 

After incubating at 56 °C for 1 min, followed by washing with B&W buffer, the fluorescent 

intensity of the beads was similar to that before introduction of the NaOH elution (Figure 

2.6B), which suggested that complementary strand remained bound to the beads following 

the elution of template ssDNA. These results indicate a sufficiently high on-chip chemical 

elution efficiency using NaOH. 

2.4.3. Verification of Thermal Elution and In-Situ Desalting 

To generate a DNA solution prior to detection with MALDI-TOF MS, hybridized 

primers must be desalted and then thermally eluted into DI water. The effect of desalting 

and the efficiency of the thermal elution method were tested to ensure that DNA loss during 

this step would not compromise detection by MS. The fluorescently labeled forward primer 

in B&W buffer was first hybridized to the ssDNA on the beads and desalted with DI water. 

The fluorescent intensity of the beads was then measured before and after rinsing at 95 °C, 

and the elution product was manually pipetted to a MALDI plate and tested using MALDI-

TOF MS. During desalting, the microchamber was rinsed with DI water, and the 

fluorescent intensity remained at 95.5% of pre-desalting intensity (Figure 2.7A). The 

chamber temperature was then elevated to elute hybridized primers. After elution, the 

fluorescent intensity of the beads was only 26% of pre-desalting intensity and 28% of pre-

elution intensity (Figure 2.7A). To control for effects of temperature on fluorescent 

intensity, fluorescently labeled microbeads were heated in the thermal cycler for different 

durations. As shown in Figure 2.7B, it was obvious that heating for 4 min did not generate 

a noticeable change in fluorescent intensity, which showed that the intensity of the 
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fluorescent label was stable in response to elevated temperatures, and that elution of 

primers was indeed the reason for the decrease in fluorescent intensity. Furthermore, 

following MALDI-TOF MS, a distinct mass spectral peak at 6651 m/z (Figure 2.7C) 

indicated effective desalting efficiency, showing the promise of using this method to desalt 

and elute genotyping products. The repeated experiments have shown similar results, from 

all of which the mass spectral peaks can be recognized consistently. These results 

demonstrate effective in-situ desalting and efficient thermal primer elution. 

 

Figure 2.7: Verification of thermal elution and in-situ desalting. (A) Fluorescent intensity 

of beads before desalting, after desalting and after denaturation procedure. (B) Fluorescent 

intensity of FAM-labeled microbeads following heating. (C) A MALDI-TOF mass 

spectrum of thermally eluted FAM-modified forward primers. Error bars represent 

standard deviations based on four independent measurements of fluorescent microbeads. 
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2.4.4. Integrated SNP Detection 

Having tested the individual procedures necessary for SNP detection, the procedures 

were integrated and the SBE products were analyzed using MALDI-TOF MS. 

Theoretically, the mass of extended primer can be calculated according to the equation mp 

= mr + mn – mb, where mp is the mass of extended primer, mr is the mass of unextended 

primer, mn is the mass of corresponding ddNTP and mb is the mass of bond formation (175 

m/z). We detected SNPs on both mutated HBB gene and unmutated HBB gene. As the 

target nucleotides of the mutated and unmutated template DNA are adenosine and 

thymidine, a single dideoxyadenosine triphosphate (ddATP, M.W. = 472) and 

dideoxythymidine triphosphate (ddTTP, M.W. = 463) were incorporated into each primer, 

respectively. Thus the mass of the product for mutated and unmutated HBB gene were 

respectively expected to be 4810 Daltons (4513+472-175), as shown by the distinct peak 

at 4810 m/z in Figure 2.8A, and 4801 Daltons (4513+463-175), as shown by the peak at 

4801 m/z in Figure 2.8B. The peak located at 4513 m/z in both Figure 2.8A and Figure 

2.8B was induced by unextended primers, which would not compromise the identification 

of the nucleotide at a SNP site. Repeated experiments on genotyping of both mutated and 

unmutated HBB gene has shown similar mass spectra consistently, indicating successful 

SNP detection. 
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Figure 2.8: MALDI-TOF mass spectrum of SNP detection product with all operations 

integrated. (A) Mass spectrum of genotyping mutated HBB gene. (B) Mass spectrum of 

genotyping unmutated HBB gene. (*: extended SBE primer) 

2.5. Conclusion 

We have developed a bead-based genotyping approach by incorporating PCR, SBE 

and desalting using solid-phase-based reactions in a single microfluidic chamber, and 

coupling this method to MALDI-TOF MS. The device consists of a microchamber that is 

situated on a temperature control chip integrated with a temperature sensor and heater, and 

is equipped with weirs to retain microbeads during wash steps. The microchamber surfaces 

are coated with Parylene C to prevent sample loss. The integrated temperature sensor and 

heater allow closed-loop temperature control for thermal cycling and thermally induced 

primer elution. By employing such solid-phase-based reactions, our approach can 

significantly simplify fluid handling by avoid utilizing any on-chip valves, and hence 

potentially be applicable for high-throughput assays. 
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Our experiments have shown efficient on-chip thermal cycling using the device 

design, which enables effective bead-based PCR, SBE and thermal elution. In addition, 

successful chemical elution using NaOH has been achieved. Subsequently, the capability 

of the device to perform in-situ desalting using solid-phase-based reactions was 

demonstrated. Finally, genotyping of SNPs on both a mutated and an unmutated HBB gene 

using the presented device was performed, coupled with MALDI-TOF MS. The 

nucleotides at SNP sites have been successfully recognized, although a 100% nucleotide 

incorporation was not achieved and could be addressed by running a larger number of 

cycles and introducing more effective mixing during thermal cycling. 

In addition to successfully detecting an individual SNP, these results also indicate the 

compatibility of our approach with multiplexed genotyping. For example, if multiple 

primers are used to perform an extension simultaneously, each primer can detect a different 

SNP. Because the maximum molecular weight of ddNTPs is 488 Daltons 

(dideoxyguanosine triphosphate, ddGTP), by ensuring that the primers are designed with a 

mass difference of at least 500 Daltons, the mass spectrum of each different primer and 

extended products will not overlap. As a result, different mass spectral peaks can be 

recognized in the same spectrum to detect multiple SNPs. 

Further study will involve the development of device that employs a more efficient 

purification method and thus improve the single-to-noise ratio and enable the multiplexed 

SNP genotyping. 
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Chapter 3. Microfluidic Multiplex Genotyping of Single-

Nucleotide Polymorphisms: a Multi-Step Solution-Based 

Approach 

The bead-based single-nucleotide polymorphism (SNP) genotyping approach 

described in Chapter 2 demonstrated the feasibility of integrating polymerase chain 

reaction (PCR), allele specific single-base extension (SBE), and desalting into a single 

microchamber for SNP genotyping. However, due the insufficient purification method, that 

approach is not able to eliminate all impurities in the product and is not suitable for 

multiplexing.  

In this chapter, a multi-step SNP genotyping microfluidic device, which performs 

single-base extension of SNP specific primers and solid-phase purification (SPP) of the 

extension products on a temperature-controlled chip, is presented. The products generated 

by the device are ready for immediate detection by matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), providing 

identification of the alleles at the target loci. The integrated device enables efficient and 

automated operation, while maintaining the high accuracy and sensitivity provided by MS. 

The multiplex genotyping capability was validated by performing rapid, accurate and 

simultaneous detection of 4 loci on a synthetic template. The work presented in this chapter 

has resulted in a peer-reviewed conference proceeding [173] and a journal publication 

[174]. 
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3.1. Introduction 

The successful sequencing of the human genome has offered opportunities for the 

interrogation of subtle genetic variations to elucidate the genetic bases of biological 

functions and diseases. SNPs are the most abundant type of genetic variations, with more 

than 10 million SNPs in public databases, occurring approximately once every 100 to 300 

bases in the human genome [48]. SNPs provide the genetic fingerprint of an individual, 

which is essential for genome-wide association studies and genetic biomarker discovery. 

Moreover, some SNPs are often associated with a phenotypic change or may directly 

contribute to disease development.  For example, a somatic point mutation at codon 600 of 

the v-raf murine sarcoma viral oncogene homolog B1 (BRAF) gene results in an amino 

acid change from valine to glutamate. This mutation activates the BRAF kinase and has 

been associated with a variety of tumor types, particularly melanomas [175, 176]. In 

addition, it provides a cancer therapy target and has been used in patient screening to 

identify responsive groups to BRAF kinase inhibitors, such as vemurafenib [177]. Thus, 

the accurate detection of SNPs is of great importance for disease prevention, diagnosis, 

prognosis, and prediction of drug responsiveness, and has become an indispensable tool in 

personalized medicine. With the increasing demand for SNP detection, there are more and 

more samples needed to be handled in a cost- and time-effective manner. While it is 

challenging, the capability to accurately process multiple different samples in parallel is 

becoming essential in biological applications.    

A variety of biological methods have been developed for SNP genotyping, including 

the polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) 
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[51], DNA hybridization [55], TaqMan [178], allele-specific ligation [57] and allele-

specific SBE [179], using detection schemes such as fluorescence detection and mass 

spectrometry (MS). The introduction of micro- and nanotechnology has revolutionized 

biological analysis, as the miniaturization of assays facilitates integration, improves speed, 

efficiency and accuracy, reduces labor, and provides the potential for high-throughput and 

point-of-care applications. Furthermore, the use of smaller sample volumes lowers reagent 

consumption and energy requirements, and shortens reaction cycles [180, 181]. Integrated 

with micro- and nanotechnology, a variety of genotyping microdevices have been explored. 

For example, the allele-specific hybridization and ligation protocols with fluorescent 

detection have been incorporated into a microchip for the determination of influenza virus 

subtypes [182], and for the discrimination of single-nucleotide mismatches [183, 184]. The 

RFLP-based microchip combined with a capillary electrophoresis separation device has 

also been developed to identify SNPs in the thiopurine S-methyltransferase gene [185]. In 

addition, the TaqMan genotyping assay has been integrated into nanofluidic circuits and 

commercialized by Fluidigm Corporation with significant advantages over the 

conventional thermal cycling process [186, 187]. Nevertheless, optical detection has its 

intrinsic limitations, as optical signals for the use of detecting ultra-low abundance 

nucleotide variations tend to generate false-positive results, causing insufficient accuracy 

and sensitivity. Mass spectrometric detection is advantageous over optical detection in 

terms of sensitivity and accuracy, which are especially critical for detecting low frequency 

mutations, such as somatic mutations in tumors and mitochondrial mutations [188, 189]. 

However, the only commercially available mass spectrometric genotyping platform, the 
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Sequenom MassARRAY®, is not integrated into an automatic system, which requires 

substantial manual labor prior to mass spectrometric analysis, including traditional 

thermocycling, manual resin purification, and etc. The manual handling of each step would 

not only contribute to errors, but also limit the throughput. Moreover, its multiplexing 

capability is also limited, as unextended primers remain in the final sample and potentially 

overlap with extended primers targeting different polymorphic sites [190]. This limitation 

can be overcome by introducing SPP, in which only extended primers are captured for 

mass spectrometric analysis, eliminating interference from the excess primers [168]. 

Therefore, it is highly desirable to integrate SBE and SPP required for multiplex SNP 

genotyping in a single microfluidic device, so that samples can be processed automatically 

while maintaining the high accuracy and sensitivity of MS.  

To achieve this goal, this chapter presents the development and testing of a multi-step 

SNP genotyping microfluidic device that additionally includes a two-step SPP scheme for 

solution-based SBE product, making multiplexing practically attainable. All required steps 

of the SNP genotyping reactions are integrated in the device, which is coupled to external 

instrumentation for MALDI-TOF MS. Experiments with uniplex and 4-plex SNP detection 

have demonstrated that the device is capable of accurate, rapid and automated analysis with 

reduced consumption of samples and reagents, and can potentially be used in high-

throughput and multiplex SNP genotyping. 
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3.2. Principle, Device Design and Fabrication 

This section describes the principle, design and fabrication of our microfluidic device. 

We first describe the microfluidic SBE-SPP based SNP genotyping approach, and then 

present the device design and fabrication. 

3.2.1. Principle of Microfluidic SNP Genotyping  

The principle of our microfluidic SNP genotyping assay is as follows. In the SBE 

reaction, a locus specific primer hybridizes to the template DNA strand with its 3’ end 

immediately adjacent to the polymorphic site. Then, it is extended with a single 

dideoxyribonucleotide, bearing a biotin moiety attached via a chemically cleavable linker, 

complementary to the polymorphic site (Figure 3.1A). Next, the extended primer is 

extracted by streptavidin beads packed in a microchamber (Figure 3.1B). The captured 

primer extension product is then released from the solid phase via chemical cleavage using 

tris(2-carboxyethyl)phosphine (TCEP) (Figure 3.1C). Finally, the released product is 

desalted using octadecyl carbon chain (C18) bonded silica beads in a microchannel (Figure 

3.1D) and detected by MALDI-TOF MS (Figure 3.1E). The nucleotide at the SNP site is 

identified according to the mass difference between the resulting product and the original 

target primer.   
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Figure 3.1: Principle of SNP genotyping by SBE-SPP. (A) SNP specific primer is extended 

by a single base using ddNTPs-N3-biotin. (B) SNP specific extended primer is extracted 

by streptavidin coated microbeads. (C) Captured extended primer is chemically cleaved 

from the microbead surface. (D) The released extended primer is desalted using C18 bonded 

silica beads. (E) The desalted SNP specific primer is identified by MALDI-TOF MS. 

3.2.2. Device Design and Fabrication 

The SNP genotyping microfluidic device consists of two microchambers situated on a 

temperature controlled chip for SBE and SPP respectively, a microchannel for desalting, 

and four pressure-driven microvalves for fluidic control (Figure 3.2). The inner surfaces 

of the SBE microchamber (400 µm in height with an approximate 10 µL volume) are 
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coated with Parylene C to prevent evaporative loss of reactants [171]. The SPP 

microchamber (200 µm in height with an approximate 4 µL volume) contains dam-like 

structures called weirs (20 µm in height) at both ends to retain streptavidin coated 

microbeads (50 - 80 µm in diameter). The desalting microchannel (1 mm in width, 24 mm 

in length, and 200 µm in height with an approximate 5 µL volume) also contains weirs (20 

µm in height) to retain C18 bonded silica beads (45 - 60 µm in diameter). The microchamber 

and microchannel are fully packed with streptavidin beads and C18 bonded silica 

microspheres, respectively. The weirs have a semi-circular profile and can be completely 

sealed by underlying elastomeric microvalves actuated by the oil-filled channels 

underneath (20 µm in height), driven by nitrogen gas. Two groups of temperature control 

units are integrated on the chip, each containing a serpentine-shaped thin-film temperature 

sensor (linewidth: 25 m) and a heater (linewidth: 300 m) beneath the center of the SBE 

or SPP microchambers. Therefore, the chamber temperatures can be precisely controlled 

in separate closed loops using the corresponding integrated temperature sensors and 

heaters. 

 

Figure 3.2: Planar schematic of the microfluidic SBE-SPP device for SNP genotyping. 
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The microfluidic genotyping device is fabricated using standard MEMS technology. 

The temperature control chip was fabricated using standard microfabrication techniques. 

Briefly, gold (150 nm) and chrome (5 nm) thin films were thermally evaporated onto the 

glass substrate, and patterned by photolithography and wet etching, resulting in resistive 

temperature sensors and resistive heaters (Figure 3.3A). Then, 1 m of silicon dioxide was 

deposited using plasma-enhanced chemical vapor deposition (PECVD) to passivate the 

sensors and heaters (Figure 3.3B). The contact regions for electrical connections were 

opened by etching the oxide layer away with hydrofluoric acid. 

The polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning Inc., Midland, MI) 

sheet bearing microfluidic features was fabricated using soft lithography techniques. A 

layer of AZ-4620 positive photoresist (20 µm, Clariant Corp., Somerville, NJ) was spin-

coated on a silicon wafer (Silicon Quest International, Inc., San Jose, CA), exposed to 

ultraviolet light through a photomask, developed, and baked to form the weirs as well as 

the flow channels which have a semi-circular cross section that can be sealed completely 

(Figure 3.3C). Then, layers of SU-8 photoresist (MicroChem Corp., Newton, MA) were 

patterned to finalize the mold with microfluidic features. Next, a PDMS prepolymer 

solution (base and curing agent mixed in a 10:1 ratio) was cast onto the mold and cured on 

a hotplate at 72 °C for 1 h (Figure 3.3D). The resulting PDMS sheet was peeled off from 

the mold, and fluidic inlets and outlets were established via punching holes (Figure 3.3E). 
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Figure 3.3: (A) Deposition and patterning of gold sensors and heaters. (B) Passivation 

of gold sensors and heaters. (C) Fabrication of fluidic channel mold for on-chip valves 

using positive photoresist AZ-4620. (D) Finalization of mold for microfluidic chambers 

and channels using SU-8. (E) Demolding of PDMS microfluidic channels. (F) Fabrication 

of SU-8 mold for oil-filled channels. (G) PDMS spin-coating. (H) Bonding of PDMS 

microfluidic channel to PDMS-coated mold for oil-filled channels.  (I) Peeling off of 

PDMS sheet containing fluidic channels and oil-filled valve actuation channels. (J) 

Bonding of PDMS sheet to temperature control chip. (K) Deposition of Parylene C. (L) 

Packing of streptavidin beads and C18 bonded silica microspheres. Dimensions are given 

in micrometers. 
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In parallel, a layer of SU-8 photoresist was patterned on another silicon wafer to 

establish oil-filled channels for microvalve actuation (Figure 3.3F). Next, a thin PDMS 

membrane was spin-coated onto the silicon wafer (Figure 3.3G) to which the PDMS sheet 

with the microchannels was then bonded after treating the bonding interfaces with oxygen 

plasma for 20 seconds (Figure 3.3H). Afterward, the PDMS sheet together with the thin 

PDMS membrane was peeled off (Figure 3.3I), punched to form inlets and then bonded 

irreversibly onto the temperature-controlled chip after another oxygen plasma treatment 

(Figure 3.3J). 

Finally, the surfaces of the SBE microchamber were coated with a thin layer of 

Parylene C via chemical vapor deposition (Figure 3.3K), and streptavidin beads and C18 

bonded silica microspheres were packed in the SPP chamber and desalting channel (Figure 

3.3L). 

An image of a fabricated device is shown in Figure 3.4. 

 

Figure 3.4: Photograph of a fabricated device. Multiple microchambers and microfluidic 

channels are colored in orange, and oil-filled channels that impinge upon elastomeric 

valves are shown in blue. 
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3.3. Experimental 

3.3.1. Materials 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 

indicated. Streptavidin beads (Pierce Streptavidin Plus UltraLink Resin) were obtained 

from Thermo Fisher Scientific (Rockford, IL). Deionized (DI) water was purchased from 

Life Technologies (Grand Island, NY). Dideoxyribonucleotide triphosphates (ddNTPs) 

were purchased from Jena Bioscience (Jena, Germany). Primers were synthesized by 

Integrated DNA Technologies (Coralville, IA). The chemically cleavable biotinylated 

dideoxyribonucleotide set, ddNTPs-N3-biotins (ddATP-N3-biotin, ddGTP-N3-biotin, 

ddCTP-N3-biotin and ddUTP-N3-biotin), was synthesized in-house as described previously 

[191], and their molecular weights and chemical structures are shown in Supplementary 

Information (Table 3-1 and Figure 3.5). Thermo Sequenase™ was purchased from GE 

Healthcare (Piscataway, NJ). C18 modified reversed-phase silica microspheres were 

obtained from Sorbent Technologies (Norcross, GA). 

Table 3-1: Mass of ddNTPs-N3-biotins (Da) 

ddATP-N3-biotin ddGTP-N3-biotin ddCTP-N3-biotin ddUTP-N3-biotin 

1101.89 1231.04 1078.85 1192.99 
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Figure 3.5: Chemical structure of chemically cleavable biotinylated 

dideoxyribonucleotide set, ddNTPs-N3-biotins (ddATP-N3-biotin, ddGTP-N3-biotin, 

ddCTP-N3-biotin and ddUTP-N3-biotin). 

3.3.2. Experimental Setup and Procedure 

Closed-loop temperature control of both SBE and SPP microchambers is achieved 

using two separate temperature control units with a proportional-integral-derivative (PID) 

algorithm implemented in LabVIEW (National Instruments, TX) and a fan positioned 

under the temperature control chip. Each temperature control unit contains a serpentine-

shaped, gold resistive temperature sensor and heater. The resistance of the two temperature 

sensors is measured by a digital multimeter (34410A, Agilent Technologies, CA) and a 

digital micro-ohmmeter (34420A, Agilent Technologies, CA), respectively. The two 

heaters and the fan are connected to DC power supplies (E3631, Agilent Technologies, 

CA) respectively (Figure 3.6).  
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Fluid control is achieved using microfabricated pressure-driven valves [192]. Four oil-

filled channels, each controlled by an air control valve (6464K16, McMaster-Carr, NJ), are 

connected to a nitrogen gas tank (Tech Air, NY) via a pressure regulator (CONCOA North 

America, VA). The microfluidic device inlets are connected to a set of five syringes that 

contain 50% acetonitrile (ACN), 0.1 M triethylammonium acetate buffer (TEAA), binding 

and washing (B&W) buffer (5 mM Tris-HCl, 0.5 mM EDTA, 1 M NaCl, and 0.01% Tween 

20, pH 7.5), 100 mM TCEP (pH 9.0, adjusted with ammonium hydroxide) and deionized 

water (DI water) respectively; and the fluidic flow is regulated by syringe pumps (KD210P, 

KD Scientific, MA, and NE-1000, New Era Pump System, NY). The outlet is connected 

to a microcentrifuge tube to collect the final genotyping product for MALDI-TOF MS 

analysis (Figure 3.6). 

 

Figure 3.6: Experimental setup for microfluidic SNP genotyping by SBE-SPP. 

To conduct the microfluidic SNP genotyping, the C18 silica microspheres suspended 

in methanol were first packed in the desalting channel and dried overnight at 60 °C. Then, 

the fluidic channels were filled with DI water, and the streptavidin beads were packed in 
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the SPP chamber (Figure 3.7A, Figure 3.8A). Pressure-driven microvalves (V1 - V4) were 

closed by default with 200 kPa pressure.  

During an experiment, the C18 silica beads were rinsed with 50% ACN (Figure 3.7B, 

Figure 3.8B, 20 µL/min for 1 min) followed by 0.1M TEAA (Figure 3.7C, Figure 3.8C, 

20 µL/min for 2 min) for wetting and equilibration. Meanwhile, by opening valve V3, 

B&W buffer was introduced to rinse the streptavidin beads (Figure 3.7D, Figure 3.8D, 10 

µL/min for 5 min) to provide the optimal binding condition for biotin and streptavidin.  

Then, by opening valve V1, a 10 µL reagent composed of 2 µL target template, 75 

pmoles of ddATP-N3-biotin, 50 pmoles of ddUTP-N3-biotin, 50 pmoles of ddCTP-N3-

biotin, 75 pmoles of ddGTP-N3-biotin, 40 pmoles of each locus specific primer, 1 × 

Reaction Buffer and 8 unit Thermo Sequenase™ was introduced into the SBE chamber 

(Figure 3.7E, Figure 3.8E) and went through 30 thermal cycles of 94 °C for 15 s, 40 °C 

for 60 s and 69 °C for 30 s (Figure 3.7F).  

Next, by opening valves V2 and V3, the SBE product was transferred into the SPP 

chamber and extracted under continuous flow conditions by the streptavidin beads at a flow 

rate of 5 µL/min for 2 minutes (Figure 3.7G, Figure 3.8F), followed by rinsing with 50 

µL of B&W buffer at a flow rate of 10 µL/min (Figure 3.7H, Figure 3.8G). Subsequently, 

by opening valve V3, 10 µL of 100 mM TCEP (pH 9.0) was introduced into the SPP 

chamber (Figure 3.7I, Figure 3.8H), and incubated at 65 °C for 10 minutes to cleave the 

linker and release the primer extension product from the beads (Figure 3.7J).  
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Figure 3.7: (A) Filling of the microfluidic channels with DI water. (B) Rinsing of C18 

bonded beads with 50% ACN. (C) Rinsing of C18 bonded beads with 0.1M TEAA. (D) 

Rinsing of streptavidin beads with B&W buffer. (E) Introduction of SBE reaction solution. 

(F) Thermal cycling. (G) Extraction of SBE product by streptavidin beads in SPP chamber. 

(H) Rinsing of streptavidin beads with B&W buffer to wash off the unextended primer and 
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other impurities. (I) Introduction of TCEP. (J) Incubation at 65 °C to release the SBE 

product. (K) Transfer of cleaved SBE fragments to desalting channel. (L) Rinsing of C18 

bonded beads with 0.1M TEAA. (M) Rinsing of C18 bonded beads with DI water. (N) 

Elution of desalted SBE fragments with 50% ACN. Colored ink is used to represent the 

actual reagents. Purple: DI water; Dark Orange: TEAA; Light Blue: ACN; Green: B&W 

buffer; Blue: SBE sample; Dark Blue: TCEP.   

 

Figure 3.8: (A) Filling of the microfluidic channels with DI water. (B) Rinsing of C18 

bonded beads with 50% ACN. (C) Rinsing of C18 bonded beads with 0.1M TEAA. (D) 
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Rinsing of streptavidin beads with B&W buffer. (E) Introduction of SBE reaction solution 

and thermal cycling. (F) Extraction of SBE product by streptavidin beads in SPP chamber. 

(G) Rinsing of streptavidin beads with B&W buffer to wash off the unextended primer and 

other impurities. (H) Introduction of TCEP and incubation at 65 °C to release the SBE 

product. (I) Transfer of cleaved SBE fragments to desalting channel. (J) Rinsing of C18 

bonded beads with 0.1M TEAA. (K) Rinsing of C18 bonded beads with DI water. (L) 

Elution of desalted SBE fragments with 50% ACN. Colored ink is used to represent the 

actual reagents. Orange: DI water; Pink: TEAA; Black: ACN; Purple: B&W buffer; Green: 

SBE sample; Blue: TCEP.   

Finally, by opening valve V4, the cleaved SBE products were transferred to the 

desalting channel at a flow rate of 1 µL/min for 5 min (Figure 3.7K, Figure 3.8I), followed 

by rinsing with 100 µL of 0.1 M TEAA (Figure 3.7L, Figure 3.8J) and 50 µL of DI water 

(Figure 3.7M, Figure 3.8K) at a flow rate of 20 µL/min to eliminate any impurities and 

salts. The desalted product was then eluted with 2 µL of 50% ACN (Figure 3.7N, Figure 

3.8L) and characterized with a Voyager DETM MALDI-TOF mass spectrometer (Applied 

Biosystems, Life Technologies, Grand Island, NY). 

3.4. Results and Discussion 

This section presents and analyzes experimental results from the microfluidic SNP 

genotyping device. We first characterize the temperature-controlled chip and evaluate the 

localized heating and temporal accuracy of the temperature field in the chambers. Then, 

characterization of SBE, and optimization of SPP, chemical cleavage and desalting are 
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performed to investigate factors that influence the assay efficiency. Finally, the integrated 

uniplex and multiplex “SNP” genotyping is carried out to demonstrate the feasibility of the 

microfluidic device. 

3.4.1. Characterization of Temperature Control 

The temperature-resistance relationships of the resistive temperature sensors for both 

the SBE and SPP chambers were calibrated following fabrication to provide accurate 

temperature control. The resistance of the thin film gold resistor is linearly dependent on 

temperature, as given by R = R0 [1 + α (T - T0)], where R is the sensor resistance at 

temperature T, R0 is the sensor resistance at reference temperature T0, and α is the sensor’s 

temperature coefficient of resistance (TCR). Measurements of SBE sensor resistance at 

varying temperatures displayed highly linear temperature dependence and the TCR was 

calculated to be 2.74 × 10-3 °C-1. The temperature-resistance relationship of the SPP sensor 

also exhibited linear behavior with a TCR value of 2.76 × 10-3 °C-1. 

We then characterized the temperature control of the buffer-filled SBE chamber to 

simulate thermal cycling in the SBE process. The SBE chamber temperature was controlled 

by an integrated heater and a fan beneath the chip via a closed-feedback loop. In accordance 

with the experimental fits (Figure 3.9A, 10 cycles are shown), the control algorithm was 

able to ramp rapidly to the specified temperature with approximate closed-loop time 

constants of 2.13 s from 40 °C to 69 °C, 2.25 s from 69 °C to 94 °C and 10.51 s from 94 

°C to 40 °C, respectively. During the thermal cycling for the SBE chamber, the highest 

temperature reached in the SPP chamber was 33.27 °C (Figure 3.9A), which would not 

affect the streptavidin affinity [193]. Figure 3.9B shows a temperature profile in the buffer-



78 

 

filled SPP chamber during heating, using the closed-loop temperature control.  The channel 

temperature increased from room temperature (25 °C) to 65 °C rapidly in about 13.7 s (with 

an insignificant overshoot of ~ 0.25 °C) where it remained for approximately 10 min, which 

was sufficient for the chemical cleavage reaction to release the captured SBE products. 

 

Figure 3.9: Time-resolved tracking of (A) the temperatures inside the buffer-filled SBE 

chamber and SPP chamber during thermal cycling, and (B) the temperature inside the 

buffer-filled SPP chamber during the chemical cleavage procedure. 

3.4.2. Characterization of Single-Base Extension 

To characterize the feasibility and efficiency of on-chip SBE reaction, a synthetic 

template (5’-GAAGGAGACACGCGGCCAGAGAGGGTCCTGTCCGTGTTTGTGC 

GTGGAGTTCGACAAGGCAGGGTCATCTAATGGTGATGAGTCCTATCCTTTTCTC

TTCGTTCTCCGT-3’) was prepared. A primer (5’-GATAGGACTCATCACCA-3’, 5163 

Da) targeting the template (annealing site underlined and italicized) was extended by a 

single base (ddUTP-N3-biotin) in the SBE chamber. The SBE reaction solution contained 

10 pmoles (334 ng) of synthetic DNA template, 40 pmoles of primer, 60 pmoles of ddUTP-
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N3-biotin (1192 Da), 1 × Thermo Sequenase™ reaction buffer and 4 units of Thermo 

Sequenase™ in a total volume of 10 µL. After introduction to the SBE chamber, the 

solution was subjected to 5 thermal cycles of 94°C for 15 s, 40°C for 60 s and 69°C for 30 

s. Theoretically, the mass of extended primer can be calculated according to the equation 

me = mr + mn - mb, where me is the mass of extended primer, mr is the mass of unextended 

primer, mn is the mass of corresponding ddNTP-N3-biotin, and mb is the mass loss upon 

phosphodiester bond formation (175 Da). Thus, the expected mass of the primer extension 

product after the SBE extension was calculated to be 6180 Da (5163 + 1192 − 175). As 

shown in Figure 3.10, the appearance of the ddUTP-N3-biotin extension product peak at 

6180 m/z and the disappearance of the primer peak at 5163 m/z indicated an efficient 

enzyme incorporation reaction. The use of on-chip thermal cycling also reduces the 

operation time. For example, 30 on-chip thermal cycles require only 60 min, as compared 

to 85 min for a traditional thermal cycler (Eppendorf Mastercycler® Personal). With further 

optimization of the microfluidic device, the number of cycles and the time for each step 

(denaturation, annealing and extension) can be additionally dramatically reduced. With 

optimal surface-to-volume ratio design, one can achieve more efficient temperature 

equilibration in the microchamber to enable rapid thermal response. 
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Figure 3.10: MALDI-TOF mass spectrum of SBE product (the peak marked with an 

asterisk is presumably due to the impurities in the commercial synthetic primer). 

3.4.3. Optimization of Solid-Phase Purification and Chemical Cleavage 

To optimize the SPP process, various concentrations of biotinylated ssDNA 

(5163_biotin: 5’-biotin-GATAGGACTCATCACCA-3’) in 5 µL of 1 × Thermo 

Sequenase™ reaction buffer were introduced into a streptavidin bead packed SPP 

microchamber at different flow rates. After capture, the beads with the biotinylated DNA 

were washed with DI water at a flow rate of 10 µL/min for 5 min. Waste was collected, 

vacuum dried and then dissolved in 5 µL of DI water. For both input and output ssDNA 

solutions, the UV absorbance at 260 nm were measured on a NanoDrop 2000c instrument 

(Thermo Fisher Scientific, Rockford, IL) using 1 × Thermo Sequenase™ reaction buffer 

as the reference and the concentration was calculated according to the Beer-Lambert law. 

Approximately 30 pmoles, 65 pmoles and 170 pmoles of ssDNA 5163_biotin in 5 µL 1 × 

Thermo Sequenase™ reaction buffer were introduced into the SPP microchamber with 
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streptavidin beads at 1 µL/min, which were then washed with DI water. After SPP, the total 

amounts of biotinylated ssDNA not captured by the beads were all below 2 pmoles (Figure 

3.11A). These results indicate that the binding capacity of the streptavidin beads packed in 

the SPP microchamber is at least 160 pmoles under a constant flow rate of 1 µL/min.  

In another optimization experiment, we evaluated the effect of flow rate on SPP 

efficiency. Approximately 170 pmoles biotinylated ssDNA in 5 µL 1 × Thermo 

Sequenase™ reaction buffer was introduced into the SPP microchambers at varying flow 

rates of 0.2 µL/min, 1 µL/min, 5 µL/min, and 20 µL/min respectively, followed by DI 

water wash. After SPP, the total amounts of biotinylated ssDNA not captured by the beads 

for both flow rates of 0.2 µL/min and 1 µL/min were below 2 pmoles (Figure 3.11B). 

However, at flow rates of 5 µL/min and 20 µL/min, the amounts of uncaptured biotinylated 

ssDNA fragments increased to about 5 pmoles and 13 pmoles (Figure 3.11B), respectively. 

These results imply the binding capacity of streptavidin beads packed in the SPP 

microchamber decreases as the flow rate increases, since the reaction time between biotin 

and streptavidin is reduced. Nevertheless, taking into account the operation time, 5 µL/min 

with 5 pmoles loss in a total of 170 pmoles is still considered an efficient binding condition.   

Finally, in order to evaluate the binding specificity of streptavidin to the biotinylated 

DNA products, approximately 140 pmoles of unbiotinylated ssDNA (5163: 5’-

GATAGGACTCATCACCA-3’) in 5 µL 1 × Thermo Sequenase™ reaction buffer was 

flowed into the SPP microchamber packed with streptavidin beads at 1 µL/min, followed 

by the same DI water wash (Figure 3.11C). The amount of ssDNA collected was about 

126 pmoles, which indicated a negligible non-specific binding of unbiotinylated ssDNA to 
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the streptavidin beads. At faster flow rates, the non-specific binding would be even less. 

Given these results, we conclude that performing SPP at 5 µL/min is both binding- and 

time-efficient. At this rate, the extraction of 10-µL reaction solution could be simply 

achieved within 2 min, as compared to in-tube reaction, which requires constant mixing 

and longer reaction time [194]. The microfluidic SPP device also improves sample 

recovery, as the physical entrapment of the beads allows extensive washing and provides 

a more efficient SPP process. 

To characterize DNA recovery from the solid phase, the same SBE reactions were 

performed as described in Section 4.2 using a commercial thermal cycler (Eppendorf 

Mastercycler® Personal). Similarly to our previous experiments, the SBE extension 

products (6180 Da) were purified by streptavidin microbeads packed in the SPP 

microchamber. Then, 10 µL of 100 mM TCEP solution (pH 9.0) was introduced and 

incubated at 65°C for 10 min. Incubation of the extension products in TCEP solution 

resulted in the cleavage of the linker tethering the biotin to the dideoxyribonucleotides. 

Theoretically, the mass of cleaved product can be calculated by the equation mp = me – mc, 

where mp is the mass of cleaved product, me is the mass of extended primer and mc is the 

mass change upon cleavage (476 Da). As shown in Figure 3.11D, the mass peak for the 

extension product completely disappeared, whereas the single peak corresponding to the 

cleavage product appeared at 5704 m/z (6180 − 476) indicating efficient cleavage.   
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Figure 3.11: (A) Total amounts (pmol) of biotinylated ssDNA (5163_biotin) inflow and 

outflow from the SPP chamber at a flow rate of 1 µL/min. (B) Total amount (pmol) of 

biotinylated ssDNA (5163_biotin) introduced into and obtained from the SPP chamber at 

different flow rates. (C) Total amount (pmol) of ssDNA (5163) inflow and outflow from 

the SPP channel at a flow rate of 1 µL/min. (D) MALDI-TOF mass spectrum of released 

extension products from solid phase after TCEP cleavage. The average values were 

calculated from at least three repeated experiments, with error bars representing the 

standard deviation. 

3.4.4. Optimization of Desalting 

It is necessary to remove salts from the cleavage solution while concentrating and 

purifying enough samples for mass spectrometric analysis [195]. Traditionally, for small 
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sample amounts, C18 bonded resin packed pipette tips are used, and it requires extensive 

manual pipetting. In contrast, a C18 bonded microspheres packed microfluidic desalting 

channel essentially eliminates the manual procedures and provides great potential to 

expand this microfluidic method for high-throughput applications using multi-channels.  

To optimize the desalting process, various concentrations of ssDNA (4207: 5’- 

CTCTCTGGCCGCGT-3’) in 5 µL of 100 mM TCEP (pH 9.0) were introduced into the 

desalting channel at different flow rates, followed by a DI water wash at a flow rate of 20 

µL/min for 10 min. Waste was collected, vacuum dried and dissolved in 5 µL of DI water. 

The concentrations of both input and output ssDNA solutions were measured with a 

NanoDrop instrument based on UV absorption using 100 mM TCEP (pH 9.0) as the 

reference. Approximately 20 pmoles, 45 pmoles and 100 pmoles of ssDNA were 

introduced into the desalting channel at 1 µL/min, which was then washed with DI water. 

After desalting, the total amounts of ssDNA not adsorbed by the C18 resin were about 1 

pmole, 5 pmoles and 40 pmoles (Figure 3.12A). These results indicate that the binding 

capacity of the C18 microspheres packed in the desalting channel is approximately 55 

pmoles under a constant flow rate of 1 µL/min. This amount of DNA is far higher than the 

detection limit of MS [196]. Theoretically, the binding capacity and recovery efficiency 

increases with a larger binding interface at a constant flow rate, which could be achieved 

by a larger number of C18 particles in the fixed stationary phase [197]. However, this would 

build up back pressure due to the requirement for a longer microfluidic channel [198]. On 

the other hand, the size of C18 microspheres is inversely proportional to the binding 

capacity and recovery efficiency [195]. The use of larger particles would result in a lower 
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surface-to-volume ratio due to the geometrical restriction of the microchannel. But, smaller 

particles also significantly contribute to the accumulation of back pressure [198]. 

Therefore, the trade-off between channel length/particle size and binding capacity/recovery 

efficiency is an important design consideration.  

In addition, we evaluated the effect of flow rate on desalting efficiency. Approximately 

45 pmoles of ssDNA in 5 µL of 100 mM TCEP (pH 9.0) was flowed into the desalting 

channel at 0.2 µL/min, 1 µL/min, or 5 µL/min, followed by DI water wash. After desalting, 

the total amounts of ssDNA not adsorbed by the C18 beads were 1 pmole, 5 pmoles and 14 

pmoles (Figure 3.12B) respectively. These results imply that the binding capacity and 

recovery efficiency of the C18 microspheres packed in the desalting channel decreases as 

the flow rate increases, since the interaction time between the analyte and stationary phase 

(microspheres) is reduced [197]. However, lower flow rates result in longer operation time, 

significantly decreasing the assay efficiency. Therefore, the optimal selection of flow rate 

is another essential design consideration. 

 

Figure 3.12: (A) Total amount (pmol) of ssDNA (4207) introduced into and obtained from 

the desalting channel at flow rate of 1 µL/min, followed by DI water wash. (B) Total 
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amount (pmol) of ssDNA (4207) inflow and outflow from the desalting channel at different 

flow rates, followed by DI water wash. The average values were calculated from at least 

three repeated experiments, with error bars representing the standard deviation. 

3.4.5. Uniplex and Multiplex Assays 

Having demonstrated each functional unit of the microfluidic device, we performed 

the entire “genotyping” microfluidic operation (SBE, SPP, TCEP cleavage and desalting) 

within the fully integrated device using the same primer and template as described in 

Section 3.4.2. The mass of final product can be calculated according to the equation  

 mp = mr + mn - mb - mc       (1) 

where mp is the mass of product, mr is the mass of unextended primer, mn is the mass of 

corresponding ddNTP-N3-biotin, mb is the mass loss upon phosphodiester bond formation 

(175 Da), and mc is the mass change upon cleavage (476 Da). The nucleotide at the query 

“SNP” position was identified correctly as the molecular weight of the primer is 5163 Da 

and therefore the peak at 5704 m/z (5163 + 1192 − 175 − 476) corresponds to an extension 

product with ddUTP-N3-biotin after cleavage (Figure 3.13A). This result demonstrates that 

the device is able to perform a fully integrated SNP detection as designed. 

To validate the multiplex genotyping capability, we used a synthetic template with 4 

known positions as the query loci to mimic multiplex SNP genotyping.  The SBE reaction 

contained 40 pmoles each of the 4 SBE primers in a total volume of 10 µL. The final 

product masses can be calculated according to equation (1). The primer sequences, 

molecular weights of primer and their potential final genotyping products are listed in 

Table 3-2, while their annealing sites are shown in Figure 3.13C. As shown in Figure 
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3.13B, nucleotides at these four sites were unambiguously identified. These results 

demonstrate the feasibility of using this microfluidic device for integrated and miniaturized 

SNP multiplex genotyping with high accuracy and sensitivity, with the potential for high-

throughput and fully automated nucleotide variant detection. In addition, compared with 

SBE based genotyping on conventional platforms, the device employs on-chip temperature 

control, which allows for efficient temperature equilibration in the microchamber, 

significantly shortening thermal cycling times during amplification. This capability, as well 

as the ability to accommodate DNA fragments of multiple sizes, also provides the promise 

for microfluidic mini-MS sequencing, in which the fragments generated from Sanger 

dideoxyribonucleotide reactions are identified via MS at single nucleotide resolution, 

rather than by traditional gel electrophoresis and fluorescence detection [191]. With the 

accuracy and sensitivity of MS, the device has great potential for accurate sequencing of 

small but highly polymorphic regions [191, 194]. 

Table 3-2: Masses of SBE primer sequences and corresponding extension products 

Query 

Site 

(“SNPs”) 

Primer Sequence (5’-3’) 

Primer 

mass 

(Da) 

Mass of final genotyping product (Da) 

ddATP-

N3-biotin 

ddGTP-

N3-biotin 

ddCTP-

N3-biotin 

ddUTP-

N3-biotin 

a TCTCTGGCCGCGTGTCT 5144 5594 5723 5571 5685 

b CTCTCTGGCCGCGT 4207 4657 4786 4634 4748 

c TAGATGACCCTGCCTTGTC 6084 6534 6663 6511 6625 

d GATAGGACTCATCACCA 5163 5613 5742 5590 5704 

Note: The masses of genotyping products shown in red bold type refer to the expected 

extension products using the template shown in Figure 3.13. 
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Figure 3.13: MS results for uniplex and multiplex assays: (A) MALDI-TOF mass 

spectrum of uniplex “SNP” genotyping product with all operations integrated. (B) MALDI-

TOF mass spectrum of 4-plex “SNP” genotyping products using the microfluidic device. 

(C) SBE primer annealing sites and query positions. The letters highlighted in bold and 

yellow indicate the query positions, mimicking SNPs in a SNP genotyping assay; and the 

red arrow indicates the direction of primer extension. The template sequence is displayed 

on three lines. 

3.5. Conclusion 

The ability to accurately detect SNPs is critical for disease prevention, diagnosis and 

prognosis, and for prediction of drug response and clinical outcomes of patients. To 



89 

 

demonstrate a critical step towards a potentially high-throughput microfluidic genotyping 

array, this chapter presents a microfluidic device that automatically performs all the 

required biochemical steps for multiplex SNP genotyping based on the combined SBE-

SPP approach.  

The device consists of two microchambers situated on a temperature control chip for 

respectively carrying out SBE and SPP reactions, as well as a microchannel for desalting. 

These functional components are connected in series by microchannels with a semi-circular 

cross section and can be controlled by microfabricated elastomeric valves actuated by the 

underlying oil-filled channels driven by pressure. Moreover, integrated temperature 

sensors and heaters beneath the SBE and SPP microchambers allow independent, closed-

loop control of chamber temperatures. The surfaces of the SBE microchamber are coated 

with Parylene C to prevent sample loss during thermal cycling. Streptavidin coated 

microbeads and C18 bonded silica microspheres are fully packed in the SPP chamber and 

desalting channel respectively to extract SBE products and remove salt in preparation for 

MS. Due to the serial design, array-based high throughput integration can be simply 

achieved by parallel control of the above described individual functional units using 

microvalves. Hence, each of the units can carry out multiplex SNP genotyping of a single 

sample, and multiple samples can be processed in parallel using the array-based 

configuration.  

The temperature control units were characterized experimentally to ensure localized 

and efficient heating, as well as temporal accuracy of the temperature field. We 

demonstrated 100% extension of primer with cleavable mass-tagged ddNTPs and efficient 
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chemical release of purified SBE products, with shortened temperature cycling time due to 

higher heat transfer efficiency of on-chip temperature control, leading to improved single-

base resolution and ease of product extraction. The device’s capability of SPP and desalting 

was tested at different flow rates. The efficiency of both SPP and desalting were shown to 

be flow rate dependent. Although lower flow rate leads to higher capture efficiency, it also 

dramatically increases the total operation time for the microfluidic genotyping. Therefore, 

the tradeoff between the efficiency of SPP/desalting and that of the full assay is an essential 

design consideration. Finally, uniplex and 4-plex assays on a mock synthetic template, 

which mimic the SNP detection process, were carried out within the fully integrated device. 

The accurate detection of these “SNPs” demonstrates the feasibility of using the 

microfluidic device for rapid, automated, integrated and miniaturized multiplex SNP 

genotyping with high accuracy and sensitivity.  

Further study will involve high-throughput and fully automated nucleotide variant 

detection and accurate indel mini-sequencing. Due to the serial design, arrays of this 

microfluidic device can be simply achieved on single chips by concerted control of the 

individual functional units arrayed in parallel to allow analysis of samples from many 

different patients. Such array-based devices can be created essentially by the same process 

used to fabricate the single device unit. 
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Chapter 4. Specific Capture and Temperature-Mediated 

Release of Cells: Demonstration of an Aptameric Microchip 

In this chapter, a proof-of-concept microfluidic device for specific capture and 

temperature-mediated release of cells using nucleic acid aptamers is presented. The device 

consists of a microchamber situated on a temperature control chip that includes an 

integrated temperature sensor and heaters. The chamber surface is functionalized with 

aptamers to capture target cells with high specificity. We demonstrate the device by 

capturing CCRF-CEM cells, a human acute lymphoblastic leukemia (ALL) T cell line, with 

a highly selective DNA aptamer sgc8c. Controlled release of CCRF-CEM cells from the 

aptamer surface is then conducted at an elevated temperature using on-chip temperature 

control unit. This allows the nondestructive retrieval of target cells, which eliminates the 

use of potentially harsh chemicals, and enables efficient regeneration of the aptamer 

surface. The work presented in this chapter has resulted in two peer-reviewed conference 

proceedings [199, 200] and a journal publication [201]. 

4.1. Introduction 

Isolation of cells from biological samples involves the separation and retrieval of cell 

subpopulations from a heterogeneous mixture in blood or other body fluids, and is widely 

used in both fundamental cell biology research and clinical diagnostics. For example, the 

ability to detect and characterize cancer cells from blood or other body fluids is essential 

for detecting cancer in early stages and understanding cancer development and progression 

mechanisms, such as metastasis, would significantly improve survival rates [110]. In 
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addition, studies of phenotypically pure subpopulations of human lymphocytes can provide 

valuable information concerning immune responses to injury and disease [202]. To enable 

these applications, target cells must be selectively captured, and in some instances, such as 

tissue engineering [203] and cell-based therapeutics [204], retrieved nondestructively 

without any mechanical or biochemical damage.  

Isolation of cells can be based on the size or volume, density, electrical properties, or 

surface characteristics, using methods such as filtration, centrifugation, dielectrophoresis, 

or affinity binding [74, 205, 206]. Among these methods, affinity binding, which 

recognizes cells by binding of ligands to biomarkers on cell membranes, is highly attractive 

due to its high specificity to target cells. The most commonly employed ligands for affinity 

cell isolation are antibodies, which are generated in vivo against target antigens found on 

cell membranes. Antibody-based cell isolation techniques have been implemented using 

methods such as magnetic activated cell sorting (MACS) and fluorescence-activated cell 

sorting (FACS) [206, 207]. MACS uses a magnetic field to manipulate antibody-coated 

microbeads specifically bound to the cells and is amenable to high-throughput operation 

[208]. Relying on a single physical parameter (i.e., the presence or absence of magnetic 

force) to distinguish between different cell types, MACS is in general a single-parameter 

cell isolation method. In comparison, FACS usually uses multiple species of fluorescently 

labeled antibodies and allows sorting of multiple cell types simultaneously [207]. Thus, 

FACS is a multi-parameter method, although it is relatively low-yield and typically 

requires more complex and expensive experimental instrumentation.  
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Microfluidic technology can potentially enable low-cost, automated and portable cell 

isolation systems with improved sensitivity, resolution and efficiency as well as minimized 

sample and reagent consumption [209]. Microfluidic cell isolation devices have 

implemented aforementioned separation principles, for instance exploiting differences in 

the size [210], acoustic response [91], dielectrophoretic characteristics [211], and the 

affinity of cells to ligands [110]. In particular, microfluidic affinity assays using ligands 

with high specificity to cell membrane proteins have shown great promise for cell isolation 

[110, 212]. For example, by using anti-epithelial cell adhesion molecule (anti-EpCAM) 

antibodies immobilized on microposts, the isolation of rare circulating tumor cells (CTCs) 

from samples of whole blood has been demonstrated [110]. Unfortunately, antibodies 

generally have limited stability, are expensive and time-consuming to develop, and 

antibody-coated surfaces are susceptible to biofouling due to non-specific interactions 

between antibodies and other proteins [111]. Moreover, rapid and nondestructive release 

of antibody-bound cells is generally difficult [213], as the antibody-antigen binding is 

practically irreversible under normal physiological conditions [214].  

Aptamers are oligonucleotides or peptides that bind specifically to target molecules. 

Isolated from a randomized oligonucleotide or peptide library using a synthetic selection 

process called systematic evolution of ligands by exponential enrichment (SELEX) [125], 

aptamers can recognize a large variety of target biomolecules, such as small molecules 

[112], peptides [114], and proteins [215], via unique three-dimensional conformations 

formed through interactions with the targets. Recently, aptamers have also been developed 

for cellular targets, such as ALL precursor T cells [216], liver cancer cells [217], and even 
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stem cells [218]. Since aptamers are produced using synthetic processes and are stable and 

amenable to chemical modifications [123], they offer an attractive alternative to antibodies 

as affinity ligands for isolation of rare cells. Although most aptamers use cell lines as their 

targets, they are often capable of targeting the more general population of diseased cells 

from real patient samples. For example, the aptamer sgc8c generated for a type of human 

ALL T cell line, CCRF-CEM cells, is capable of specifically targeting ALL T cells in 

patient blood [216, 219, 220]. Thanks to ongoing research efforts to develop improved 

SELEX methods and instruments, it is expected that aptamers will become readily 

available to recognize an increasingly broad collection of biological targets [221]. 

Aptamers have been explored in microfluidic systems as affinity ligands for cell 

isolation [222-225]. For example, surface-immobilized aptamers targeting prostate-

specific membrane antigen (PSMA) and aptamers targeting protein tyrosine kinase 7 

(PTK7) have been used to separate LNCaP cells and CCRF-CEM cells, respectively, from 

heterogeneous cell mixtures [217, 222, 223, 225]. However, there has been very limited 

work on releasing the captured cells from aptamer-functionalized surfaces. Attempts to 

rapidly and nondestructively release cells using methods such as tryptic digestion of target 

proteins [225], exonuclease degradation of aptamers [226], and hydrodynamic shear by 

infused air bubbles [223] have been hindered by several issues. Trypsin is able to digest 

only a small portion of biomarkers involved in affinity cell capture [227] and may 

negatively affect cell viability and phenotypic properties [228, 229], while the use of 

exonucleases is limited by inefficient diffusive transport of the enzymes, slow enzymatic 

reaction rates, and the destruction of the cell recognition surfaces. Similarly, air bubbles, 
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which release cells from aptamer surfaces by shear force, may cause physical damage to 

cells, while also generating dead volumes in microfluidic devices that lead to low cell 

release efficiency. There is hence a strong need for methods that allow specific capture and 

efficient, nondestructive release of subpopulations of cells in microfluidic devices. 

Aptamer-target interactions are significantly influenced by environmental conditions; 

in particular, the affinity binding between aptamers and biomolecules can be strongly 

temperature dependent [198, 230, 231]. Cell-specific aptamers also target biomolecules, in 

this case proteins expressed on the cell membrane [217]. Therefore, it is reasonable to 

expect that interactions between aptamers and cells are also highly temperature sensitive. 

In this chapter, we investigated the specific capture and subsequent temperature-mediated 

release of cells in an aptamer-functionalized microfluidic device. Target cells can be 

captured with high specificity by a surface-immobilized aptamer, enriched by repeated 

introduction of multiple samples, and purified by washing with buffer. This is followed by 

a moderate temperature change of the surface, produced on-chip, to reversibly disrupt the 

cell-aptamer interaction, allowing release and elution of viable target cells for downstream 

analysis and regeneration of the aptamer-functionalized surface for device reuse. The 

device is applied to CCRF-CEM cells to demonstrate its potential utility for specific 

capture and nondestructive release of cells in basic biological research and clinical 

diagnostics.  
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4.2. Principle and Design 

This section describes the principle and design of our microfluidic device. We first 

describe the specific cell capture and thermally controlled cell release approach, and then 

present the device design. 

4.2.1. Cell Capture and Release Principle 

The principle of aptamer-based specific capture and temperature-mediated release of 

cells is as follows. Aptamer molecules specific to target cells are immobilized on solid 

surfaces within a microfluidic device. A cell suspension containing target and non-target 

cells is introduced into the device and incubated for an appropriate period of time. The 

target cells are specifically captured by the surface-immobilized aptamer molecules via 

affinity binding (Figure 4.1A), while the non-target cells are removed by washing (Figure 

4.1B). Next, exploiting the strong temperature-dependence of affinity binding of aptamers 

and cells, the device temperature is increased to disrupt the binding and release the captured 

target cells from the surface-immobilized aptamer molecules (Figure 4.1C). This 

temperature-mediated cell release can be accomplished with a temperature increase such 

that released cells remain viable. 
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Figure 4.1: Principle of specific cell capture and temperature-mediated release. (A) Cell 

capture at room temperature. (B) D-PBS wash after capture. (C) Cell release at a 

moderately higher temperature. 

The principle of aptamer-based specific capture and temperature-mediated release of 

cellular targets will be demonstrated using CCRF-CEM cells, a human ALL cell line. ALL 

is the most common cancer for children from 0 to 14 years old, representing one third of 

all malignancies in that age group [232, 233]. CCRF-CEM cells are recognized by the DNA 

aptamer sgc8c (Figure 4.2) [220, 222, 223], which binds to the extracellular portion of 

PTK7 [234]. Toledo cells, a human diffuse large-cell lymphoma cell line not recognized 

by sgc8c, are used as a control target to study nonspecific binding [216, 220].  
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Figure 4.2: Structural formula of sgc8c aptamer [220]. 

4.2.2. Design 

 The microfluidic device used for cell capture and temperature-mediated cell release 

consists of a microchamber situated on a temperature control chip (Figure 4.3). The 

tapered chamber (2 mm in length, 1mm in width and 20 m in height), whose surfaces are 

functionalized with aptamers specific to a target cell type, is connected to two inlets (3.5 

mm in length, 0.7 mm in width and 600 m in height) respectively for introduction of 

sample and washing buffer, and one outlet for collection of released cells or waste fluids. 

The microfluidic channels connecting these fluidic ports and the chamber are 0.5 mm in 

width and 20 m in height. Integrated on the temperature control chip are a serpentine-

shaped temperature sensor (linewidth: 25 m) beneath the center of the chamber, and two 

serpentine-shaped heaters (linewidth: 300 m) on each side of the temperature sensor. The 

chamber temperature can be controlled in closed loop using these integrated temperature 

sensor and heaters.  
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Figure 4.3: Schematic of the microfluidic device for the specific capture and temperature-

mediated release of CCRF-CEM cells. Dimensions are given in micrometers. 

4.3. Experimental 

4.3.1. Materials 

 Chlorotrimethylsilane, (3-mercaptopropyl) trimethoxysilane (3-MPTS), 4-

maleimidobutyric acid N-hydroxysuccinimide ester (GMBS), streptavidin and bovine 

serum albumin (BSA) were obtained from Sigma-Aldrich (St. Louis, MO). 5,5',6,6'-

tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1), propidium 

iodide (PI), RPMI-1640 media, fetal bovine serum (FBS), penicillin-streptomycin (P/S, 

penicillin 10,000 unit/mL, streptomycin 10,000 µg/mL), Dulbecco's phosphate-buffered 

saline (D-PBS) and the Vybrant® multicolor cell-labeling kit (DiI, DiO and DiD) were 

purchased from Invitrogen (Carlsbad, CA). CCRF-CEM and Toledo cell lines were 

obtained from the American Type Culture Collection (ATCC, Manassas, VA). The 

biotinylated sgc8c aptamer with a polyT(9) spacer at the 5’ end of the sequence (biotin-5'-
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TT TTT TTT TAT CTA ACT GCT GCG CCG CCG GGA AAA TAC TGT ACG GTT 

AGA-3', Kd = 0.78 nM) was synthesized and purified with high-performance liquid 

chromatography (HPLC) by Integrated DNA Technologies (Coralville, IA). 

4.3.2. Microfluidic Device Fabrication 

The temperature control chip was fabricated using standard microfabrication 

techniques. A glass slide (Fisher HealthCare, Houston, TX) was cleaned by piranha. 

Chrome (10 nm) and gold (100 nm) thin films were deposited by thermal evaporation and 

patterned by wet etching to generate the temperature sensor and heaters which were then 

passivated by 1 µm of silicon dioxide that was deposited using plasma-enhanced chemical 

vapor deposition (PECVD). Finally, contact regions for electrical connections to the sensor 

and heaters were opened by etching the oxide layer using hydrofluoric acid (Figure 4.4A). 

In parallel, the microchamber was fabricated from polydimethylsiloxane (PDMS) 

(Sylgard 184, Dow Corning Inc. Midland, MI) using soft lithography techniques. Layers 

of SU-8 photoresist (MicroChem Corp., Newton, MA) were spin-coated on a silicon wafer 

(Silicon Quest International, Inc., San Jose, CA), exposed to ultraviolet light through 

photomasks, baked, and developed to form a mold defining the microfluidic features. Next, 

a PDMS prepolymer solution (base and curing agent mixed in a 10:1 ratio) was cast onto 

the mold and cured on a hotplate at 72 °C for 1 hour (Figure 4.4B). The resulting sheet 

bearing the microfluidic features was then peeled off the mold (Figure 4.4C). 
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Figure 4.4: Device fabrication: (A) Deposition, patterning and passivation of gold sensor 

and heaters. (B) Fabrication of SU-8 mold. (C) Demolding of PDMS microchamber. (D) 

Treatment with chlorotrimethylsilane and PDMS spin-coating. (E) Bonding of PDMS 

microchamber to PDMS-coated temperature control chip. (F) Insertion of inlet and outlet 

capillary tubes. (G) Photograph of a fabricated device. (H) Micrograph of the temperature 

sensor and heaters in the device. Dimensions are given in micrometers. 

Subsequently, the surface of the temperature control chip was treated with 

chlorotrimethylsilane, and a PDMS layer (approximately 100 m) was spin-coated onto 

the chip (Figure 4.4D). Then, the PDMS sheet was bonded to the PDMS membrane on the 

chip after treatment of the bonding interfaces with oxygen plasma for 15 seconds (Figure 

4.4E). Finally, capillary tubes (O.D. = 813 µm and I.D. = 495 µm) were inserted into the 
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inlet and outlet ports (Figure 4.4F), resulting in a packaged device. Following each 

experiment, the PDMS film and chamber were easily removed from the temperature 

control chip, allowing the chip to be reused for the next experiment. A fabricated and 

packaged device is shown in Figure 4.4 G and H. 

4.3.3. Surface Modification 

The biotinylated sgc8c aptamer was functionalized in a freshly fabricated device using 

an established protocol with slight modifications [110]. The microchamber was first treated 

with 4% (v/v) 3-MTPS in ethanol for 30 min at room temperature, followed by an ethanol 

wash. Then, 2 mM GMBS in ethanol was introduced and incubated for 20 min at room 

temperature, followed by an ethanol wash and drying by nitrogen. Next, the chamber was 

incubated overnight with 100 µg/mL streptavidin in D-PBS at 4 °C, followed by a D-PBS 

wash. Finally, 10 µM of biotinylated sgc8c aptamer in D-PBS was introduced into the 

chamber and incubated at room temperature for 20 min. A D-PBS wash was used to remove 

free aptamer molecules, leaving immobilized aptamer molecules on the surface. Just prior 

to cell introduction, the chamber was incubated with 1 mg/mL BSA solution in D-PBS at 

room temperature for at least 30 min to minimize nonspecific adsorption of cells. 

4.3.4. Cell Culture and Preparation 

Both CCRF-CEM and Toledo cells were incubated with RPMI-1640 media 

supplemented with 10% FBS and 1% P/S, and were kept at 37 °C in a humidified incubator 

containing 5% CO2. Before microfluidic experiments, each cell type was collected through 

centrifugation, resuspended at 1 × 108 cells/mL in D-PBS supplemented with 1 mg/mL 
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BSA, and then kept on ice. Cells were mixed or diluted to different concentrations prior to 

introduction into the microfluidic device. 

4.3.5. Experimental Setup 

 Closed-loop temperature control of the chamber was achieved using the integrated 

temperature sensor and heaters with a proportional-integral-derivative (PID) algorithm 

implemented in a LabVIEW (National Instruments Corp., TX) program on a personal 

computer. The resistance of the sensor was measured by a digital multimeter (34420A, 

Agilent Technologies Inc., CA), and the two heaters were connected to a DC power supply 

(E3631, Agilent Technologies Inc., CA). The microfluidic device’s two inlets were 

connected to syringes that respectively contained cell mixture and D-PBS, and was each 

driven by a syringe pump (KD210P, KD Scientific Inc., MA). The outlet was connected to 

a microcentrifuge tube for collection of released cells or experimental waste. Unless 

indicated otherwise, all phase contrast images and fluorescent images of the chamber were 

taken using an inverted epifluorescence microscope (Diaphot 300, Nikon Instruments Inc., 

NY) with a CCD camera (Model 190CU, Micrometrics, NH) (Figure 4.5). 
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Figure 4.5: Experimental setup for specific capture and temperature-mediated release of 

cells. 

4.3.6. Testing Procedure 

During cell capture experiments, a batch of CCRF-CEM cells was introduced into the 

chamber and incubated without any fluid flow for 1 min. This process was repeated several 

times, followed by a wash with D-PBS at 5 μL/min for approximately 1 min. An image of 

the cell-laden chamber was taken and used to manually count the number of captured cells, 

which was used to compute the captured cell density on the surface. To test the specificity 

of cell capture, CCRF-CEM and Toledo cells were labeled with the fluorescent dyes DiO 

and DiI, respectively, and fluorescent images were taken after the first introduction of the 

cell mixture as well as after D-PBS washing.  
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In temperature-mediated cell release experiments, the chamber was heated using the 

integrated heaters via closed loop temperature control to a desired temperature for 2 min, 

and flows of D-PBS at various rates were used to rinse the chamber. Images of the chamber 

were taken every 2 seconds, and used to manually count the cells that remained on the 

aptamer-immobilized surface. 

To test cell viability, the retrieved cells were kept in D-PBS with 10% FBS containing 

PI (2 μM) and JC-1 (10 μg/mL) at 37 °C for 1 hour, and then phase contrast and fluorescent 

images were taken with an inverted microscope (DMI6000B, Leica Microsystems Inc., IL) 

equipped with a digital camera (Retiga 2000R, Qimaging, Canada) and commercial image 

acquisition software (InVitro, Media Cybernetics Inc., MD). Moreover, a batch of cells 

was treated in a water bath at 48 °C for 2 minutes and then cultured for 4 days. The 

concentration of cultured cells was determined each day using a hemacytometer (Chang 

Bioscience Inc., CA). 

4.4. Results and Discussion 

This section presents and analyzes experimental results from the aptamer-based 

microfluidic device. We first characterize the temperature control chip and evaluate the 

uniformity of the temperature field in the chamber. Then, specific capture and temperature-

mediated release of cells are performed using CCRF-CEM and Toledo cell lines to 

investigate factors that influence the efficiency of cell capture and release. Finally, the 

viability of retrieved cells is evaluated to confirm the nondestructive nature of the cell 

release mechanism. 
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4.4.1. Temperature Sensor Characterization 

The temperature sensor was first calibrated using an environmental test chamber 

(9023, Delta Design Inc., CA) maintained at a series of temperatures which are measured 

with high accuracy temperature reference probes (5628, Fluke Calibration, UT). The 

measured resistance (R) of the thin-film gold temperature sensor was observed to vary 

linearly with temperature (T). The dependence could be represented by the relationship R 

= R0 [1 + α (T - T0)], where R0 is the sensor resistance at a reference temperature T0, and  

is the temperature coefficient of resistance (TCR) of the sensor. Fitting this relationship to 

the measurement data allowed determination of the parameter values, which were used to 

determine the chamber temperature from the measured sensor resistance during cell capture 

and release experiments. The temperature sensor typically had a measured resistance of 

209.60 Ω at a reference temperature of 21.9 °C with a TCR of 2.58×10-3 1/°C, as shown in 

Figure 4.6A. We then characterized the temperature control of the chamber through which 

D-PBS buffer was continuously infused to simulate the cell capture or release process. The 

chamber temperature, controlled in closed loop by the integrated heaters via feedback from 

the temperature sensor, was seen to increase from room temperature (~24 °C) to 48 °C 

rapidly (with an approximate closed loop time constant of 2.7 s based on an exponential 

fit) while exhibiting a minimal overshoot (~ 0.2 °C) (Figure 4.6B). The temperature 

remained within approximately 0.1 °C of the desired temperature setpoint for the duration 

of each experiment, as shown in the inset of Figure 4.6B.  
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Figure 4.6: (A) Resistance of temperature sensor (R) showing highly linear dependence 

on temperature (T). The solid line represents a linear fit to the experimental data with a 

regression equation: R = 209.6 [1 + 2.58×10-3 (T-21.9)] (coefficient of determination 

R2=0.999). (B) Time-resolved tracking of the temperature inside the D-PBS filled chamber, 

with the inset showing noise that was present during temperature measurements. 

4.4.2. Simulation of Temperature Distribution 

To evaluate the uniformity of the temperature distribution in the chamber, we present 

results from numerical simulation using a three-dimensional steady-state heat transfer 

model [235]. The model considers heat conduction in the solid materials as well as forced 

convection due to the buffer flow (flow rate: 5 L/min), with natural convection neglected. 

Properties at room temperature are used for the solid materials, and the property of the 

aqueous buffer is evaluated at the average temperature (36 °C) over the range (24 °C to 48 

°C) used in the experiments. The model includes the Pyrex glass substrate (thermal 

conductivity: 1.3 W/m·K), gold heaters (thermal conductivity: 317 W/m·K), a PDMS 

membrane (thermal conductivity: 0.16 W/m·K) above the SiO2 electrical passivation layer, 

liquid buffer in the chamber (thermal conductivity 0.62 W/m·K), and PDMS sheet (thermal 

conductivity: 0.16 W/m·K), with the SiO2 passivation layer neglected due to its small 
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thickness (< 1 μm). The model is solved using the COMSOL Multiphysics software 

package (COMSOL, Inc., CA). 

The temperature distribution in the chamber at a flow rate of 5 µL/min is shown in 

Figure 4.7. It can be seen that the temperature throughout the chamber was quite uniform, 

thanks to the heater design, which has a relatively large size with respect to that of the 

chamber. The temperature variation is less than 0.03 C on the lower chamber surface, to 

which aptamer molecules are immobilized (Figure 4.7A), as well as xz-plane of symmetry 

inside the chamber (Figure 4.7B). There is approximately a 0.2 °C difference between the 

temperatures on the lower chamber surface and on the substrate surface where the 

temperature sensor is located. This temperature difference is insignificant compared to the 

magnitude of temperature changes used in thermally activated cell release, and if desired, 

could be used as a correction value because of the more uniform in-plane temperature 

distributions. Based on this numerical analysis, it is concluded that the temperature 

distribution generated by the on-chip heaters is sufficiently uniform in the chamber for the 

cell capture and release experiments. 

 

Figure 4.7: Numerically determined temperature distribution in the chamber within (A) 

xy-plane on the lower surface of the chamber and (B) xz-plane of symmetry.  
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4.4.3. Specific Cell Capture 

To verify specific cell capture at room temperature, a mixture of CCRF-CEM cells 

(target cell type, 3.5×106 cells/mL) and Toledo cells (non-target cell type, 5.0×106 

cells/mL) was introduced into the sgc8c aptamer-modified microchamber and incubated 

for 1 min. The total number of CCRF-CEM cells observed on the surface, 51 in total, was 

less than that of Toledo cells, 78 in total (Figure 4.8A). However after washing, all non-

specifically adsorbed Toledo cells were removed, leaving only specifically captured 

CCRF-CEM cells on the surface. Moreover, after 10 cell samples were introduced (each 

followed by rinsing with D-PBS), the target cells dominated the chamber surface, with only 

8 non-target Toledo cells visible amongst a few hundred CCRF-CEM cells (Figure 4.8B). 

This demonstrates the specific and effective capture of CCRF-CEM cells using the surface-

immobilized aptamers, and the capability of the device to enrich target cells from a 

heterogeneous mixture. 

To test the transient behavior of the cell capture process, CCRF-CEM cell suspensions 

with concentrations of 5.0×106 cells/mL were introduced into the aptamer-functionalized 

chamber and allowed to incubate for varying lengths of time. After incubation, D-PBS was 

used to remove unbound cells. The percentage of captured cells in each introduction was 

calculated by η ≈ Na / Nb, where Na is the number of captured cells, i.e., cells that remained 

on the microfluidic aptamer-functionalized surface after washing, and Nb is the maximum 

number of cells that can be captured due to geometric limitations. Because of the height of 

the chamber (20 µm) and the low cell density of the introduced cell suspension, we 

assumed that only a single monolayer of cells could be arranged on the lower surface of 
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the chamber. Therefore, Nb is also equal to the number of cells observed in the chamber 

before washing. As shown in Figure 4.8C, increasing incubation time resulted in an 

increase in cell surface density.  

 

Figure 4.8: (A) Image of the chamber after the introduction of a cell sample. (B) Image of 

the chamber after the introduction of 10 cell samples and D-PBS washing. (C) Time 

response of cell capture: percentage of cells captured (η) versus incubation duration (t). 

The solid line represents an exponential fit to the experimental data with a regression 

equation: 
/241 te    (R

2=0.982, n=3). (D) Concentration response of cell capture: 

density of captured cells (ρcapture) as a function of the cell suspension concentration (ccell). 

The solid line represents a linear fit to the experimental data with a regression equation: 

ρcapture = 0.3874  ccell
 
(R2=0.995, n=3). 
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We consider a monovalent model for the equilibrium affinity binding between surface 

immobilized aptamer sgc8c (of initial surface density γ0 at t = 0) and cell membrane protein 

PTK7 (approximated as a sheet of protein of initial surface density σ0 at t = 0) to form a 

complex sgc8c-PTK7 (of surface density y at time t, with y = 0 at t =0) [236]: 

on

off

sgc8c+PTK7 sgc8c-PTK7,
k

k
 where kon and koff are respectively the association and 

dissociation rate constants for the binding between sgc8c and PTK7. The binding kinetics 

is governed by: on 0 0 off( )( ) .
dy

k y y k y
dt

      At equilibrium, / 0,dy dt   and therefore 

on 0 eq 0 eq off eq( )( ) 0.
dy

k y y k y
dt
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immobilized aptamer, so 0 0.   The maximal density of sgc8c-PTK7 (y) is equal to σ0, 
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k y k y
dt

     and on 0 eq 0 off eq( ) 0.k y k y     In this 

state, the solution can be represented by on 0 off( )
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 where Kd = koff / kon is the equilibrium dissociation constant 

(with the unit of surface density). According to the initial condition that y = 0 at t = 0, this 

equation can be solved to obtain on 0 off( )

0
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1
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 As cell capture 

happens only when there are sufficient aptamer-protein complexes, the percentage of cells 

captured (η) is proportional to on 0 off( )
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This exponential relationship is consistent with our experimental observation (Figure 

4.8C), and a least square fit suggests that cell capture time constant τ is approximately 

equal to 24 s (coefficient of determination R2 = 0.982). Cell loss during washing could be 

almost completely eliminated via incubation by setting incubation time (t) to a value such 

that percentage of cells captured (η) approximates to 1. The time constant (τ) indicates the 

rate at which the surface concentration of captured cells approaches its maximum value, 

and can be used to calculate the time needed to isolate a number of target cells from the 

heterogeneous cell suspension. It was estimated that approximately 92% of introduced cells 

exposed to the aptamer-functionalized surface were captured after incubating for 1 min. 

These results, which were similarly obtained at other cell concentrations ranging from 

0.5×106 to 10×106 cells/mL, could be further improved by optimizing the channel design 

[110], surface topography [226], and operation conditions such as flow rates [237]. 

We next investigated the effects of the cell suspension concentration on the surface 

density of captured cells. Cell capture experiments were conducted using samples with 

varying cell concentrations (0.5 to 10×106 cells/mL). In each experiment, 5 aliquots of cells 

were introduced into the chamber, each followed by a 1-min incubation. Each test was 

performed in triplicate simultaneously on identical devices (n = 3). All of the devices were 

fabricated at the same time to guarantee chamber surfaces were generated with nominally 

identical aptamer densities to ensure consistent experimental data. Experiments with the 

most dilute cell suspension (0.5×106 cells/mL) yielded captured cells with a surface density 

of 17±4 cells/mm2 (n = 3), while those with the most concentrated cell suspension (10×106 

cells/mL) resulted in a captured cell density of approximately 399±160 cells/mm2 (n = 3), 
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as shown in Figure 4.8D. It can be seen that in this range of cell concentrations, the 

captured cell density was approximately proportional to the cell concentration ρcapture = A 

ccell, where ccell is the cell suspension concentration (cells/mL), and A is a proportionality 

constant that depends on device characteristics such as the surface density of immobilized 

aptamer molecules and equilibrium cell-aptamer affinity association, and testing 

parameters such as the number of samples introduced to the chamber. The linear equation 

fitted the experimental data well (R2 > 0.99), resulting in a value of A equal to 0.3874 

mL/mm2. These results indicate that there is a large dynamic range of cell suspension 

concentrations over which the device can capture a predictable surface concentration of 

cells for downstream analysis. 

4.4.4. Temperature-Mediated Cell Release 

We next tested the thermally induced release of captured cells from the aptamer-

functionalized chamber surfaces. Prior to the experiment, CCRF-CEM cells were captured 

by the surface-immobilized sgc8c aptamer, and unspecific bound cells were removed by 

D-PBS washing. Then, the cell-laden chamber was rinsed at either room temperature or 48 

°C (Figure 4.9A). It was seen that approximately 80% of cells were released from the 

surfaces after rinsing with D-PBS at 5 µL/min and 48 °C for 2 min, whereas negligible cell 

release was observed when rinsing at room temperature with an identical buffer solution 

and flow rate. These results suggest that the release of CCRF-CEM cells may have been 

caused by the conformational changes in the aptamer structure at the elevated temperature. 
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Figure 4.9:  (A) Percentage of captured cells remaining on the substrate as a function of 

time while rinsing at constant temperature (48 °C and room temperature) and flow rate (5 

µL/min). (B) Captured cell density versus the number of cell suspension samples 

introduced while the temperature was maintained at either 48 °C or room temperature. (C) 

Effect of temperature on cell release efficiency while rinsing at 5 µL/min. (D) Effect of 

flow rate on cell release efficiency while the chamber temperature was maintained at 48°C. 

We then tested this hypothesis of cell release due to heat-induced conformational 

changes to aptamer structure, seeking to exclude denaturation of cell membrane proteins 

as the cause of cell release. To do so, we conducted additional tests in which cells were 

heated prior to capture in the device, and compared the results to those from heating the 
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device itself during cell capture. The cell suspension, diluted to 5×106 cells/mL, was heated 

at 48 °C for 2 min, followed by introduction to the chamber at room temperature. In 

parallel, an unheated cell solution of 5×106 cells/mL was introduced into a chamber with 

the chamber temperature set to 48 °C. In both tests, 10 aliquots of cells were introduced 

into the chamber, followed by 1 min of incubation after each cell introduction. Heat treated 

cells were captured at room temperature up to a concentration of 288 ± 10 cells/mm2 (n = 

3), as shown in Figure 4.9B. Unheated cells in a 48°C chamber achieved a surface density 

of only 43 ± 3 cells/mm2 (n = 3), and the presence of these remaining surface-bound cells 

was attributed to non-specific adsorption. These results suggest that the conformational 

changes in the aptamer structure, rather than the denaturation of the target cell membrane 

protein PTK7 [217] at the increased temperature, caused the release of the specifically 

captured cells. 

Having eliminated denaturation of the cell surface protein as the cause of cell release, 

we then investigated the relative impact on cell release of the chamber temperature 

compared to the hydrodynamic shear stress applied by the buffer flow. Cell detachment 

from aptamer-functionalized substrates is governed by the balance between the 

hydrodynamic shear stress applied on cell surfaces and the temperature-dependent binding 

strength of aptamers and their target cells. Therefore, changes in either the chamber 

temperature or the buffer flow rate would result in different cell release efficiencies. We 

first tested the effects of temperature on cell release by varying the chamber temperature 

from 30°C to 48°C while rinsing with D-PBS (Figure 4.9C). It was clearly seen that with 

the elevated temperature, an increasing number of cells were detached from the substrate. 
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Moreover, as the local temperature increased from 30 to 48°C, the viscosity of the aqueous 

washing buffer would decrease by approximately 35% [238], which would lead to a 35% 

lower shear stress at the cell membranes. This indicates that at higher temperatures there is 

a greater loss of binding between the aptamers and the cells, most likely due to temperature-

dependent changes in conformational structure of aptamers. Next, we further evaluated the 

effect of shear stress on cell release, by performing identical experiments while varying the 

flow rate through the chamber. As shown in Figure 4.9D, a higher flow rate caused more 

cells to detach from the substrate, as a result of increased shear stress disrupting the cell-

aptamer binding. As either a higher temperature or a larger shear stress poses a greater risk 

of cell damage, the tradeoff between them is an important design consideration. 

As conformational changes in aptamer structures are reversible, this indicates that we 

can create a regenerable cell-capture surface, which would reduce the average cost of 

assays using the microfluidic device. To verify the reusability of the aptamer-

functionalized surface, three experimental cycles were performed in the same device, with 

each cycle consisting of first introducing a dilute cell solution to the microchamber at room 

temperature, then releasing cells at 48 °C and 5 µL/min for 2 min, and finally regenerating 

the aptamer-functionalized surface (releasing all remaining cells) via washing with D-PBS 

at 60 °C and 50 µL/min for 2 min, and then at room temperature and 50 µL/min for 2 min.  

Following the first cycle, similar densities of captured cells were observed for succeeding 

cycles, with a maximum difference of captured cell density of only 8% between the first 

and the second capture (Figure 4.10). Given these results, we conclude that the 

regeneration of cell capture function of the microfluidic device can be both effective and 
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consistent. Although some residual cells remained on the surfaces after each regeneration, 

this could be addressed by using a higher temperature and flow rate. 

 

Figure 4.10: Cell capture and re-capture on the regenerated aptamer-functionalized 

surface: the normalized percentage of remaining cells after the first, second and third 

capture and regeneration cycle. 

4.4.5. Cell Viability Assay 

Cell viability is important for downstream applications such as tissue engineering and 

cell-based therapeutics [203, 204]. To evaluate cell viability, released cells were collected 

after rinsing at 5 µL/min and 48 °C for 2 min, at which point PI [239] and JC-1 [240, 241] 

were used to stain cells. PI is a red-fluorescent nuclear stain that is not permeant to live 

cells. JC-1 accumulates in healthy mitochondria as indicated by red fluorescence, the 

intensity of which decreases along with mitochondrial depolarization occurring in the early 

stage of apoptosis. Our experimental results showed that the PI stained cells did not emit 
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any red fluorescence (Figure 4.11A), and the JC-1 stained cells exhibited bright red 

fluorescence (Figure 4.11B), indicating that the collected cells were viable.  

 

Figure 4.11: Image of PI stained cells (A) and JC-1 stained cells (B) following cell capture 

and release experiment, generated by a combination of phase contrast and fluorescent 

micrographs. (C) Concentrations of normal cells and heat-treated cells as a function of 

culture duration. 

To obtain further confirmation of cell viability, we performed cell culture testing. 

Because of practical difficulties [242] in conducting cell culture using cells directly 

retrieved from the microfluidic device without an on-chip cell culture component, we 
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performed off-chip cell proliferation assays, in which cells from a well-mixed suspension 

were treated in water bath at 48 °C for 2 min and then cultured for several days. Meanwhile, 

cells from the same suspension were also cultured without any treatment for the same 

period to serve as a control. The growth curves of normal and heat-treated cells are shown 

in Figure 4.11C, in which heat-treated cells are seen to have a similar proliferation rate as 

normal cells. This indicates that the brief period of modestly elevated temperature used in 

the cell release experiment would not induce detectable cell damage, allowing the 

thermally released cells to remain viable. 

4.5. Conclusion 

The ability to isolate and retrieve live cells from biological samples is critical in both 

basic cell biology studies and clinical diagnostics. In this chapter, we have developed an 

aptamer-based microfluidic device for specific capture and temperature-mediated release 

of cells. The device consists of a microchamber situated on a temperature control chip that 

includes an integrated temperature sensor and heaters. The chamber surface is 

functionalized with aptamers to capture target cells with high specificity. The integrated 

temperature sensor and heaters allow closed-loop control of the chamber temperature, 

enabling thermally induced release of the captured cells without causing any physical or 

chemical damage.  

The temperature control chip was first characterized experimentally and numerically 

to ensure temporal and spatial accuracy of the temperature field, respectively. Further 

experiments demonstrated highly specific capture and enrichment of CCRF-CEM cells 

using the sgc8c aptamer, followed by measurements of the sensitivity of cell capture to the 
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concentration of cell suspension and to the incubation time within the chamber. 

Subsequently, efficient temperature-mediated release of cells was achieved, and the effects 

of the chamber temperature and shear stress on the aptamer-cell interaction were 

investigated. It is found that both higher temperatures and higher shear stresses facilitate 

cell release, and the tradeoff between these two factors is an important design 

consideration, due to the greater risk of cell damage when using either a higher temperature 

or a larger shear stress. Finally, the released cells were shown to be viable, and the aptamer-

functionalized surfaces were successfully regenerated and shown to be reuseable. These 

results demonstrate that our approach can potentially be used in basic biological research 

and clinical diagnostics for the isolation of viable pure cell subpopulations.  

Further studies will involve more stringent cell viability testing, such as using 

quantitative flow cytometry and gene expression analysis to confirm that thermal release 

processes induce no variations in cells at both cellular and genetic levels. If necessary, 

appropriate measures, such as the use of aptamers with lower affinity or stronger 

temperature dependence to allow cell release at lower temperatures, can be used to 

minimize such cellular or genetic variations.  
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Chapter 5. Specific Capture and Temperature-Mediated 

Release of Cells: Spatial Selectivity via Patterned Aptamer 

Surfaces  

The microfluidic device described in Chapter 4 demonstrated the feasibility of aptamer 

functionalized surface for highly specific cell isolation. Moreover, it explored, for the first 

time, the temperature response of binding affinity between aptamers and cells, and 

therefore allowed thermally activated release and retrieval of captured cells. Although 

novel, the cell release in Chapter 4 was not spatially selective in that all captured cells were 

released from the entire microfluidic surfaces. 

In this chapter, a proof-of-concept microfluidic device for spatially selective specific 

capture and temperature-mediated release of cells using nucleic acid aptamers is presented. 

The device consists of a microchamber situated on a microchip with four groups of micro 

heaters and temperature sensors. Aptamers are patterned on design-specified regions of the 

chip surface, and the heat generated by the micro heaters is restricted to each aptamer-

functionalized area. We demonstrate the device by performing specific capture of CCRF-

CEM cells, a human acute lymphoblastic leukemia (ALL) cell line, with surface patterned 

DNA aptamer sgc8c. Spatially selective release of CCRF-CEM cells is achieved by 

utilizing a group of microheater and temperature sensor that restricts temperature changes, 

and therefore the disruption of cell-aptamer interactions, to a design-specified region. The 

work presented in this chapter has resulted in a peer-reviewed conference proceeding [243] 

and a journal publication [244]. 
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5.1. Introduction 

Specific cell isolation is important in basic biological research and clinical diagnostics.  

Antibodies that are specific to cell membrane proteins are most often employed to achieve 

this goal. For example, magnetic-activated cell sorting (MACS) and fluorescence-activated 

cell sorting (FACS) are highly attractive due to their high specificity to target cells [206, 

207]. The MACS method relies on the presence or absence of magnetic forces to recognize 

different cell types. Although it is amenable to high-throughput operations, there is 

generally no difference between the magnetic forces generated by microbeads with 

different surface-modified antibodies specific to different target cells [208]. Hence, MACS 

is a single-parameter cell isolation method, and lacks the capability to distinguish and sort 

multiple types of cells. On the other hand, FACS uses different species of antibodies with 

different fluorescent labels to recognize target cells. Multiple characteristics of cells can be 

monitored, and thus different cell types can be separated and collected simultaneously 

[207]. However, the application of FACS is restricted by its relatively low yield and 

complex and expensive experimental instrumentation. 

Microfluidic technologies have been developing to enable more efficient and effective 

cell isolation with improved sensitivity and resolution, minimized sample and reagent 

consumption, lower cost, and the capability of automation and point-of-care (POC) [209]. 

To achieve specific cell isolation, antibodies have always been employed [110, 212]. For 

example, the isolation of rare circulating tumor cells (CTCs) from whole blood samples 

has been achieved in a microfluidic device with micropillars that are functionalized with 

anti-epithelial cell adhesion molecule (anti-EpCAM) antibodies [110]. Unfortunately, 
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antibodies are not always stable, and are expensive and time-consuming to develop [111]. 

In addition, in order to achieve molecular and functional analysis [245] or cell based 

therapeutics [204], cells must be released with minimal contamination and negligible 

disruption to their viability. However, the interaction between antibodies and antigens are 

not reversible under normal physiological conditions [213, 214]. Cells are hence typically 

released from antibody-functionalized surfaces using trypsin to digest antibody-specific 

cell membrane proteins [246], or varying the substrate hydrophobicity to detach 

hydrophobically anchored antibodies [247]. Tryptic digestion is not efficient, only 

applicable to a small portion of biomarkers involved in affinity cell capture [227], and may 

influence cell viability and phenotypic properties [228, 229]. Meanwhile, temperature 

dependent substrate property alteration cannot cause the dissociation of antibodies from 

the antigens, leaving the antibodies attached to cell membranes [247]. Therefore, there is a 

strong need for methods that allow rapid and non-destructive release of cells from affinity 

surfaces. 

Aptamers, which are oligonucleotides that bind specifically to target molecules, have 

the potential to resolve these problems. Aptamers can be selected from a randomized 

oligonucleotide library using a synthetic process [125]. Compared with antibodies, 

aptamers are stable, designable and amenable to chemical modifications [123]. Meanwhile, 

the binding between aptamers and target molecules is reversible due to conformational 

changes caused by temperature variations [198, 201]. In addition, recent advances in 

synthetic aptamer development have resulted in aptamers for multiple cellular targets, such 

as ALL precursor T cells [216], liver cancer cells [217] and stem cells [218]. These 



124 

 

aptamers bind to cell membrane proteins by hydrogen bonds, hydrophobic interactions, 

van der Waals interactions, aromatic stacking, or their combinations. Such affinity binding 

allows the aptamers to capture target cells specifically [248, 249]. Therefore, aptamers are 

attractive alternatives to antibodies as affinity ligands for cell isolation. For example, 

aptamers targeting prostate-specific membrane antigen (PSMA) have been used in a 

microfluidic system to separate LNCaP cells from a heterogeneous cell mixture [225]. 

Release of aptamer-captured cells has been accomplished by methods such as exonuclease 

degradation of aptamers [226], air bubble dislodging [223], and temperature stimulation 

[201]. Unfortunately, the use of exonuclease is inefficient due to the slow diffusive 

transport of enzymes and the low enzymatic reaction rate, while the use of air bubbles may 

damage cells and generate dead volumes leading to low cell release efficiency.  

In the previous chapter, we demonstrated that these issues could be addressed by 

temperature-mediated cell release, although the release was not spatially selective in that 

all captured cells were released from the entire microfluidic surfaces. This chapter presents 

a microfluidic device with a surface selectively functionalized with cell-specific aptamers 

and integrated micro heaters with temperature sensors to achieve specific cell capture and 

temperature-mediated release of selected groups of cells. Aptamers are patterned on 

design-specified regions of the chip surface, and the heat generated by the micro heaters is 

restricted to each aptamer-functionalized chip area. Target cells can be captured by the 

surface-patterned aptamers with high specificity. A moderate temperature change is then 

produced using a group of micro heater and temperature sensor to reversibly break the cell-

aptamer binding in the selected chip area, allowing the release and retrieval of viable target 
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cells from this region for downstream applications. After the temperature change is 

reversed, the aptamer-functionalized surface recovers its binding affinity to target cells. 

The device has been applied to CCRF-CEM cells, a human ALL T cell line, and sgc8c, an 

aptamer specific to these cells [220], to demonstrate its capability for specific capture and 

non-destructive, spatially selective temperature-mediated release of target cells.  

5.2. Experimental  

5.2.1. Principle  

The principle of aptamer-based specific cell capture and spatially selective 

temperature-mediated cell release is as follows. Cell specific aptamers are first patterned 

on design-specified regions of the surface of a temperature-control chip. A cell suspension 

containing target cells is introduced into the device. Target cells located on the aptamer 

modified regions are captured specifically by the patterned aptamers (Figure 5.1A), while 

those situated outside the aptamer-functionalized surface are not captured and removed by 

a Dulbecco’s phosphate-buffered saline (D-PBS) wash (Figure 5.1B). Next, the 

temperature of a specific region is increased to change the conformational structure of 

aptamers, by activating the microheater. Thus, the binding strength between target cells 

and aptamers is decreased. Cells within this region can then be easily washed away and 

collected, while cells in other regions are not affected (Figure 5.1C). After the temperature 

is reversed, aptamers recover their ability to capture cells. In addition, this moderate 

temperature change does not affect the cell viability [201]. For demonstration, the 

microfluidic device is functionalized with the aptamer sgc8c for specific capture and 

temperature-mediated release of CCRF-CEM cells, a human-ALL T cell line. 
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Figure 5.1: Principle of specific cell capture and spatially selective temperature-mediated 

cell release. (A) Cell capture at room temperature. (B) D-PBS wash to remove non-target 

cells. (C) Temperature-mediated release of a selected group of cells. 

5.2.2. Design and Fabrication 

The microfluidic device used for specific cell capture and spatially selective 

temperature-mediated cell release consisted of a tapered microchamber (2.7 mm in length, 

2.2 mm in width, and 20 μm in height) situated on a microchip with four groups of 

serpentine-shaped heaters (linewidth: 50 μm) and serpentine-shaped temperature sensors 

(linewidth: 20 μm) (Figure 5.2). 

 

Figure 5.2: Schematic of the microfluidic device for specific cell capture and temperature-

mediated selective cell release. 
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The microchip was fabricated using standard microfabricatation techniques. Briefly, a 

chrome (~10 nm) / gold (~200 nm) / chrome (~10 nm) thin film was first deposited and 

patterned to form micro resistive heaters, which were then passivated by approximately 1 

μm silicon dioxide using plasma-enhanced chemical vapor deposition (PECVD) (Figure 

5.3A). The micro heaters generated joule heat when subjected to a DC voltage. Next, an 

additional chrome (~10 nm) / gold (~200 nm) / chrome (~10 nm) thin film was deposited 

and patterned to form the temperature sensors, which were also passivated by 

approximately 1 μm silicon dioxide (Figure 5.3B). Subsequently, the microchip was 

incubated with 4% (v/v) 3-mercaptopropyl trimethoxysilane (3-MPTS) in ethanol for 30 

min at room temperature, followed by an ethanol wash. The microchip was then treated 

with 2 mM 4-maleimidobutyric acid N-hydroxysuccinimide ester (GMBS) in ethanol for 

20 min at room temperature, followed by another ethanol wash and drying by nitrogen. 

Afterward, the microchip was incubated with 100 μg/mL streptavidin in D-PBS at 4 °C 

overnight, and a polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning Inc. Midland, 

MI) membrane with through openings (diameter: 400 μm) was manually attached onto the 

microchip surface, to which the biotinylated sgc8c aptamers were immobilized through 

biotin-streptavidin interaction (Figure 5.3C). After peeling off the PDMS membrane, only 

aptamers immobilized on the microchip remained, and those modified on the membrane 

were removed (Figure 5.3D). Finally, the microchamber was fabricated from PDMS using 

standard soft lithography methods (Figure 5.3E&F), and then attached onto the microchip 

(Figure 5.3G). A fabricated and packaged microfluidic device is shown in Figure 5.3H. 
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Figure 5.3: Microchip fabrication and aptamer immobilization: (A) Deposition, patterning 

and passivation of gold heaters. (B) Deposition, patterning and passivation of gold 

temperature sensors. (C) Attachment of a PDMS membrane with through holes onto the 

microchip, and functionalization of biotinylated aptamers. (D) Removal of the PDMS 

membrane. (E) Fabrication of SU-8 mold. (F) Casting of PDMS microchamber. (G) 

Bonding of the PDMS microchamber onto the microchip. (H) Photograph of a fabricated 

microfluidic device, and micrograph of the micro heaters and sensors. 
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5.2.3. Materials 

3-MPTS, GMBS, streptavidin and bovine serum albumin (BSA) were obtained from 

Sigma-Aldrich (St. Louis, MO). 5,5’,6,6’-Tetrachloro-1,1’,3,3’-

tetraethylbenzimidazolylcarbocyanine iodide (JC-1), RPMI-1640 media, fetal bovine 

serum (FBS), penicillin-streptomycin (P/S, penicillin 10000 units/mL, streptomycin 10000 

mg/mL) and D-PBS were purchased from Invitrogen (Carlsbad, CA). CCRF-CEM was 

obtained from the American Type Culture Collection (ATCC, Manassas, VA). The 

biotinylated sgc8c aptamer (biotin-5’- (triethylene glycol)9 -AT CTA ACT GCT GCG 

CCG CCG GGA AAA TAC TGT ACG GTT AGA-3’, Kd = 0.78 nM) was synthesized and 

purified with high-performance liquid chromatography (HPLC) by Integrated DNA 

Technologies (Coralville, IA). 

5.2.4. Experimental Setup 

Closed-loop temperature control of each aptamer-modified region was achieved by 

using the corresponding integrated temperature sensor and heater with a proportional-

integral-derivative (PID) algorithm implemented in a LabVIEW (National Instruments 

Corp., TX) program on a personal computer. The sensor resistances were measured by a 

digital multimeter (34420A, Agilent Technologies Inc., CA) through a 4-way mechanical 

switch. The micro heaters were connected to a DC power supply (E3631, Agilent 

Technologies Inc., CA) through another 4-way mechanical switch. The microfluidic 

device’s inlet was connected to a syringe driven by a syringe pump (KD210P, KD 

Scientific Inc., MA). The outlet was connected to a microcentrifuge tube in order to collect 

released cells. Unless indicated otherwise, all phase contrast images of cells captured on 
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the microchip surface were taken using an inverted epifluorescence microscope (Diaphot 

300, Nikon Instruments Inc., NY) with a CCD camera (Model 190CU, Micrometrics, NH) 

(Figure 5.4). 

 

Figure 5.4: Experimental setup for specific cell capture and spatially selective 

temperature-mediated cell release. 

5.2.5. Experimental Procedure 

CCRF-CEM cells were incubated with complete culture media that consisted of 

RPMI-1640 media supplemented with 10% FBS and 1% P/S, and were kept at 37 °C in a 

humidified incubator containing 5% CO2. Cells were collected through centrifugation, 

resuspended at 1× 108 cells/mL in complete culture media with 1 mg/mL BSA, and kept 

on ice. 
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During the cell capture experiments, the microfluidic device was first treated with 1 

mg/mL BSA in D-PBS for at least half an hour. Then, a suspension of CCRF-CEM cells 

was introduced into the microchamber at 1μL/min for 2 min, followed by a D-PBS wash 

at 5μL/min. An image of the microchip surface was then taken and used to show the 

specific capture of cells onto the aptamer-modified surface.  

In the spatially selective temperature-mediated cell release experiments, the 

microchamber was rinsed with complete culture media with 10 μg/mL JC-1 at 5 μL/min, 

and a selected region on the microchip was heated using the integrated heater via closed 

loop temperature control for 20 s. An image was then taken and used to show the selective 

release. 

To test cell viability, the retrieved cells in complete culture media with 10 μg/mL JC-

1 were kept at 37 °C in an incubator with 5% CO2 for 1 h, and a fluorescent image was 

taken with an inverted microscope (IX81, Olympus Corp., PA) equipped with a digital 

camera (C8484, Hamamatsu Corp., NJ). 

5.3. Results and Discussion 

5.3.1. Temperature Control 

To evaluate spatially selective heating through on-chip temperature control, we 

present results from a numerical simulation using a three-dimensional steady-state heat 

transfer model in COMSOL Multiphysics® (COMSOL, Inc., Los Angeles, CA) [201]. The 

model considers heat conduction in the solid materials as well as forced convection due to 

the buffer flow (flow rate: 5 μL/min), while neglecting natural convection due to relatively 

small temperature changes and the small length scales of the chamber. The temperature 
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distribution on the lower surface of the microchamber is shown in Figure 5.5A. It can be 

seen that the temperature increase generated by each micro heater is restricted to the 

surrounding area as desired, indicating the feasibility of temperature-mediated release of a 

selected group of cells. 

 

Figure 5.5: On-chip temperature control: (A) Simulated temperature distribution on the 

lower surface of the microchamber, showing spatially selective heating. (B) Linear 

temperature dependence of the resistance of the temperature sensor. (C) Time-resolved 

tracking of the temperature of each heating region inside the buffer filled chamber. 
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Prior to performing the experiments, we first characterized the temperature sensors 

using an environmental test chamber (Model 9023, Delta Design Inc., CA) maintained at 

a series of temperatures which were measured with a high accuracy temperature reference 

probe (Model 5628, Fluke Calibration, UT) [19]. The resistance (R) of the temperature 

sensor varied linearly with temperature (T). The dependence was well represented by the 

relationship R = R0 [1 + α (T - T0)], where R0 is the sensor resistance at a reference 

temperature T0, and  is the temperature coefficient of resistance (TCR) of the sensor. 

Fitting this relationship to the measurement data allowed the determination of TCR, which 

was used to determine the temperature in the region directly above the sensor from the 

measured resistance during experiments. A typical micro temperature sensor in this design 

had a measured resistance of 22.66 Ω at a reference temperature of 25.3 °C with a TCR of 

2.16×10-3 1/°C (Figure 5.5B).  

Further verification of selective heating in the aptamer-patterned regions is provided 

by on-chip temperature control using the integrated thin-film heaters and temperature 

sensors. We experimentally monitored the temperature of all four heating regions with 

continuous D-PBS infusion (flow rate: 5 μL/min) to simulate the cell release process, when 

the temperature of heating region 1 was controlled in a closed-loop by the integrated heater 

via feedback from the temperature sensor. The temperature of region 1 increased from 

room temperature to 48 °C rapidly (approximately 10 seconds) and remained within 

approximately 0.2 °C of the desired temperature setpoint (48 °C) for the entire heating 

duration, while those of regions 2-4 all remained below 28 °C during the whole process 

(Figure 5.5C). This implies that the temperature change in one region does not 
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significantly affect the temperatures in other regions, and thus enables the spatially 

selective temperature-mediated cell release. 

5.3.2. Spatially Selective Specific Capture and Temperature-Mediated Release of 

Cells 

We first tested the patterning of aptamers onto the surface of a microchip. 

Fluorescently labeled biotinylated ssDNA was used to functionalize the microchip, which 

was then observed under a fluorescent microscope. As shown in Figure 5.6, only the area 

exposed to reagents, which was in the through opening region, showed bright green 

fluorescence, indicating the feasibility of immobilizing aptamers onto design-specified 

regions of a microchip. 

 

Figure 5.6: Immobilization of aptamers in design-specified regions of the chip surface. 

To demonstrate spatially selective cell capture, a CCRF-CEM cell suspension of 5 × 

106 cell/mL with 1 mg/mL BSA was introduced into the devices with immobilized 
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aptamers at 1 µL/min for 2 min, followed by a D-PBS wash at 5 µL/min for 1 min. CCRF-

CEM cells only became attached to the aptamer functionalized surfaces (Figure 5.7A), and 

not to the bare surface, confirming spatially selective cell capture. Because of the manually 

performed surface modification process, aptamers were not precisely immobilized onto the 

surface above the micro-heaters. Therefore, the shape of aptamer-captured CCRF-CEM 

cell patterns did not strictly follow the envelope of the micro-heaters. 

 

Figure 5.7: Specific cell capture and spatially selective temperature-mediated cell release: 

(A) CCRF-CEM cells were captured by the aptamer functionalised surface; (B) 

Temperature-mediated cell release in regions 2 and 3; (C) Temperature-mediated cell 

release in region 4; (D) Specific cell recapture on the same aptamer functionalised surface. 

Scale bars: 400 µm. 
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To test temperature-mediated release of a selected group of cells, the cell laden 

chamber was then rinsed with complete culture media with 10 μg/mL JC-1 at 5 µL/min, 

while the temperature in regions 2 and 3 increased to 48 °C in series, by using the integrated 

heaters. It can be seen that only the cells within regions 2 and 3 became detached from the 

aptamer-surface, which may have been caused by conformational changes of the aptamer 

structure [201], whereas negligible cell release was observed in other regions (Figure 

5.7B). Next, we further increased the temperature in region 4, and observed noticeable cell 

release in this region, and cells in region 1 were not affected (Figure 5.7C). These results 

indicate the success of temperature-mediated release of selected groups of cells. 

To verify the reusability of the aptameric surface, another CCRF-CEM cell suspension 

with the same concentration was introduced into the same device at 1 µL/min for 2 min. 

Following a D-PBS wash at 5 µL/min for 1 min, similar densities of captured cells were 

observed in all the regions (Figure 5.7A and D), implying that the microfluidic device with 

aptamers is reusable. 

5.3.3. Cell Viability Assay 

To enable downstream (e.g., tissue engineering and cell-based therapeutic) 

applications [203, 204], the released and retrieved cells must be viable. To evaluate cell 

viability, released cells in complete culture media with 10 μg/mL JC-1 from multiple 

devices were collected and incubated at 37 °C with 5% CO2 for 1 h, centrifuged and 

resuspended in 10 μL of complete culture media. JC-1 exists as a monomer in cytoplasma 

exhibiting green fluorescence and it accumulates in undepolarized healthy mitochondria 

showing red fluorescence, the intensity of which decreases along with mitochondrial 
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depolarization during apoptosis or death of cells [240, 241].  The released cells showed 

bright red fluorescence (Figure 5.8), indicating that they were still viable and the 

temperature-mediated cell release process did not affect the cell viability. In addition, to 

further decrease the potential cell damage, releasing cells at lower temperature is possible 

using appropriately selected aptamers [250]. 

 

Figure 5.8: Micrograph of JC-1 stained cells following cell capture and temperature-

mediated cell release performed on a microfluidic device. 

5.4. Conclusion 

Spatially selective capture, release and retrieval of cells on affinity surfaces are 

important in basic biological research and clinic diagnostics. In this chapter, we have 

developed a microfluidic device for specific cell capture and selective temperature-

mediated cell release using cell-specific aptamers and integrated micro heaters and 
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temperature sensors. The device consists of a microchamber situated on a microchip with 

four groups of micro heaters and temperature sensors. Aptamers are patterned on design-

specified regions of the chip surface, and the heat generated by the micro heaters is 

restricted to each aptamer-functionalized chip area. A moderate temperature change using 

a group of micro heater and temperature sensor breaks the cell-aptamer binding in the 

selected chip area, allowing the release and retrieval of target cells from this region without 

detectable cell damage. The microchip is first characterized experimentally and 

numerically to ensure spatially selective temperature control. Further experiments show 

specific capture of CCRF-CEM cells using the aptamer sgc8c, followed by efficient and 

spatially selective temperature-mediated release. In addition, the aptamer functionalized 

surface is shown to be reusable and the retrieved cells are viable. The results demonstrate 

that our approach can potentially be used for cell purification from biological samples and 

selective cell retrieval for downstream analysis.  

Further studies will involve systems that employ a more controllable surface 

modification method to precisely control the size of patterned aptamers and use a more 

delicate temperature control technique to increase the spatial resolution of selective 

heating.  
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Chapter 6. Mechanically Tunable Microfluidic Trapping of 

Cells 

The microfluidic devices described in Chapter 4 and Chapter 5 demonstrated the 

feasibility of using solid surface with patterned aptamer for highly specific cell capture and 

spatially selective temperature-mediated cell release. However, they lacked flexibility in 

controlling the number of cells in each spot. 

In this chapter, we exploited the large compliance of elastomers to create an array of 

cell-trapping microstructures, whose dimensions can be mechanically modulated by 

inducing uniformly distributed strain via application of external force on the chip. The 

device consists of two elastomer polydimethylsiloxane (PDMS) sheets, one of which bears 

dam-like, cup-shaped geometries to physically capture cells. The mechanical modulation 

is used to tune the characteristics of cell trapping to capture a predetermined number of 

cells, from single cells to multiple cells. Thus, enhanced utility and flexibility for practical 

applications can be attained, as demonstrated by tunable trapping of MCF-7 cells, a human 

breast cancer cell line. The work presented in this chapter has resulted in two peer-reviewed 

conference proceedings [243, 251] and a journal publication [252]. 

6.1. Introduction 

Cell manipulation, such as separation, isolation, positioning, trapping and sorting of 

cells, has important applications in basic biological research and clinical diagnostics. For 

example, in order to study the effect of anticancer drugs, cell groups with multiple cells are 

needed for testing multicellular resistance [253]. However, the analysis of a large 
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population of cells obscures the heterogeneous information within cell groups, such as the 

large genetic variation between individual cells [254, 255]. Therefore, in addition to 

multicellular analysis, investigations on single cell or a small number of cells are necessary. 

For instance, in order to study the phenotypic heterogeneity driven by cell cycle, cell aging, 

and epigenetic regulation, single cells must be isolated and identified [256]. Furthermore, 

in the study of cell-cell contact, such as the communication through junctional proteins 

[257] and membrane-receptor to membrane-ligand interactions [258], or cell fusion that 

enables the study of nuclear reprogramming [83], pairing of two cells, either the same type 

or different types, is required. As a result, target cells have to be trapped in particular 

positions without any mechanical or biochemical damage, and the number of cells trapped 

should be able to be adjusted according to the application. 

Microfluidic technologies have been developing to allow more effective and efficient 

cell trapping and cell positioning, offering numerous advantages not possible with 

conventional platforms [259, 260]. Microfluidic cell trapping that employs either physical 

barriers, such as microwells [80, 261], microcups [82, 83] and cell-based valves [262, 263], 

or molecular interactions, such as micropatterning surfaces with polymers [264] or ligands 

[265], is easy to handle, does not require complicated fabrication procedures, and can 

realize high-throughput operation. With different dimensions of microwells [80] or 

microcups [82], or variant diameters of patterned ligand spots [266], cell trapping with 

different numbers of cells can be achieved. For example, by utilizing weir-like capture cups 

with different depths, cell trapping with different numbers of cells in each trap have been 

reported [82]. However, once the design and fabrication of the device have been completed, 
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it is no longer possible to alter the characteristics of the cell traps. Thus, these methods lack 

flexibility in precisely controlling the number of trapped cells, while cell arrays of single, 

two and multiple cells are all needed in cell biology applications [83, 267, 268]. On the 

other hand, cell trapping methods that use optical [269], acoustic [91], dielectrophoretic 

[211], hydrodynamic [270], or their combinations [271], employ different kinds of external 

force during the experiment to separate and restrict cells in particular locations, and thus 

allow dynamic and precise control over the number of cells trapped. However, the 

application of these methods is also limited by either sophisticated operation systems or 

complicated microfabriation processes. 

These limitations can potentially be addressed by utilizing physical barrier based cell 

trapping techniques and employing elastomeric polymers, whose large deformability could 

provide flexibility and controllability in cell manipulation. In relevant work, large 

compliance of polymers has been used in micro- and nanofluidic applications. For 

example, deformable elastomeric microdevices have been used in the gating and regulation 

of fluids in microflow control, in which a thin compliant flap was used to alter the flow 

resistance by varying the applied pressure [272]. A nanofluidic system has also been 

designed and fabricated using oxidized PDMS, in which transport characteristics were 

dynamically manipulated by the modulation of channel dimensions [273]. In addition, a 

pneumatically controlled elastomeric microstructure has been reported for patterning and 

manipulation of a large number of cells at the macro scale [274]. These demonstrate the 

feasibility of using polymers to achieve flexible and precise control in micro- / nanofluidic 

applications. 
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This chapter presents a tunable cell trapping microchip that utilizes the large 

deformability of elastomeric polymers to precisely control the number of cells captured at 

the single and individual cell level. The device consists of two thin sheets of the elastomer 

PDMS, one of which bears microstructures to physically capture cells. The microstructures 

each feature a dam-like, cup-shaped geometry (called a capture cup) with supporting pillars 

on both sides. We for the first time exploit the large compliance of elastomers to create an 

array of cell-trapping microstructures, whose dimensions can be mechanically modulated 

by inducing uniformly distributed strain via the application of an external force on the chip. 

The mechanical modulation is used to tune the characteristics of cell trapping to capture a 

predetermined number of cells, from single cells to multiple cells. The microchip is applied 

to MCF-7 cells to verify the significant influence of microstructure deformation on the 

number of cells trapped, and thus demonstrate the effectiveness of using physical 

modulation to enable nondestructive and flexible cell manipulation, which can potentially 

be used in cell biology research and clinical diagnostics. 

6.2. Experimental 

6.2.1. Design and Fabrication 

The tunable cell trapping microchip consists of two thin sheets of elastomer PDMS, 

one of which bears microstructures to physically capture cells. The microstructures each 

have a dam-like, cup-shaped geometry (approximately 40 µm in height, henceforth called 

a capture cup) with supporting pillars (approximately 7 µm in height) on both sides (Figure 

6.1). When a cell approaches a microstructure, the carrier fluid passes over the dam, while 

the cell is trapped in the capture cup. If one or more cells are trapped in the microstructure, 
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the flow field upstream will immediately change, attaining a higher velocity component in 

the transverse direction. Therefore, cells moving into this region will gain more significant 

transverse kinetic energy and may be more likely to flow around the microstructure, rather 

than being trapped in the capture cup.  

 

Figure 6.1: The cell trapping principle. (A) Plan view and cross-sectional views along lines 

(B) a-a and (C) b-b of cell trapping approach. Dimensions are given in micrometers. 

The cell trapping characteristics can be tuned through mechanical modulation of 

microstructures via the application of strain to the chip (Figure 6.2). The microchip is 

stretched by mounting it onto a motherboard. This induces uniform uniaxial tensile strain 

in the cell trapping region, which is situated in a slender bar-shaped portion of the 

microchip. Using different microchip mounting pin locations, the strain in the cell trapping 

region can be varied. This mechanical modulation changes the geometry of the 

microstructures, and also alters the flow field, thereby allowing the number of cells trapped 

in each microstructure to be actively tuned according to practical needs. 
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Figure 6.2: Principle of tunable cell trapping via modulation of microstructure dimensions. 

(A) Single cells are trapped in the microstructures before application of strain. (B) Multiple 

cells are trapped in the microstructures after application of strain. Inset: detail of 

microstructure geometries before and after the application of strain. 

The tunable cell trapping microchip was fabricated using standard soft lithography 

techniques. Briefly, the SU-8 (MicroChem Corp., Newton, MA) mold that defines 

microfluidic features was first fabricated (Figure 6.3A). Then two PDMS (Sylgard 184, 

Dow Corning Inc.,) sheets, one bearing the microfluidic structures and the other used as 

the substrate, were cast (Figure 6.3B) and punched with the inlet and outlet (Figure 6.3C). 

Subsequently, the two PDMS sheets were bonded to each other after oxygen plasma 
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treatment (Figure 6.3D).  Finally, an acrylic motherboard, onto which the fabricated 

microchip was mounted, was fabricated with a laser cutter. The assembled device is shown 

in Figure 6.4A, and the details of cell trapping microstructures are shown in Figure 6.4 B 

and C. 

 

Figure 6.3: The microchip fabrication process. (A) Fabrication of the SU-8 mold. (B) 

Casting of the PDMS microfluidic sheet and the PDMS substrate. (C) Demolding of PDMS 

sheet. (D) Bonding of the PDMS microfluidic sheet and PDMS substrate. 
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Figure 6.4: (A) A fabricated and assembled tunable cell trapping microchip. (B) Scanning 

electron micrograph image of the cell-trapping region, showing densely packed cup-shaped 

microstructures (scale bar: 100 µm). (C) Detail of the trap microstructure, including a dam-

like capture cup with supporting pillars on both sides (scale bar: 10 µm). 

6.2.2. Materials 

Chlorotrimethylsilane, and bovine serum albumin (BSA) were obtained from Sigma-

Aldrich (St. Louis, MO). 5,5',6,6'-tetrachloro-1,1',3,3'-

tetraethylbenzimidazolylcarbocyanine iodide (JC-1), Minimum Essential Medium (MEM), 
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fetal bovine serum (FBS), penicillin-streptomycin (P/S, penicillin 10,000 unit/mL, 

streptomycin 10,000 µg/mL), 0.25% Trypsin-EDTA, Dulbecco's phosphate-buffered 

saline (D-PBS) and Vybrant® multicolor cell-labeling kit (DiI, DiO and DiD) were 

purchased from Life Technologies (Grand Island, NY). MCF-7 cell line was obtained from 

the American Type Culture Collection (ATCC, Manassas, VA). 

6.2.3. Experimental Procedure 

MCF-7 cells were incubated with the complete culture media, including MEM 

supplemented with 10% FBS and 1% P/S, and were kept at 37 °C in a humidified incubator 

containing 5% CO2. Before microfluidic experiments, cells were labeled by incubating 

them with 0.5% (v/v) DiO in the complete culture media for 20 min and then treated in the 

3mL of trypsin-EDTA for at least 15 min to be detached from substrate and to prevent the 

nonspecific adsorption. Next, a triple volume of the complete culture media was added to 

stop trypsinization. Cells were then collected through centrifugation, resuspended at 1 × 

108 cells/mL in complete culture media supplemented with 5 mg/mL BSA, and kept on ice.  

Prior to experimentation, the microfluidic channel was incubated with 5 mg/mL BSA 

in D-PBS for at least half an hour to prevent the unspecific adsorption. Then, the cell 

suspension was diluted to 1 × 106 cells/mL in D-PBS supplemented with 5 mg/mL BSA, 

and introduced into the microchip with or without extension at 10 µL/min for 1 min. 

Afterward, D-PBS was used to rinse the channel at 10 µL/min for 1 min. Finally, a 

fluorescent image of cell-laden chamber was taken and used to manually count the number 

of cells in each trap. 
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6.3. Results and Discussion 

6.3.1. Microstructure Deformation 

The mechanical modulation of microstructures is realized by mounting the microchip 

onto different locations of a motherboard, initially free of extension (Figure 6.5A) to a 

tensile strain of approximately 79% (Figure 6.5B). According to the extension experiments, 

along with the increased strains, the trapping cup width decreased from 28.8 ± 0.8 µm to 

18.0 ± 0.6 µm and the cup depth increased from 25.0 ± 0.4 µm to 36.3 ± 0.7 µm (Figure 

6.5C). This deformation will significantly alter the number of cells able to be trapped [82]. 

 

Figure 6.5: Modulation of microstructures for cell trapping: Phase contrast micrographs 

of cell trapping microstructure before (A) and after (B) after applying 79% relative 

extension along x direction (scale bars: 50 µm). (C) The depth and width variations of 

microstructures as the normal strains increased from 0 to 0.8. 

To evaluate the uniformity of microstructure deformation, we first tested the strain 

distribution and present results from a COMSOL Multiphysics® (COMSOL, Inc., Los 
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Angeles, CA) numerical simulation using a three-dimensional structural model, consisting 

of the trapping region. The nonlinear elasticity of the structural material (PDMS) and the 

large strain involved in the microstructure deformation is considered. PDMS is modeled as 

an isotropic, incompressible hyperelastic material [272], and the Mooney-Rivlin 

constitutive law is applied [275, 276]. A Young’s modulus of 387 kPa is used for PDMS, 

as determined by the 100:7 base-to-curing agent ratio of the prepolymer solution [277]. 

Our results show a highly uniform strain distribution in the xy-plane throughout the 

trapping region (Figure 6.6), indicating a uniform deformation of the microstructure array.  

 

Figure 6.6: Numerically determined distributions of the normal strain components on the 

lower surface of the microchannel (xy-plane) within cell trapping region: (A) x-component; 

(B) y-component; and (C) z-component. 

A further numerical analysis shows when the gap between each row of microstructures 

was elongated from 98 µm (Figure 6.7A) to 175 µm (Figure 6.7B), leading to a 79% 

relative extension along x direction in the trapping region, the cup depth increased from 25 
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µm (Figure 6.7A&C) to 37 µm (Figure 6.7B&D), and the cup width decreased from 28 

µm (Figure 6.7A&C) to 19 µm (Figure 6.7B&D). These dimension changes are consistent 

with the results from the experimental analysis. 

 

Figure 6.7: Numerically determined microstructure deformation (A) before and (B) after 

applying 79% relative extension along x direction. 3D models of the microstructure (C) 

before and (D) after applying 79% extension. Scale bars: (A)(B) 100 µm, (C)(D) 25 µm. 

6.3.2. Tunable Cell Trapping 

To demonstrate tunable cell trapping, a cell suspension of 1×106 cells/mL in D-PBS 

with 5 mg/mL BSA was introduced into the chip (pretreated with 5 mg/mL BSA in D-PBS) 
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at 10 µL/min for 1 min, after which D-PBS was used to rinse the channel. The 7 µm height 

gap between two pillars allows a fraction of fluid carrying cells to enter the capture cup. 

Based on the dimensions of the cell trapping microstructure, once one cell or multiple cells 

occupy the capture cup, the fraction of fluid passing through the gap significantly reduces, 

leading to increased transverse velocity and decreased longitudinal velocity. Thus, more of 

a cell’s longitudinal component of kinetic energy will be converted to the transverse 

component, increasing the tendency for additional cells to flow around the microstructure 

and therefore preventing them from being trapped. As shown in Figure 6.8A, without 

extension, single cell trapping was dominant, whereas multiple cells were captured as a 

result of an approximately 72% strain applied to the chip (Figure 6.8B).  

Moreover, the results indicate the number of cells trapped strongly depends on the 

geometrical characteristics of the microstructures (Figure 6.8C). Without the application 

of strain, 41% of microstructure trapped single cells and 31% of them captured two cells. 

However, when the chip was extended by approximately 72%, the fractions of single-cell 

trap and two-cell trap decreased to 4% and 24%, respectively, and 39% of microstructures 

trapped three cells. These results show that the distribution of cell capture per cup shifted 

up from a mode of 1 without extension to a mode of 3 with the application of 72% uniaxial 

tensile strain. 

To evaluate cell viability after trapping, trapped cells were stained by JC-1 (10 μg/mL) 

at 37 °C for 30 min, and fluorescent images were taken with an inverted epifluorescence 

microscope (Diaphot 300, Nikon Instruments Inc., NY) with a CCD camera (Model 190CU, 

Micrometrics, NH). The intensity of red fluorescence caused by the accumulation of JC-1 
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in healthy mitochondria will decrease during depolarization occurring in the early stage of 

apoptosis [240, 241]. The trapped cells from both the unextended and extended (72%) 

device did not exhibit any degradation of red fluorescence (Figure 6.8D&E), indicating 

the trapped cells were viable. 

 

Figure 6.8: Fluorescent micrographs of cell trapping (A) before and (B) after application 

of strain. (C) The distribution of trapped cells before and after microstructure modulation. 

Images of JC-1 stained trapped cells (D) before and (E) after application of strain. Scale 

bars: 100 µm. 



153 

 

These results demonstrate that our approach can potentially allow the formation of a 

cell array with a predetermined cell number in each cell trap, from single cells to multiple 

cells. 

To explain the observed tunable cell trapping, the flow field before and after extension 

was analyzed by three-dimensional computational fluidic dynamics (CFD) analysis to 

explore the characteristic parameters that affect the number of cells trapped using ANSYS 

Fluent® (ANYSIS, Inc., Canonsburg, PA). 3-D models for the trapping regions were 

developed considering the cell as a rigid body. Fluid velocity along a reference line, which 

is denoted a-b (Figure 6.9A) and lies slightly above the capture cup centerline, was 

measured. As a crude approximation, it is assumed the cell travels with same velocity as 

the carrier flow. The transverse-to-longitudinal kinetic energy ratio can be represented by 

a dimensionless parameter R = Vy
2/Vx

2. As an example, the kinetic energy ratio R for the 

case without mechanical chip extension and without cells trapped along the line a-b is 

shown in Figure 6.9A, in which a maximum value is denoted by Rmax. When the cell’s 

transverse kinetic energy is significant compared to its longitudinal kinetic energy, cells 

are more likely to move around the microstructure instead of becoming trapped in the cup. 

Therefore, this maximum kinetic energy ratio can be used as an indicator of the 

microstructure array behavior. That is, a larger value of Rmax indicates a lower probability 

of cells to become trapped.  

The values of Rmax were calculated for a microstructure that has captured a varying 

number of cells when the device is unstretched or extended by 72% (Figure 6.9B). The 

relatively small values of Rmax when no cell is trapped in a cup on the unstretched device 
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(0.0114), and when zero (0.0032), one (0.0084) or two (0.0151) cells are trapped in the 

stretched device, suggest that an additional cell could relatively easily access the cup and 

become trapped. On the other hand, the relatively large values of Rmax when a single cell is 

trapped in a cup on the unstretched device (0.0218) and when three cells are trapped in a 

cup on the extended device (0.0207) suggest that it is difficult for additional cells to move 

into the cup. These results are consistent with experimental data. 

 

Figure 6.9: (A) Numerically determined transverse-to-longitudinal kinetic energy ratio (R) 

along the reference line a-b on the middle surface of the microfluidic channel. (B) 

Dimensionless parameter Rmax when a varying number of cells are trapped in a cup on an 

unstretched (B1 and B2) and stretched device (B3-B6). 

6.4. Conclusion 

Biological research and clinical diagnostics rely on controlled cell manipulation, such 

as isolation, positioning and trapping. We have developed an elastomeric polymeric 

microchip for mechanically tunable cell trapping. The device consists of two thin PDMS 

sheets, one of which bears microstructures to physically capture cells. Each microstructure 
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consists of a dam-like, cup-shaped geometry with supporting pillars on both sides. The 

employment of PDMS, which has large deformability, enables the mechanical modulation 

by inducing uniformly distributed strain via application of external force on the chip. 

Numerical analysis shows uniform strain distribution in the cell trapping region and 

effective modulation of cell trapping microstructures. Further analysis of the flow field 

suggests that the transverse-to-longitudinal kinetic ratio (Ey/Ex) of a cell can be used to 

reflect the possibility of trapping this cell. The experimental results also demonstrate the 

application of strain can significantly deform the cell trapping microstructure, thereby 

allowing for the cell array capable of trapping predetermined quantities of cells.  In 

addition, the trapped cells are shown to be viable. These results demonstrate that our 

approach can potentially enable effective, efficient and flexible formation of an array of 

cells on a microchip. 

Further studies will involve the system that has a larger dynamic range of the trapped 

cell quantity while remaining the single-cell-level resolution and the investigation of cell 

loading efficiency. 
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Chapter 7. Isolation of Specific Cell-Binding Aptamers: a 

Hydrodynamically Based Approach and Early Results 

In Chapter 4 and Chapter 5, we presented microfluidic devices that utilize surface 

immobilized aptamers for specific cell capture and temperature mediated cell release. 

However, the limited availability of currently available cell-specific aptamer hinders its 

applications. 

In this chapter, preliminary results of a proof-of-concept microfluidic device for 

synthetically isolating cell-targeting aptamers from a randomized single-strand DNA 

(ssDNA) library is demonstrated. The device consists of two microchambers for selection 

and amplification respectively, and integrates cell culturing with affinity selection of cell-

binding ssDNA, which is then amplified by bead-based polymerase chain reaction (PCR). 

Coupling of the selection and amplification using pressure-driven flow controlled by 

microfabricated elastomeric valve realizes multi-round aptamer isolation on a single chip. 

The work presented in this chapter has resulted in a peer-reviewed conference proceeding 

[278], and a journal publication is under preparation. 

7.1. Introduction 

Aptamers are oligonucleotides (typically 12-80 nucleotide long) that recognize 

biological targets by specific affinity binding [125-127]. Isolated from a randomized 

oligonucleotide library using an in vitro synthetic selection process called systematic 

evolution of ligands by exponential enrichment (SELEX), aptamers can recognize a large 

variety of target molecules, such as metal ions [279, 280], small molecules [112, 113], 



157 

 

peptides [114], amino acids [115, 116], proteins [215], cells [117, 118], viruses [119, 120], 

and bacteria [44, 122], via unique three-dimensional conformations formed through 

interactions with target, and shows comparable affinity and selectivity as antibodies [123, 

281]. Compared with antibodies, aptamers, which are synthetically produced, can be more 

stable and more amenable to chemical modifications, have minimal batch-to-batch 

variability, and exhibit low immunogenicity for in vivo applications [123, 282]. Therefore, 

aptamers have the potential to be widely used in both fundamental biological researches 

[283] and clinical diagnostics and therapeutics [284, 285] . 

Recognition of cancer cells or cell surface biomarkers from a heterogeneous mixture 

in blood or other body fluids is critically important in cancer diagnostics [286, 287]. 

However, the lack of effective molecular ligands targeting cancer biomarkers hinders early 

cancer detection, and thus the effectiveness of the therapy [216, 288, 289]. Aptamers have 

been developed for cellular targets, such as acute lymphoblastic leukemia (ALL) precursor 

T cells [216], liver cancer cells [217] and even stem cells [218], and have been employed 

to isolate cancer cells from cell mixtures [201, 223] and to identify particular cancer 

subtypes [122, 216, 290]. However, conventional platforms for developing cell-targeting 

aptamers are labor-, time- and resource-intensive [124]; it generally takes months or even 

a year to reliably generate an aptamer [291]. 

Microfluidic technology has been employed to improve the SELEX efficiency via 

process integration, but early attempts were limited to molecular targets [139, 142, 143]. 

More recently, researchers reported several microfluidic systems used for the generation 

of aptamers targeting cells. For example, Lee and coworkers immobilized cells onto 
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magnetic bead surfaces for selection, and employed suction-based flow manipulation to 

transfer samples and reagents [292]. However, chemical modification of cells required by 

bead-based immobilization may negatively influence their viability, and the generation of 

single strand DNA (ssDNA) from double strand DNA (dsDNA) in solution by pure heating 

is inefficient, and could negatively affect the selection efficiency in the next round. In an 

alternative approach demonstrated in our lab, cells were hydrodynamically trapped in the 

microchamber, and ssDNA were electrokinetically transferred through an agarose gel filled 

channel between selection and amplification chambers [293]. However, physical trapping 

induces stress on cell, potentially compromising the expression of cell membrane proteins 

[294], to which cell-specific aptamers usually bind. In addition, cells exposed to high 

electrical fields during the electrophoresis could be irreversibly damaged [295]. 

To address these issues, this chapter presents a microfluidic device for cell-targeting 

aptamer development. The device consists of two microchambers, one for selection and 

one for amplification, with microfabricated resistive heaters and temperature sensors 

beneath for environmental control and thermal cycling. Cells are cultured on the bottom 

surface of selection chamber, which not only provides an immobilized layer of cells for 

cell-binding oligomer selection, but also minimizes changes to cell membrane proteins 

potentially caused by other immobilization approaches. Meanwhile, primer-coated 

magnetic beads, retained in the amplification chamber by an external magnet, provide solid 

support for the oligomer capture and amplification. In addition, the device employs 

pressure-driven flow controlled by pneumatically actuated microvalves to realize multi-

round isolation of cell-targeting aptamers on a single chip. Using MCF-7 cells as a target, 
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we have demonstrated the capability of our approach to efficiently generate cell-binding 

oligomers from a random ssDNA library. 

7.2. Principle, Device Design and Fabrication 

7.2.1. Principle of Microfluidic Cell-Targeting Aptamer Development 

Our microfluidic cell-targeting aptamer development approach integrates cell culture, 

affinity selection of cell-binding ssDNA, and bead-based polymerase chain reaction (PCR) 

into a single microfluidic device. Cells are first cultured in the selection chamber for a 

sufficiently long time to ensure cell attachment and surface biomarker regeneration. 

Selection of ssDNA is then performed by infusing a random ssDNA library into the 

chamber (Figure 7.1A), followed by multiple washes to remove weakly bound ssDNA 

(Figure 7.1B). Next, primer-functionalized magnetic beads are introduced and held in the 

amplification chamber. The remaining strongly bound ssDNA are thermally eluted (Figure 

7.1C), hydrodynamically transferred to the amplification chamber (Figure 7.1D), captured 

by the surface immobilized primers (Figure 7.1E), and amplified via bead-based PCR 

(Figure 7.1F). Afterward, the ssDNA are released from the bead surfaces (Figure 7.1G) 

and are transported back to the selection chamber (Figure 7.1H) as the process is repeated. 
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Figure 7.1: Principle of microfluidic aptamer development: (A) ssDNA with random 

sequence binds to cells in the selection chamber; (B) weak binders are removed by 

washing; (C) strong binders are eluted and (D) transferred to the amplification chamber; 

(E) the strands are captured by magnetic beads with surface-immobilized reverse primers 

and (F) amplified through PCR; (G) the amplified single strands are released from bead 

surfaces and (H) transported back to the selection chamber for the next round. 

7.2.2. Device Design and Fabrication 

The microfluidic device consists of two microchambers situated on a temperature 

control chip for selection and amplification (Figure 7.2A). The surfaces of both 
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microchambers (30 µm in height) with an approximately 1.5 µL volume are coated with 

Parylene C to prevent evaporative loss of reactants [171]. A permanent magnet is place 

beneath the amplification chamber to retain the streptavidin-coated magnetic beads (2.8 

µm in diameter). The two channels that connect the microchambers are shaped with semi-

circular profiles (20 µm in height) that can be completely sealed by elastomeric 

microvalves actuated by pressure-driven, oil-filled channels (30 µm in height) above 

(Figure 7.2B). Integrated on the temperature control chip are two groups of temperature 

control units, each containing a serpentine-sharped resistive temperature sensor (linewidth: 

25 m) and serpentine-sharped heater (linewidth: 300 m) beneath the center of selection 

or amplification microchamber. The chamber temperatures can be hence controlled in 

closed loop separately using corresponding integrated temperature sensor and heater. 

 

Figure 7.2: (A) Top view and (B) cross-sectional view along line a-a of the aptamer 

development microfluidic device. 
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The temperature control chip was fabricated using standard microfabrication 

techniques. Briefly, gold (100 nm) and chrome (5 nm) thin films were thermally evaporated 

onto the glass substrate, and patterned by photolithography and wet etching, which resulted 

in resistive temperature sensors and resistive heaters. Then, 1 m of silicon dioxide was 

deposited using plasma-enhanced chemical vapor deposition (PECVD) to passivate 

sensors and heaters, the contact regions for electrical connections to which were opened by 

etching the oxide layer using hydrofluoric acid (Figure 7.3A). 

Subsequently, the microfluidic slab bearing microfluidic and pneumatic features was 

fabricated from PDMS using soft lithography techniques. A layer of AZ-4620 positive 

photoresist (20 µm, Clariant Corp. Somerville, NJ) was spin-coated on a silicon wafer 

(Silicon Quest International, Inc., San Jose, CA), exposed to ultraviolet light through 

photomasks, developed, and baked to form a round-shaped flow channels that can be sealed 

completely. Then, a layer of SU-8 photoresist was patterned to finalize the mold defining 

microfluidic features (Figure 7.3B). Next, a PDMS prepolymer solution (base and curing 

agent mixed in a 10:1 ratio) was spin-coated onto the silicon wafer, and cured on a hotplate 

at 72 °C for 15 min (Figure 7.3C). In parallel, a layer of SU-8 photoresist was patterned 

on another silicon wafer to establish pneumatic controlled oil-filled valve actuation 

channels (Figure 7.3D). Another PDMS prepolymer solution was cast onto the mold and 

cured on a hotplate at 72 °C for 1 hour (Figure 7.3E). The resulting PDMS slab was peeled 

off from the mold, punched to form pneumatic inlet, and bonded to the PDMS membrane 

on the silicon mold bearing the microfluidic features (Figure 7.3F). Afterward, the PDMS 

slab together with the thin PDMS membrane was peeled off, punched to establish fluidic 
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inlets and outlets, and then bonded onto the temperature control chip irreversibly after 

another oxygen plasma treatment (Figure 7.3G). 

Finally, the surface of SBE microchanmber was coated with a thin layer of Parylene 

C via chemical vapor deposition (Figure 7.3H). A fabricated device is shown in Figure 

7.4. 

 

Figure 7.3: (A) Deposition, patterning and passivation of gold sensors and heaters. (B) 

Fabrication of fluidic channel mold including on-chip valves and microfluidic chambers 

and channels using positive photoresist AZ-4620 and SU-8. (C) PDMS spin-coating (D) 

Fabrication of SU-8 mold for pneumatic controlled oil-filled valve actuation channels. (E) 

Casting of PDMS microfluidic channels. (F) Bonding of PDMS slab for pneumatic 

controlled oil-filled valve actuation channels to PDMS-coated mold for microfluidic 

channels. (G) Peeling off and bonding of PDMS sheet containing fluidic channels and 

pneumatic controlled oil-filled valve actuation channels to temperature control chip. (H) 

Deposition of Parylene C. 
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Figure 7.4: Image of a fabricated device. 

7.3. Testing Methods 

7.3.1. Materials 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 

indicated. ssDNA random library (5’ – GCC TGT TGT GAG CCT CCT GTC GAA – 40N 

– TTG AGC GTT TAT TCT TGT CTC CC – 3’) and primers (Forward Primer: 5' – FAM 

– GCC TGT TGT GAG CCT CCT GTC GAA -3', and Reverse Primer: 5' – dual biotin – 

GG GAG ACA AGA ATA AAC GCT CAA – 3') were synthesized and purified by 

Integrated DNA Technologies (Coralville, IA). Deoxynucleotide triphosphates (dNTPs) 

and GoTaq Flexi DNA polymerase were obtained from Promega Corp. (Madison, WI). 

Minimum Essential Medium (MEM), fetal bovine serum (FBS), penicillin-streptomycin 

(P/S, penicillin 10,000 unit/mL, streptomycin 10,000 g/mL), Dulbecco’s phosphate-

buffered saline (D-PBS), 0.25% Trypsin-EDTA and streptavidin coupled magnetic beads 

(Dynabeads® M-270 Streptavidin) were purchased from Invitrogen (Carlsbad, CA). MCF-
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7 cell line was obtained from the American Type Culture Collection (ATCC, Manassas, 

VA). 

7.3.2. Testing Setup 

Closed-loop temperature control of both selection microchamber and amplification 

microchamber was achieved using two groups of temperature control units with a 

proportional-integral-derivative (PID) algorithm implemented in a LabVIEW (National 

Instruments Corp., TX) program on a personal computer. Each temperature control unit 

contained a serpentine-shaped resistive temperature sensor and a resistive heater. The 

resistance of two temperature sensors was measured by a digit multimeter (34410A, 

Agilent Technologies Inc., CA) and a digit micro-ohm meter (34420A, Agilent 

Technologies Inc., CA), respectively. Each resistive heater was connected to an 

independent, dedicated DC power supply (E3631, Agilent Technologies Inc., CA) (Figure 

7.5A).  

Fluid control was achieved using microfabricated pressure-driven valves [192]. Two 

oil-filled channels, each actuated by an air control valve (6464K16, McMaster-Carr, NJ), 

are connected to a nitrogen gas tank (Tech Air, NY) via a pressure regulator (CONCOA 

North America, VA). The microfluidic device inlets are connected to a set of syringes that 

contain samples, buffers and reagents driven by syringe pumps (KD210P, KD Scientific, 

MA). 

7.3.3. Testing Procedure 

Development of aptamers in the microfluidic device starts from culturing MCF-7 cells 

in the selection chamber for a sufficiently long time (>4 hours) to ensure cell attachment 
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and surface biomarker regeneration (Figure 7.5B). Next, streptavidin magnetic beads with 

surface immobilized primers (approximately 5 pmol) are introduced and held in the 

amplification chamber with a magnet (Figure 7.5C). Selection of ssDNA is then performed 

by washing the cells with D-PBS (10 µL/min Figure 7.5D), infusing a random ssDNA 

library (100 pmol) in 20 µL binding buffer (900 mL of D-PBS + 4.5 g of glucose + 5 mL 

of 1 M MgCl2 + 1 g of bovine serum albumin + 100 mL of FBS) through the chamber (1 

µL/min, 37°C), followed by nine washes using washing buffer (900 mL of D-PBS + 4.5 g 

of glucose + 5 mL of 1 M MgCl2 + 100 mL of FBS) (10 µL/min, 37°C) for 3 min each to 

remove weakly bound ssDNA (Figure 7.5E). Afterward, the remaining strongly bound 

ssDNA are thermally eluted (60 °C), hydrodynamically transferred to the amplification 

chamber (1 µL/min, 10 min), and captured by the surface immobilized primers (Figure 

7.5F). Subsequently, 2 μL of PCR reagent, consisting of 7 pmol of forward primer, 1× 

GoTaq Flexi buffer, 0.5 U of GoTaq Flexi DNA polymerase, 1 nmol of dNTP and 4 nmol 

of MgCl2, is introduced and subjected to 30 thermal cycles of 95 °C for 15 s, 59 °C for 30 

s, and 72 °C for 45 s (Figure 7.5G). Cells in the selection chamber are then detached using 

0.25 % trypsin-EDTA, followed by a D-PBS wash (Figure 7.5H). Target cells are next 

cultured (Figure 7.5I) and washed (Figure 7.5J) again. Afterward, ssDNA are released 

from the bead surfaces at 95 °C and are transported back to the selection chamber at 37 °C 

(1 µL/min) for 10 min, followed by nine washes using washing buffer (10 µL/min, 37°C) 

for 3 min each to remove weakly bound ssDNA (Figure 7.5K). Subsequently, streptavidin 

magnetic beads are removed and the amplification chamber is rinsed using D-PBS (Figure 

7.5L). Then, the new streptavidin magnetic beads with surface immobilized primers 
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(approximately 5 pmol) are introduced again (Figure 7.5M), and the process can be 

repeated (Figure 7.5F). 

 

Figure 7.5: (A) Experimental setup for microfluidic cell-targeting aptamer development. 

(B) Cell culture on chip. (C) Introduction of streptavidin magnetic beads with surface 
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immobilized reversed primers. (D) Washing of cells using D-PBS. (E) Infusion of random 

ssDNA library for selection and remove of weakly bound ssDNA by multiple washes. (F) 

Thermal elution, hydrodynamically transfer and capture of strongly bound ssDNA. (G) 

Introduction of PCR reagent and thermal cycling. (H) Removal of cells and rinsing of 

selection chamber. (I) Cell culturing on chip. (J) Washing cells using D-PBS. (K) Thermal 

release of amplified ssDNA from bead surface, and transfer back to the selection chamber 

for isolation of strongly bound ssDNA. (L) Removal of used streptavidin beads.  (M) 

Introduction of new streptavidin magnetic beads with surface immobilized reversed 

primers, and repetition of the entire process (F)-(M).  

7.4. Results and Discussion 

This section presents and analyzes experimental results from the microfluidic device 

for cell-targeting aptamer development. We first characterized the temperature-controlled 

chip and evaluated the temporal accuracy of the temperature field in the amplification 

chamber. Then, characterization of cell-binding ssDNA selection and cell-binding ssDNA 

amplification and elution were performed to demonstrate the feasibility of each functional 

unit. Finally, an integrated and closed-loop three round SELEX process was carried out, 

with the monitoring of the ssDNA enrichment progress.  

7.4.1. Characterization of Temperature Control 

The temperature sensor was first calibrated using an environmental test chamber 

(9023, Delta Design Inc., CA) maintained at a series of temperatures which are measured 

with high accuracy temperature reference probes (5628, Fluke Calibration, UT). The 
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measured resistance (R) of the thin-film gold temperature sensor was observed to vary 

linearly with temperature (T), represented by the relationship R=R0[1+α(T-T0)], where R0 

is the sensor resistance at a reference temperature T0, and  is the temperature coefficient 

of resistance (TCR) of the sensor.  

Fitting this relationship to the measurement data allowed determination of the 

parameter values, which were used to determine the chamber temperature from the 

measured sensor resistance during the selection, elution and amplification process. The 

temperature sensor under the amplification chamber had a measured resistance of 136.42 

Ω at a reference temperature of 25.0 °C with a TCR of 3.10×10-3 1/°C. We then 

characterized the temperature control of the chamber during thermal cycling. Time-

resolved tracking of on-chip thermal cycling showed that the amplification chamber 

temperatures attained specified setpoints via control of the on-chip heater and off-chip fan 

quickly and precisely (Figure 7.6). 

 

Figure 7.6: Time-resolved tracking of the temperatures inside the buffer-filled 

amplification during thermal cycling. 
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7.4.2. Characterization of Cell-Binding ssDNA Selection 

We then investigated the on-chip cell culture in the selection chamber. 2 µL of MCF-

7 cell suspension at 1 × 107 cells/mL in complete culture media was introduced into the 

selection chamber, which was then kept at 37 °C in a humidified incubator containing 5% 

CO2 for 5 hours. The selection chamber was next rinsed using D-PBS at 10 µL/min for 1 

min to remove unattached and dead cells, and a phase contract image was taken with an 

inverted microscope (IX81, Olympus Corp., PA) equipped with a digital camera (C8484, 

Hamamatsu Corp., NJ). Cells were attached well on the bottom surface (Figure 7.7A), 

indicating the success of using this method to restrain cells in the chamber and to regenerate 

cell membrane proteins. 

To characterize the isolation of cell-binding ssDNA from a random library, the 

temperature of selection chamber was kept at 37 °C for the whole procedure by using the 

temperature control unit located beneath. 100 pmol of ssDNA library in 20 µL binding 

buffer was infused into the chamber at 1 µL/min for 20 min. Then, cells were washed with 

9 aliquots of washing buffer at 10 µL/min, each for 3 min, to remove undesired ssDNA. 

Waste from each buffer wash were collected, amplified using PCR, and analyzed using 

polyacrylamide gel electrophoresis (PAGE), as shown in Figure 7.7B. As the cells 

continue to be rinsed, the amount of weakly bound ssDNA in each washing waste 

(identically amplified) decreases, indicated by the decreased band intensities of lanes W1 

to W9 (Figure 7.7C). In addition, the comparable band intensity of W9 to negative control 

(NC, no template in the PCR reagent) suggests that ssDNA did not exist in the waste of 

final washing. The low intensity of the desired band in lane W1 is caused by an unspecific 
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amplification when using a high concentration of weakly bound ssDNA from the first wash 

as the template, indicated by the high fluorescence intensity above the desired band (Figure 

7.7B). This phenomenon can be potentially avoided by optimizing the PCR conditions 

when amplifying the ssDNA in the wash waste, which was not the emphasis of this work. 

The results indicate that the extensive washing step can efficiently remove most of the 

weakly bound ssDNA from cell surface.  

 

Figure 7.7: (A) A phase contract image of cells cultured in the selection chamber for 5h. 

(B) Polyacrylamide gel electropherogram of amplified eluents obtained during selection 

process. (C) Bar graph indicating band intensities for lanes W1-NC. Lane W1: wash 1; 
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Lane W3: wash 3; Lane W5: wash 5; Lane W7: wash 7; Lane W9: wash 9; Lane E1: 

thermal elution at 1 µL/min and 60 °C; Lane E2: thermal elution at 5 µL/min and 60 °C; 

Lane E3: thermal elution at 10 µL/min and 60 °C; Lane NC: negative control, no template.  

To demonstrate the thermal elution of strongly bound ssDNA after washing, the 

microchamber temperature was raised to 60 °C using the same temperature control unit. 

The cells were then rinsed with 3 aliquots of washing buffer (10 µL) at 1 µL/min, 5 µL/min 

and 10 µL/min, respectively. The high band intensity of lane E1 (1 µL/min), E2 (5 µL/min) 

and E3 (10 µL/min) indicates successful enrichment of cell-binding ssDNA (Figure 

7.7B&C). In addition, although not able to elute all the strongly bound ssDNA, rinsing 

cells at 1 µL/min for 10 min is sufficient to remove and collect a significant amount of cell-

binding ssDNA, as suggested by the highest fluorescence intensity of the desired band at 

lane E1 (Figure 7.7B&C). These results indicate successful enrichment and retrieval of 

cell-binding ssDNA. 

7.4.3. Characterization of Cell-Binding ssDNA Amplification and Elution 

To characterize the bead-based amplification of cell-binding ssDNA, 10 µL thermal 

eluent was driven to the amplification chamber with primer-coated magnetic beads at 1 

µL/min and room temperature for 10 min. The magnetic beads were gently stirred by the 

permanent magnet to achieve a better capture efficiency. Then, 2 µL of PCR reactants were 

introduced and thermally cycled. After washing, the fluorescent images of beads with and 

without cycling were taken (Figure 7.8A&B), and fluorescence intensities of beads were 

then measured and compared (Figure 7.8D). Following amplification, the fluorescent bead 
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intensity was 10-fold higher, indicating efficient ssDNA amplification through bead-based 

PCR. 

To collect the amplified cell-binding ssDNA, the magnetic beads were rinsed at 95 °C 

and 1 µL/min for 10 min. The rinsed beads (Figure 7.8C) showed an intensity that was 

10% of the pre-elution intensity, and was only 2.6% higher than that of pre-thermal cycling 

intensity (Figure 7.8D), indicating a highly efficient ssDNA dehybridization and 

separation from surface immobilized complementary strands. 

 

Figure 7.8: Verification of bead-based PCR and ssDNA elution. Fluorescent images of 

beads (A) before and (B) after 25 cycles of PCR, and (C) after thermally induced ssDNA 

elution; (D) bar graph depicting the fluorescent intensities of the beads. Scale bar 10 µm. 

7.4.4. Demonstration of Closed-Loop Cell-Targeting Aptamer Generation 

To demonstrate the feasibility of multiple-round, closed-loop cell specific aptamer 

generation, a three-round ssDNA selection, enrichment and amplification process was 

carried out. The weakly bound ssDNA of each wash in all three rounds, and the thermally 
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eluted strongly bound ssDNA in the third round were collected from the selection chamber 

(Figure 7.9A), amplified and analyzed with PAGE (Figure 7.9B). In the first round, there 

was still some ssDNA in the waste of the 9th wash. However, in the second and third round, 

there was nearly no ssDNA in the waste of the 9th wash. This indicates that the aptamer 

generation process was able to successfully increase the binding affinity of ssDNA pool to 

the target cells after each round. In addition, the high fluorescent intensity of the thermal 

elution lane in the gel image (Figure 7.9C) suggests that ssDNA specific to the target cells 

were successfully isolated, enriched and amplified. 

 

Figure 7.9: (A) Schematic of three-round, closed-loop cell-targeting ssDNA generation. 

(B) Polyacrylamide gel electropherogram of amplified eluents obtained during the three 
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selection processes; (B) bar graph indicating band intensities for lanes W11-NC. Lane 

W11: round 1, wash 1; Lane W19: round 1, wash 9; Lane W21: round 2, wash 1; Lane 

W29: round 2, wash 9; Lane W31: round 3, wash 1; Lane W39: round 3, wash 9; Lane E: 

thermal elution; Lane NC: negative control, no template.  

7.5. Conclusion 

Cell-targeting aptamers are of great importance in a wide variety of field, but their 

applications have been hindered by the limited choice of aptamers and labor-, time- and 

resource-intensive development process. We developed a microfluidic device for 

synthetically isolating and enriching cell-targeting aptamers from a randomized ssDNA 

library. The device integrates cell culturing with affinity selection of cell-binding ssDNA, 

which is then amplified by bead-based polymerase chain reaction (PCR). Coupling of the 

selection and amplification using pressure-driven flow realizes multi-round aptamer 

isolation on a single chip.  

Our experimental results show successful on-chip cell culture in the selection chamber 

and efficient cell-targeting ssDNA selection from a randomized library. The employment 

of bead-based PCR allows effective amplification of enriched cell-specific ssDNA, and 

separation of amplified ssDNA from complementary strands immobilized on the bead 

surfaces. In addition, the successful three-round cell-targeting ssDNA generation process 

indicates the feasibility of using this approach for aptamer development. These results 

demonstrate that our device can be further implemented to achieve fully automated aptamer 

generation, and thus has the potential to broaden current aptamer applications in 

fundamental biological researches and clinical diagnostics.   
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Future study will involve characterization of resulting aptamer candidates, such as 

cloning and sequencing of isolated cell-binding ssDNA, and dissociation constant (Kd) 

measurement. Currently cell immobilization approach (cell culture) can only be applied to 

adherent cells, a refined method may also be investigated to broaden the applicable scope 

of this device. Moreover, the function of counter selection need to be incorporated into 

current device, significantly increasing the specificity of isolated aptamer. In addition, 

besides DNA aptamers, RNA aptamers are another major type of aptamer. Therefore, on-

chip transcription and reverse transcription can also be explored, further expanding the 

application field of microfluidic aptamer development devices.  
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Chapter 8. Conclusion and Future Work 

8.1. Conclusion 

Genetic analysis and cell manipulation play an import role in personalized medicine 

and can greatly benefit from microfluidic technology. In this thesis, several microfluidic 

devices have been developed for genetic analysis and cell manipulation. With on-chip 

temperature control, microfluidic handling, and physical modulation, such devices have 

been demonstrated to be capable of single nucleotide polymorphism (SNP) genotyping, 

specific cell capture and temperature mediated cell release, tunable cell trapping, and cell-

binding aptamer development on microfluidic surfaces.  

In Chapter 2, a bead-based SNP genotyping device is presented. This approach utilized 

solid phase to integrate all the reactions, including polymerase chain reaction (PCR), single 

base extension (SBE), and purification, into a single chamber. The device consisted of a 

microchamber situated on a temperature control chip, which was further coupled to matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) 

for product analysis. Closed-loop, accurate temperature control was achieved by a 

proportional-integral-derivative (PID) algorithm with time constants of 2 s for heating and 

9 s for cooling during the thermal cycling process, which was much more efficient than 

conventional thermal cyclers. The feasibility of our microfluidic device has been 

demonstrated by applying it to the genotyping of SNP on exon 1 of HBB gene, which 

causes sickle cell anemia. 
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As a significant improvement to bead-based SNP genotyping, a multi-step, multiplex 

SNP genotyping device is presented in Chapter 3. The device consisted of two 

microchambers situated on a temperature control chip for respectively carrying out SBE 

and solid-phase purification (SPP) reactions, as well as a microchannel for desalting. These 

functional components were connected in series by microchannels with a semi-circular 

cross section and could be controlled by microfabricated elastomeric valves situated 

beneath. 100% primer extension and efficient chemical release of SBE product have been 

demonstrated by using house-synthesized cleavable mass-tagged dideoxynucleotide 

triphosphate (ddNTPs) and on-chip temperature control units. Moreover, the tradeoff 

between the efficiency of SPP/desalting and that of the full assay has also been 

investigated. In addition, 4-plex assays on a mock synthetic template, which mimic the 

SNP detection process, were carried out within the fully integrated device to demonstrate 

the feasibility of using the microfluidic device for rapid, automated, integrated and 

miniaturized multiplex SNP genotyping with high accuracy and sensitivity. 

Chapter 4 presents the investigation of temperature dependent affinity between 

aptamers and cells using a microfluidic device integrating on-chip temperature sensing and 

temperature control. The device consisted of a microchamber, with surface functionalized 

aptamers to capture target cells with high specificity, situated on a temperature control 

chip. The specificity of cell isolation has been demonstrated by separating CCRF-CEM 

cells from a heterogeneous cell solution, followed by measurements of the sensitivity of 

cell capture to the concentration of cell suspension and to the incubation time within the 

chamber. To test the temperature-dependent binding between the target cells and surface 
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coated aptamers, the temperature of the chamber was maintained at different setpoints, 

while washing buffer was used to continuously rinse the chamber. It was found that both 

higher temperatures and higher shear stresses facilitated cell release, and the tradeoff 

between these two factors was an important design consideration, due to the greater risk of 

cell damage when using either a higher temperature or a larger shear stress. In addition, the 

released cells were shown to be viable, and the aptamer-functionalized surfaces were 

successfully regenerated and shown to be reusable. 

In Chapter 5, based on the principle demonstrated in Chapter 2, a microfluidic device 

for spatially selective specific capture and temperature-mediated release of cells is 

presented. The approach utilized a highly localized heating effect, enabled by a 

microfabricated resistive heater and temperature sensor, to change the affinity properties 

of aptamers in a specific region, without affecting those in other regions. The device 

consisted of a microchamber situated on a microchip with four groups of micro heaters and 

temperature sensors, and aptamers were patterned on design-specified regions of the chip 

surface. Both experimental and numerical results have demonstrated spatially selective 

temperature control. Further experiments showed efficient, spatially selective temperature-

mediated and nondestructive release of CCRF-CEM cells, and also indicated a reusable 

aptamer functionalized surface. 

Chapter 6 exploits the large compliance of elastomers (PDMS) to create an array of 

cell-trapping microstructures, whose dimensions can be mechanically modulated by 

inducing uniformly distributed strain via the application of external forces on the chip. Both 

numerical and experimental analysis showed effective deformation of microstructures, 
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whose width decreased from 28.8 µm to 18.0 µm and depth increased from 25.0 µm to 

36.3 µm when a 79% extension was applied. The dependence of the number of cells trapped 

per trap on the geometrical characteristics of the microstructures was investigated by 

capturing MCF-7 cells on the device with different applied extensions, and indicated that 

the mode of the distribution for cells per microstructure shifted from 1 to 3 when applying 

72% uniaxial tensile strain. In addition, the trapped cells were shown to be viable. 

In Chapter 7, preliminary studies on a microfluidic device for synthetically isolating 

and enriching cell-targeting aptamers from a randomized single-strand DNA (ssDNA) 

library are presented. The pure hydrodynamic approach integrated the functions of cell 

culture, affinity selection of cell-binding ssDNA, and bead-based PCR. The microfluidic 

device consisted of two microchambers, one for selection and the other for amplification, 

that were connected through elastomeric microvalves to realize closed-loop, multi-round 

aptamer development. The success of isolating MCF-7 cell-targeting ssDNA from a 

randomized library and the efficiency of bead-based ssDNA amplification have been 

investigated. In addition, the feasibility of using this approach for aptamer development 

has been demonstrated by a closed-loop, three-round cell specific ssDNA generation 

process. 

8.2. Future Work 

The main contributions of the MEMS-based devices detailed in this thesis are 

demonstrations of proof-of-principle critical functional building blocks that can potentially 

enable integrated microsystems for personalized cancer medicine, which is a healthcare 

paradigm that allows physicians to tailor cancer treatment strategies for individual patients, 
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based on the exclusive patient-specific characteristics of disease revealed by evidence such 

as genetic variation identification, and cellular and pathological response to pharmaceutical 

drug candidates. In addition to future work discussed at the end of each individual chapter, 

the following opportunities can also be pursued in extension of this thesis research. 

8.2.1. Integration of Specific Cell Purification and SNP Genotyping 

The completion of the human genome and recent advances in whole genome 

sequencing have contributed to a more detailed understanding of molecular bases of 

diseases and impacts of genetics to diseases. Analysis of SNPs will contribute to 

personalized cancer medicine by predicting the risk of genetically related diseases and drug 

responses. In the research presented in this thesis, we have realized cell isolation from 

heterogeneous solutions and SNP genotyping from a low concentrated target sequence. To 

achieve a fully integrated device for genetic variation identification, a functional unit for 

cell lysis and genome DNA (gDNA) digestion needs to be integrated with cell isolation 

and SNP genotyping. The strategy of cell lysis, gDNA digestion, and purification of DNA 

fragments containing target sequences can be investigated in a future study. In addition, 

the on-chip detection method, such as nanoelectromechanical–mass spectrometry system 

[296], can also be explored to further increase the integration level, eliminating the 

requirement for external detection instrumentation. 

8.2.2. Integration of Specific Cell Purification and Tunable Cell Array Establishment 

High level integration has been a major feature of MEMS device, with significant 

advantages including reduced consumption of labor and resources, improved efficiency 

and accuracy, minimized device footprint, and enhanced portability. We have presented 
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microfluidic devices for specific cell purification and tunable cell array establishment. 

These two devices can be further integrated to achieve an anti-cancer drug screening device, 

providing patient-specific information on cellular and/or pathological response to specific 

pharmaceutical drugs. To do so, circulating-tumor-cells (CTCs) would be separated and 

enriched from blood samples, followed by nondestructive retrieval, which can be 

accomplished by the device described in Chapter 2 and 3. The retrieved cells would be 

introduced into the device presented in Chapter 4 to establish the cell array. Obviously, to 

achieve the personalized anti-cancer drug screening device, the interface between the two 

functional units have to be properly defined. Therefore, the development of cell 

transportation module and the modification of cell trapping geometry that optimizes 

loading efficiency can be investigated in future studies. In addition, on-chip short-term cell 

culture with infusion of drugs can be incorporated into the existing device, utilizing a 

similar reported technique [268].  

8.2.3. Gene Expression Analysis for Identification of Substantial Variations among 

Cells 

Gene expression analysis at the single-cell level is critical to understanding the 

substantial variations among cells in a heterogeneous population [297]. Quantitative 

reverse transcription polymerase chain reaction (qRT-PCR) allows effective single-cell 

gene expression analysis with high specificity and sensitivity, and large dynamic ranges. 

In this thesis, we have described the key techniques and proof-of-principle functional units 

that are required for a microfluidic qRT-PCR platform, including on-chip temperature 

control, solid-phase purification, specific cell purification or unspecific cell trapping, bead-
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based or solution-based DNA amplification, and on-chip elastomeric micro valves for 

fluidic regulation. Since conventional qRT-PCR platforms are labor-intensive, have high 

reagent consumption, and do not offer adequate accuracies in measuring low abundance 

transcripts [69], it is possible and necessary to investigate and develop a microfluidic 

device for qRT-PCR of cancer cells, incorporating all required steps on a microbead-based 

platform, such as trapping and lysis of single or small numbers of cells, capture, 

purification and reverse transcription (RT) of messenger RNA (mRNA), and quantitative 

real-time PCR (qPCR) using Taqman® assay. Meanwhile, the efficiency of cell lysis, 

mRNA capture and RT can be studied, and the feasibility of this fully integrated bead-

based approach can be further demonstrated by analyzing cells stimulated with different 

chemicals, leading to up- and/or down- regulation of some particular genes.  
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