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Abstract 

Integrated Microfluidic Bioprocessor for Infectious Disease Detection 

by 

Numrin Thaitrong 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Richard A. Mathies, Chair 

 

The emergence of micro-Total Analysis Systems has revolutionized the world of 
molecular diagnostics by enabling sensitive multi-step fluidic processes to be performed and 
reliably integrated in a single platform.  In particular, microfluidic systems now provide the tools 
and components to enable quantitative detection of biomarkers relevant to pathogen 
identification and disease characterization.  In this thesis, these advances are exploited to develop 
an integrated microfluidic platform for automated, rapid and sensitive genetic identification of 
infectious food-borne bacterial and respiratory viral pathogens.  

My first goal was the integration of improved sample purification, preconcentration and 
injection technology with a polymerase chain reaction-capillary electrophoresis (PCR-CE) 
microdevice.  By introducing an in-line affinity capture system utilizing an in situ 
photopolymerized oligonucleotide capture gel, double-stranded PCR amplicons generated in an 
integrated PCR reactor were selectively captured, purified and injected with 100% efficiency for 
high resolution CE separation.  The superior performance of this integrated platform was 
demonstrated in a quantitative genetic analysis of E. coli.  This integrated system exhibits a six-
fold improvement in resolution of a multiplex analysis of Escherichia coli O157/E. coli K12 and 
is able to detect E. coli O157 in a 500-fold higher background of E. coli K12. 

To enable the parallel detection of multiple infectious pathogens, an improved 
purification method relying on biotin-streptavidin interaction was developed for universal 
product capture.  This technique has the advantage of eliminating the complications associated 
with designing sequence-specific oligonucleotide capture probes for multiple targets.  This 
process was integrated into a new 4-unit array PCR-CE microchip designed for automated 
product amplification, capture, and analysis.  Coupled with a portable laser-induced fluorescence 
rotary scanner, the system can simultaneously detect as few as ten copies per reactor of influenza 
A & B, human metapneumovirus (hMPV), and coronavirus samples from cloned plasmid 
standards within 2.5 hours.  Furthermore, the ability of the system to process RNA samples was 
demonstrated by performing RT-PCR analyses of an influenza B/hMPV co-infection model case, 
with respective detection limits of 50 and 100 copies/reactor. 

This thesis concludes with a discussion of proposed methods for nucleic acid isolation 
from biological samples that will provide a complete sample-in to answer-out diagnostic device 
and method for pathogen detection.  When fully developed, this technology will be a significant 
advancement in infectious disease detection and surveillance both inside and outside clinical 
settings. 
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1.1 Motivation 

Infectious diseases, especially those causing respiratory illnesses, are a major cause of 
mortality, disability, economic and social disruption, affecting hundreds of thousands of people 
worldwide each year [1, 2].  A major cause of hospitalization for infants and young children in 
developed countries and 75% of morbidities in developing countries are accounted for by acute 
respiratory disease (ARD), 80% of which are attributed to viral infection [2, 3].  While come 
ARDs can be as mild as the common cold, others can also be life-threatening, in the case of 
pneumonia, bronchitis, bronchiolitis,!acute asthma exacerbation, and acute otitis media [3].  The 
most deadly case of respiratory infection in history was the Spanish Flu pandemic in 1918 
caused by H1N1 influenza, taking 40 million lives in less than a year [4].  Recently, thousands of 
people across 17 countries were infected by a strain of coronavirus and ultimately died in what 
became the Severe Acute Respiratory Syndrome (SARS) epidemic [5].  More currently, the 
Swine Flu outbreak of 2009 also caused by a new strain H1N1 influenza emerging in Mexico 
spread across the planet within months and killed ~10,000 people worldwide [6].  Despite the 
tremendous effort and the money spent on researching and developing antiviral drugs and 
vaccines, the first and most important step in controlling the severity and duration of naturally 
emerging infectious diseases is the ability to detect pathogens, viruses in particular, at the early 
stage of infection [7].  Rapid and reliable detection of pathogens soon after the onset of the 
illness provides information useful for tracking disease progression, monitoring the treatment 
efficacy, understanding disease epidemiology, and practicing disease surveillance in individuals 
and the community as a whole. 

Unfortunately, many respiratory viruses such as influenza, human coronaviruses, 
respiratory syncytial viruses, rhinovirus, adenovirus and parainfluenza viruses cause similar 
symptoms, making them difficult to distinguish by general practitioners.  These symptoms of 
infection, which include cough, fever, chills, sore throat, fatigue, headache, and runny nose, are 
all described in influenza-like illnesses (ILI) [8].  In addition, these symptoms can be similar to 
those caused by bacteria, further confounding diagnosis.  Even though accurate diagnosis is 
particularly essential for diseases that require specific therapy, practitioners often forgo the 
necessary diagnostic tests due to their high cost and long analysis time [9].  Instead, patients are 
routinely prescribed unnecessary and ineffective antibiotics for illnesses actually stemming from 
viral infections.  Worse yet, patients with limited resources and access to healthcare providers are 
usually the ones who suffer the most from the severity of the diseases [10].  Without appropriate 
diagnosis, treatment or intervention, co-infections arise, transmission rates increase and 
pathogens become more resilient to treatments, sometimes mutating to form new, more deadly 
strains.  To address these problems, an ideal diagnostic method should not only be rapid, 
accurate and sensitive, but also amendable to field deployment in low-resource settings.  

 

 

 

 

 



!
$!

1.2 Pathogens and Illnesses 

Infectious disease is described as a clinically evident, spreadable illness that results from 
the presence of pathogenic microbes such as viruses, bacteria, fungi, protozoa and worms [11].  
The classification of microorganisms shown in Table 1.1 illustrates the broad variety of 
pathogens responsible for human illnesses.  Knowledge of the interactions between pathogens, 
especially viruses, and hosts is important in understanding disease pathology as well as 
developing detection techniques and therapies.  Though very complex, microbial-host 
interactions can be generalized in terms of sequential stages from microbial-host association to 
development of infection, and ultimately disease outcome, each of which is impeded by the host 
through a complex network of defense mechanisms [12].  From a physiological point of view, a 
microorganism causes an infection by first encountering the host via several points of entry such 
as the skin, mucosal membranes, respiratory tract, and alimentary canal before spreading into 
other parts of the body via the bloodstream or nervous system.  Specially, most respiratory 
viruses enter the host body via the pseudostratified columnar epithelium of the nose, pharynx, 
trachea, and lungs [13].  From the initial encounter, a microbe must be able to survive, despite 
both the nonspecific (skin and mucous membrane) and specific (immune system) defense system 
of the host either locally or distant from the site of entry.  To establish a focus of infection, the 
microorganisms must penetrate through the host’s defensive barrier into deeper tissues or organs.  
At this point, some pathogens can cause disease superficially, while others further invade into 
host cells by various means such as inducing phagocyte-activity, or producing nuclease, 
collagenase and hyaluronidases enzymes that destroying the host cells [12].  

During the processes associated with infection, the natural immune response of the host 
also comes into play.  The balance between pathogen clearance by host immunity and the 
pathogen’s persistence to survive (virulence factors such as point of entry, stability outside the 
host, and microbial load introduced) dictates the severity and progression of a disease.  
Generally, an innate immune response mediated by epithelia, phagocytes, and underlying tissues 
repels the microorganism in a non-specific manner by recruiting of immune cells such as 
cytokines, chemikines, and natural killer (NK) cells.  This process is manifested as a local 
inflammatory response preventing infectious agents from spreading into blood stream.  Later on 
in the process, a more efficient adaptive immune response triggered by the presence of antigen is 
initiated in the local lymphoid tissue.  Antigen-specific T cells and antibody-secreting B cells are 
released into the bloodstream and collected at the site of infection to clear extracellular infectious 
particles and intracellular residues [14].!!!Even though the host immune response is elegantly 
designed for defending against invading pathogens, a number of microorganisms also evolve and 
bypass the complex immune system, resulting in diseases and illnesses.  From a pathogen 
standpoint, the ability to invade and infect host is a critical process that must be achieved as it is 
a means of survival. 
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Table 1.1 Classification of some pathogens that cause disease in humans [14].   

Adenoviruses Human adenoviruses  
Herpesviruses Herpes simplex, Epstein-Barr virus, Kaposi’s 

sarcoma 
Poxviruses Vaccinia virus 
Parvoviruses Human parvovirus 
Parpovaviruses Papilloma virus 

DNA viruses 

Hepadnaviruses Hepatitis B virus 
Orthomyxoviruse
s Influenza virus 
Paramyxoviruses Mumps, measles, respiratory syncytial virus 
Coronavirus Common cold viruses 
Picornaviruses Polio coxsackie, hepatitis A, rhinovirus 
Reoviruses Rotavirus, reovirus 
Flaviviruses Anthropod-borne viruses (yellow fever, dengue 

fever) 
Arenaviruses Lymphocyctic choriomeningitis, Lassa fever 
Rhabdoviruses Rabies 

Viruses 

RNA viruses 

Retroviruses Human T-cell leukemia virus, HIV 
Staphylococci Staphylococcus aureus Gram +ve 

cocci Streptococci Streptococcus pneumonia, S. pyogenes 
Gram –ve 
cocci Neisseriae Neisseria gonorrhoeae, N. meningitidis 
Gram +ve 
bacilli  Corynebacteria, Bacillus anthracis 
Gram –ve 
bacilli  Saimonella, Shigella, Campylobacter, Pasteurelia, 

Pseudomonas,Haemophilus, Legionella 
Anaerobic 
bacteria Clostrida Costridium tetani, C. botulinum, C. perfringens 
Spirochetes  Treponema pallidum, Leptospira interrogans 
Mycobaceria  Mycobacterium tuberculocis, M. leprae, M. avium 
Rickettsias  Rickettsia prowazeki 
Chlamydias  Chlamydia trachomatis 

Bacteria 

Mycoplasma  Mycoplasma pneumonia 
Fungi   Candida albicans, Cryptococcus neoformans, 

Aspergillus, Histoptasma capsulatum 
Protozoa   Plasmodium, Trypanosomia, Cryptosporidium 

Intestinal  Trichuris trichura, Trichinella spiralis  
Tissues  Filaria, Onchocerca volvulus Worms 
Blood  Schistosoma, Clonorchis sinensis 

*Content is adapted from Immunobiology: The Immune System in Health and Disease, P.T. Charles Janeway, Mark 
Walport and Mark Shlomchik., Editor. 2001, Garland Publishing Inc: New York 
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1.3 Infectious Pathogen Detection   

Even though probable diagnoses can be made by physical examination, laboratory 
examination can unequivocally confirm the cause of an infectious illness [15].  To identify the 
cause of infection, specimens from patients are collected and submitted to clinical laboratories to 
detect the presence of suspected pathogens.  Different types of specimens are collected based on 
various criteria, such as the specific type of suspected pathogens, specific disease symptoms and 
time of year.  For respiratory infections, throat, nasal and nasopharyngeal swabs, nasopharyngeal 
and endotracheal aspirates, and bronchoalveolar lavage may be collected [12, 16].  The 
specimens can then be subjected to traditional and/or molecular-based tests.  A practical choice 
is often made based on a compromise between the equipment and reagents required, time and 
labor needed to carry out the test, and the sensitivity of the assay, and the priorities of the 
laboratory [17].  An overview summarizing diverse rapid approaches to diagnostics is displayed 
in Table 1.2.  Despite being less sensitive, some of these methods are still preferred choices as 
they offer simple, affordable, and rapid results, serving as the most sensible diagnostic options 
available especially in resource-poor settings.   

 

Table 1.2 Commonly used tests for microorganism detection in specimens [19] 

Specimen Test Pathogen 

Giemsa stain Plasmodia, microfilaria 
Blood 

EIA Hepatitis A & B, HIV virus 

Gram stain Bacteria 
Cerebrospinal fluid 

LA, COA Haemophilus influenza, 
Neisseria meningtidis 

Wound exudates, pus Gram stain Bacteria 

Gram stain Bacteria 

IFA or genetic probe, EIA Legionella species, Respiratory 
syncytial virus 

Silver stain Fungi 
Respiratory secretions 

Nucleic acid amplification, cell 
culture 

Influenza, human 
metapneumovirus, rhinovirus 

Urine Gram stain, EIA, IFA, or genetic 
probe 

Chlamydia trachomatis, 
papillomaviruses 

Urethral or cervical scrapings  IFA, EIA, or genetic probe Herpes simplex virus 

Eosin wet mount, trichrome stain Parasites 
Feces 

LA, EIA Rotaviruses, Adenoviruses 
*COA =coagglutination, EIA = enzyme immunoassay, IFA = immunofluorescent antibody, LA = latex agglutination 

**Content is adapted from NCBI Bookshelf: Medical Microbiology: Samuel Baron, Editor. 1996, The University of 
Texas Medical Branch of Gaivesion 
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However, to minimize the severity and adverse impact of lethal infectious diseases 
globally, molecular methods are preferred as they allow sensitive assessment of pathogens.  The 
challenge, stated by the Gates foundation as the Grand Challenges in Global Health indicated as 
the number one technologies for improving health in developing countries [18], is to modify 
these molecular technologies for affordable, simple, yet reliable parallel detection of multiple 
pathogens.  In order to move forward with the appropriate technological development phase, 
commonly used diagnostic methods are first reviewed here to provide insights in differential 
advantages and pitfalls amongst various approaches for pathogen detection. 

1.3.1 Traditional methods  

One aspect that differentiates traditional diagnostic tests from the molecular-based 
methods is that the former relies on phenotypic rather than genotypic pathogen characteristics.  
Cell culture is recognized as a gold standard to detect microbial infections, because it is the only 
versatile technique that allows for definite confirmation of an infection and complete 
characterization of new strains [17].  For bacterial detection, samples from patients are plated in 
culture medium.  The culture plate is then incubated overnight.  The colonies grown on the plate 
are then examined under a microscope for phenotypic identification such as size, shape, and 
color of the colonies.  Other tests may be performed in conjunction to identify the specific strain 
and predict drug resistance.  In the case of viral detection, the virus is isolated by inoculating 
sample from patient’s body fluid in an embryonated hen egg or tube cultures for 1-4 weeks 
depending on the types of viruses suspected [20].  Infected cells are then examined periodically 
for cytophathic effects (CPE) - degenerative changes in cells such as death or changes in color or 
morphology due to viral infection.  For some viruses that produce little or no CPE, such as 
influenza and parainfluenza, additional tests are needed.  Hemadsorption, for example, is the 
process in which cells infected with viruses containing hemaglutinin adsorbs to red blood cells 
and forms a distinctive pattern indicating the presence of viruses [3, 12].  On top of requiring 
extensive time, specialized laboratory setups and experienced personnel, cell culture has some 
drawbacks, as some viruses can be difficult to grow in culture and only one virus can be detected 
at a time.  Some viruses can be grown in culture; however the process is too slow to be clinically 
beneficial.  For example, cytomegalovirus, which can cause life-threatening pneumonia in an 
immunocompromised person, requires up to three weeks in standard cell culture for positive 
isolation [15].  As an alternative to cell culture, many laboratories still use direct fluorescent 
antibody (DFA) staining to examine cells obtained from nasopharyngeal swabs or 
nasopharyngeal aspirates (NPA).  Using DFA-based techniques, results may be obtained in as 
few as in three hours; however, these methods lack sensitivity, cannot be used for infection with 
multiple viruses, and require a high-quality sample for optimal results [3]. 

1.3.2 Molecular-based methods 

Because molecular assays rely on molecular markers or probes associated with the 
pathogens of interest, these techniques offer greater speed, specificity, and sensitivity over cell-
culture techniques.  These differences are described in greater detail in Table 1.3. 
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Table 1.3 A comparison of molecular probes with conventional methods for the detection of 
microorganisms [15]. 

 Culture Immuno-
fluorescence ELISA 

Gene 
amplification 

methods 

Non-
amplification 

probes 

Speed Slow Fast Fast Moderate/Fast Moderate 

Specificity Good Moderate Moderate Excellent Good 

Sensitivity Good Moderate Moderate Excellent Moderate 

Quantifiability Moderate Moderate Moderate Good Poor 

Ease of use Poor Poor Good Moderate/Good Poor 

 

1.3.2.1 Antigenic detection  

The antigen-based approach, which includes direct fluorescence-antibody test (DFA), 
immunofluorescence assay (IFA), enzyme immuno assay (EIA), and enzyme-linked 
immunosorbant assay (ELISA), is used to detect the presence of specific antigens produced by 
the pathogens.  The principle of these assays is based on the specific binding of antigens with 
antibodies.  Targets maybe cell surface antigens or secreted antigen.  In general, a primary 
antibody is used against the antigen of interest, followed by the binding of a secondary antibody, 
usually labeled with a fluorescent dye or reporter enzyme that illicits flourogenic or chromogenic 
signal [21].  Even though the technique is rapid (a few hours) and quantitative with variable but 
generally good sensitivity compared to cell culture [22], direct immunofluorescence requires 
samples with the presence of intact cells.  This is sometimes difficult to obtain from clinical 
specimens such as throat or nasal swabs, and as a result, the assay yields compromised 
sensitivity [23, 24].   

1.3.2.2 Gene amplification methods 

The gene amplification techniques commonly used in clinical laboratory test are 
polymerase chain reaction (PCR) and reverse-transcription (RT)-PCR.  These methods allow for 
direct detection of pathogen genetic materials using enzyme-mediated processes to amplify a 
specific region of DNA or RNA, respectively.  The principle of PCR is illustrated in Figure 1.1 
[15].  The PCR-based process is very specific in identifying pathogens as it relies on sequence-
specific primers to selectively bind to a target nucleic acid of a prioi known sequence and 
generate copies, or amplicons, of a specific size ranging from ~100 to ~10 kilobase pairs [25, 
26].  Through an enzyme-mediated process of thermocycling, product amplicons containing 
DNA sequences of interest are exclusively and exponentially amplified from as few as a single 
copy of the original DNA template, making PCR a very sensitive and powerful molecular 
biological tool.  The principle of RT-PCR is similar to that of PCR; however an additional 
isothermal step is used to convert RNA into complementary DNA (cDNA) using a reverse-
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transcriptase enzyme.  The RT step necessary for detecting viruses whose genetic makeup is 
strictly RNA.  The technique is also useful in differentiating live and non-viable bacteria, as 
mRNA is only present in live and active microbials.  These amplification-based processes take 
only a few hours, enabling a diagnosis to be completed within one day.   

There are several formats of PCR-based methods.  Most common among these are 
multiplex PCR, nested-PCR, and real-time PCR [27].  In multiplex PCR, different primer sets are 
used to amplify distinct targets in a single reaction.  Because multiple targets can be 
simultaneously detected, this technique allows for faster detection and decreased reagent 
consumption compared to separate singleplex PCR reactions.  Proving to be versatile, rapid, 
accurate and sensitive, multiplex RT-PCR has gained a great deal of interest, and many 
commercial kits are becoming more available [3].  As for nested PCR, the second round 
amplification relies on the product generated from the first round PCR using primers internal to 
those used in the first set.  The technique is commonly used to enhance the sensitivity and 
selectivity of an assay via the use of two sets of primers.  Despite being more sensitive than 
regular PCR, most laboratories avoid this method as it doubles the workload and dramatically 
increases the chance of contamination.  After amplification, PCR products can be characterized 
by such methods as size-based separation in agarose or acrylamide gel electrophoresis, fragment 
analysis after restriction enzyme digestion, nucleic acid probe hybridization, or sequence 
analysis [28].   

Real-time PCR (or quantitative PCR) allows the DNA to be simultaneously amplified and 
detected during the PCR cycle using either intercalating fluorescent dye reporters such as SYBR 
Green or fluorescent oligonucleotide probes with a quencher (as in TaqMan PCR).  Quantitation 
is achieved by measuring the change in fluorescence intensity as the reaction proceeds.  Real-
time PCR is appealing for a clinical microbiological laboratory as it provides specificity and 
sensitivity equivalent to that of conventional PCR combined with Southern Blotting [29]; 
however its multiplex capability is limited by the availability of compatible fluorescent dyes that 
can be spectrally resolved.  Due to the extreme sensitivity obtained by these amplification-based 
processes [30], false positives and cross-contamination can sometimes occur in the absence of 
careful laboratory techniques.  Despite some drawbacks, these PCR-based methods are becoming 
increasingly popular in clinical laboratories for routine diagnostic testing, as they are cost 
effective, rapid and sensitive compared to traditional cultural or serological methods [8, 16, 17, 
26, 28, 29, 31-33].  Some are already approved by the Food and Drug Administration (FDA), 
and more are becoming accepted in clinical practice [28].  The automated nature of 
thermocycling enables the assay to be performed in a high-throughput format, which can be 
easily incorporated for detection of DNA and/or RNA. 
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Figure 1.1  Diagram depicting principle of polymerase chain reaction.  Nucleic acid template is denatured at 95 °C, 
followed by hybridization of oligonucleotide primers to the original template at an annealing step at 50-60°C.  
Lastly, thermostable enzyme called polymerase incorporates deoxynucleotide (dNTP) to generate a perfectly 
complementary daughter strand of DNA within the span of DNA bracketed by the primers at 72 °C during an 
extension step.  After repetitive cycling (usually ~30-40 cycles), the amount of DNA amplicons generated increase 
exponentially. 
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1.3.2.3 Other nucleic acid detection methods [15, 28] 

In addition to PCR-based amplification, there are a few isothermal amplification-based 
methods.  Among these are transcription-based amplification system (TAS), ligase chain reaction 
(LCR), Q-beta replicase amplification, strand displacement amplification (SDA), and branched 
chain DNA (bDNA).  These methods involve amplification of hybridization probes or signals 
generated from hybridization probes, and transcription products.  For instance, TAS makes use 
of three enzymes, RT, RnaseH, and T7 DNA-dependent RNA polymerase, to amplify RNA 
targets.  First cDNAs are created from an RNA template with an aid of RT.  RnaseH then digests 
the RNA from the RNA-DNA hybrids generated in the first step.  A second primer then binds to 
the cDNA and generates double-stranded cDNA.  Lastly, RNA is generated by T7 RNA 
polymerase from either one or both strands of cDNA.  Although less robust and sensitive than 
PCR, this method is quantitative and can be performed isothermally in a single tube, thus 
eliminating the need for a thermocycler.  Conversely, Q-beta replicase and bDNA system, both 
use oligonucleotide probes to bind with the target molecule.  After other unbound materials are 
washed away, the probe is amplified by Q-beta replicase under isothermal conditions.  While this 
method is simple and very rapid (<30 min), the assay is prone to false positive due to non-
specific binding of the probes or unbound probes serving as new templates for amplification.  
Like TAS, these systems have not been widely adopted because of compromised sensitivity and 
complexity of the assays. 

1.4 Microfluidic Technology in Genetic Analysis and Pathogen Detection 

1.4.1 Microdevices as platforms in molecular diagnostics  

The need for standardized, reliable, robust, and rapid diagnostic systems applicable to a 
variety of pathogens for point-of-care diagnostics has fostered an interest in Micro Total 
Analysis Systems (µTAS) due to their potential to fit these criteria.  For example, a high 
throughput system capable of simultaneously detecting multiple analytes in complex biological 
samples is particularly useful in screening for transfusion-transmitted viruses in donated blood 
supplies or transplantable tissues [34].  The concept of µTAS began with emergence of lab-on-a-
chip methodologies in the early 1990s [35, 36] due to advancements in microfabrication 
stemming from the semiconductor and integrated circuit industry.  Massively parallelized system 
can be inexpensively fabricated with high precision and consistency.  Small nano-picoliter scale 
microdevices not only offer the advantages of low sample volume, but also enhance the effective 
reaction rate and sample mixing by reducing diffusion distances and increasing the effective 
concentration of reactants [37].  Even though the most advancement has been made in sample 
detection and analysis, sample preparation, and sample amplification, it is the potential for 
integration that is particularly important in the case of pathogen detection assays, where 
contamination and sample loss from multiple sample handing steps and dilutions can result in 
false diagnosis [7].  Thus, an emphasis should be put on developing fully integrated systems in 
which all sample processing procedures can be exercised on a single device, preferably in an 
automated fashion, to minimize contamination, labor, errors from human operation, and 
eventually replace the need for costly laboratory instruments.  In the following sections, I briefly 
review major developments in microfluidics that have made significant contributions toward 
total integrated microsystems, with a main focus on PCR-based microdevices.  
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1.4.2 Development of microfluidic systems 

Routine bioanalytical assays in diagnostics, gene-expression analysis, single-cell study, 
and forensic typing depend heavily on amplification (PCR and RT-PCR) and electrophoretic 
separations of biological molecules such as proteins, and nucleic acids.  Developments of 
integrated microfluidic devices for such applications are centered on 4 basic elements that have 
significant impact on the overall performance of the device, as described below. 

1.4.2.1 Separation channel and device materials 

Miniaturization technology has revolutionized electrophoretic separations, allowing for 
superior speed, higher resolving power, and parallelism.  The high surface to volume ratio of a 
microchannel facilitates faster heat dissipation to reduce the effects of Joule heating.  As a result, 
a higher voltage can be applied to achieve faster separations and higher resolution compared to 
conventional capillaries [38].  For example, 96- and 384-lane capillary array electrophoresis 
devices developed by our group have been shown to perform high-throughput DNA sequencing 
genotyping, respectively [39, 40].  Despite its high cost and complicated fabrication, glass has 
remained the preferred choice of substrate, because of its well-known surface chemistry 
functionalization, high dielectric strength, optical transparency, and low background 
fluorescence suitable for optical detection in capillary electrophoresis [41].  Other disposable 
materials such as plastic and elastomer have also been explored due to their low cost and ease in 
fabrication; however, these materials are porous, are more difficult to further modify, and have 
intrinsic optical background, making them less suitable for fluorescence-based detection [42]. 

1.4.2.2 Fluid transport  

Developing a highly efficient and sensitive integrated device is more than simply adding 
together individual components.  The key to seamless integration lies in an ability to transport 
samples from one component to another without sample loss or dilution, especially when there is 
a significant change in volume between compartments [42].  Microvalves have been developed 
as a vehicle to manipulate fluid as well as to partition different compartments in microfluidic 
devices.  Categorized by mechanism of operation, there are four different types of microvalves: 
i) active mechanical (pneumatic [43], piezoelectric [44]), ii) active non-mechanical (phase 
change valves [45]), iii) passive mechanical (check valves [46]), and iv) passive non-mechanical 
(hydrophobic [47]).  While each type of microvalves provides different fluidic resistance, dead 
volume, flexibility and complexity, active mechanical microvalves have been most extensively 
used in integrated microsystems [42].  When arranged in series, microvalves create a micropump 
used to transport fluid between various compartments of the microchip [48].  Besides mechanical 
transport using microvalves and pumps, other means to mediate sample transport including 
electrokinetic injection [49], micromagnetic beads as transport carriers [50, 51], and capture 
systems [52, 53] have been explored.  Recently, Toriello et al. developed an on-chip gel-phase 
sequence-specific oligonucleotide capture-injection system to purify and preconcentrate double-
stranded amplicons prior to microchip CE separation [54].   The method allows for nearly 100% 
capture and injection efficiency, and thus quantitative analysis of amplicons with increased 
sensitivity never achieved before by traditional electrokinetic injection in which only a small 
fraction (~1%) of sample is injected [54, 55]. 
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1.4.2.3 Temperature control 

Temperature control is a key factor in performing temperature-sensitive assays such as 
PCR or RT-PCR.  Heating mechanisms employed for microfluidic device can be divided into 
contact heating and non-contact heating.  Contact heaters such as Peltier [56], polysilicon [56], 
Ti/Pt [49], indium tin oxide (ITO) thin film heaters [57], require external heating elements to be 
attached to the microdevice.  Non-contact heating has been demonstrated by the use of infrared 
(IR) radiation [58].  Though both methods yield high thermocycling performance in terms of 
speed and accuracy, contact heating elements are compact and easily integrated, thereby more 
suitable for point-of-care diagnostics. 

1.4.2.4 Detection 

Optical detection, especially by direct fluorescent measurement, has been the most 
common detection technique employed in microdevices because of its sensitivity, flexibility and 
compatibility.  Fluorescence microscopes and CCD cameras can be operated external to the 
microdevice and are widely available commercially, enabling their usage with a variety of 
microdevice designs.  Laser-induced fluorescence (LIF) is another detection technique that offers 
high sensitivity detection of different fluorophores [59].  Many biological assays such as 
fragment analysis [60], single nucleotide polymorphism genotyping [61], and Sanger sequencing 
[62] heavily depend on the use of florescent dyes as well as fluorescence energy-transfer-dye-
labeled probes.  Besides being compatible with biomolecules, fluorescent dyes producing variety 
of emission wavelengths with a single excitation source are attractive for multiplex assays where 
resolving different analytes by electrophoresis alone can be challenging.  In addition to optical 
detection, microfabrication technology has enabled electrochemical detection to become widely 
adopted in integrated microdevices by overcoming previous difficulties in precisely aligning 
microelectrodes with the end of capillary channel [63, 64].  The first integrated PCR with 
electrochemical-based detection has been reported to simultaneously amplify and detect 
sequence-specific DNA molecules down to a few hundred copies per reaction chamber [64]. 

1.4.3 Integrated microdevice for pathogen detection  

The rapid advancement in microfluidic technology in the past two decades has led to 
numerous publications on integrated microdevices.  Many of these microchips have been 
constructed to perform rapid, accurate and sensitive assays independently with minimal aid from 
conventional instruments.  In this section, I highlight recent achievements in pathogen diagnosis 
with an emphasis on technological advancements, molecular diagnostic capabilities and 
limitations. 

1.4.3.1 Influenza detection on a PCR-CE microchip [65] 

A fully integrated silicon-glass hybrid device of 1.5 cm x 1.6 cm depicted in Figure 1.2 
was developed by Pal et al. for subtyping influenza (A/LA/1/87 and A/Sydney/5/97) by 
processing PCR-restriction fragment length polymorphism (RFLP) followed by gel 
electrophoresis. The system demonstrated a limit of detection of 2 ng/µL of DNA samples 
prepared by off-chip reverse-transcription from in vitro transcribed RNA standards.  Phase 
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change valves controlled by a pulsed pressure system were used to seal the reaction chamber 
during thermocycling, while temperature control was achieved via a resistive temperature 
detector (RTD) and microfabricated thin film heaters.  PCR amplicons were pumped into a 
second chamber for restriction enzyme digestion prior to gel electrophoresis, and the final 
products were visualized by a CCD camera.  Although the device was truly integrated, the 
system did not demonstrate the capability to detect RNA, the actual genetic makeup of influenza, 
or any actual clinical samples from patients.  While concerns regarding dissemination of the 
microdevice were addressed in the publication, the overall system operation was still rather 
complex and lacked demonstration of multiplexing capability and high-throughput performance. 

1.4.3.2 Screening for human polyoma virus (BKV) using PCR-based microdevice [66] 

A 30 mm x 95 mm PCR-CE microchip in Figure 1.3 developed by Kaigala et al. was a 
perfect demonstration of the use of microchip technology in an actual clinical setting, as the 
system was shown to detect BK virus in crude urine samples without off-chip DNA extraction or 
purification.  The device, made by irreversibly bonding a PDMS membrane and a borofloat glass 
substrate, was used to detect DNA of the virus known to be responsible for complications in 
graft dysfunction or graft loss in retinal transplant patients.  A 2 µL PCR reactor, sectioned off 
from neighboring channels by pinch-off PDMS pneumatic microvalves, was thermally cycled 
using a custom-made thermoelectric module.  The sensitivity of the on-chip assay was 
comparable to the “gold standard” of real time PCR with a limit of detection of 1-2 copies, 
despite some inconsistency due to the stochastic effect of sample loading, and one tenth of the 
cost of the conventional method.  In spite of the high sensitivity achieved, the issue regarding 
sample evaporation through the PDMS membrane during >1 hour of thermocycling was not 
addressed.  Lacking a sample preprocessing step, the system also falls short in its flexibility to 
carry out other more delicate assays such as RT-PCR, in which a trace amount of PCR inhibitors 
in clinical samples can adversely affect results and sensitivity.  Moreover, the microdevice was 
only reported to yield reproducible results for approximately five runs before deteriorated 
performance. 
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Figure 1.2 Simplified schematic representation of the glass/PDMS microdevice containing liquid entry ports and 
valves, PCR chamber, restriction endonuclease digestion (RD) chamber, mixing intersections, and CE column for 
influenza A detection [65]. (Image reproduced by permission of the Royal Society of Chemistry) 
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Figure 1.3  Irreversibly bonded glass-PDMS microdevice used for detecting BK virus from crude urine sample by 
PCR-CE.   Fluidic control was achieved via PDMS-mediated pumping mechanism.  PID-regulated thermoelectric 
module was used to control heating and cooling [66]. 
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1.4.3.3 Multiplex pathogen detection with DNA microchip analyzer [67] 

The next major advancement in integrated microchip technology involved further 
integration of sample preparation and multiplexing capability of the system, as shown by the 
development of a silicon-glass microdevice by Yueng et al [67].  The system shown in Figure 
1.4 was capable of performing total sample preparation beginning from biological samples, DNA 
amplification, and electrochemical detection in a single microchamber to carry out a multiplex 
detection ,-!Escherichia coli and Bacillus subtilis cells.  The device featured a single 
microchamber containing oligonucleotide capture probes immobilized onto an individual ITO 
detection electrode fabricated on the glass surface.  These DNA-functionalized electrodes were 
robust enough to withstand thermocycling during PCR.  During sample preparation step, 
pathogen DNA was released by thermal cell lysis facilitated by a thin film platinum heater.  
Genomic DNA was then isolated by functionalized magnetic particles.  Following PCR 
amplification, amplicons were hybridized to the immobilized capture probes and detected via 
electrochemical transduction mediated by added silver-enhanced gold nanoparticles.  The 
reported detection range for this device was 102-105 cells, higher than those of similar 
microdevices.  Multiplex capability was achieved using target-specific PCR primers as well as 
sequence-specific capture probes spatially patterned on the electrodes.  The main advantage of 
this device was its capability to address the sample preparation step, resulting in a 
straightforward sample-in-answer-out operation, and elimination of the need for conventional 
instruments.  While the electrochemical detection used in this work offers a great potential in 
identifying a large number of analytes, the technique does not offer high sensitivity.  Moreover, 
the process is still limited by the cumbersome electrode-by-electrode patterning of the capture 
probes.  Lastly, the overall microchip operation requires multiple manual washing steps between 
each process, which is labor-intensive and impedes automation. 

1.4.3.4 PCR-CE microchip for pathogen detection with cell-capture and preconcentration 
[68] 

Another approach to integrating upstream sample preparation with the more well 
established PCR-CE platform was demonstrated by Beyor et al. for the purposes of processing 
complex biological samples.  Immunomagnetic beads were used to selectively capture and 
isolate target E. coli cells quantitatively flown into microchannels.  The captured cells were 
washed, preconcentrated and transported into a PCR microreactor using an integrated 
micropump.  On-chip thermocycling was performed using thin film heaters and integrated 
resistive temperature detectors, followed by on-chip capillary electrophoresis.  This highly 
integrated microdevice showed an impressive sensitivity of 0.2 cfu/µL of E. coli O157 cells in a 
50 µL input volume.  Because of the target-specific capture technique, E. coli O157 was 
selectively detected from a commensal background of E. Coli K12 mixed at a ratio of 1:1000.  
Though not fully automated, this device has shown excellent performance in processing and 
analyzing large volumes of crude sample within a fairly short amount of time compared to the 
conventional protocols. 
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Figure 1.4  Photographs of the preassembled silicon/glass microdevice for multiplex bacteria detection.  The Ti/Pt 
heater and temperature sensors (upper left) are patterned on top of the silicon wafer with the reaction chamber 
etched at the bottom (lower left).  The ITO electrodes patterned on a glass chip, which was bonded to the silicon 
chip to create an enclosed single-chamber device (right) [67].  

*The figure is reproduced from Nucleic Acids Res. 2006 October; 34(18): e118 © 2006, which is an Open Access 
article distributed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 
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1.5 Scope of Thesis 

This dissertation advances the development of an integrated microfluidic device for 
pathogen detection and genotyping.  With an escalating number of deadly infectious diseases 
affecting lives worldwide and raising concerns in global health issues, there are increased 
demands for high-throughput, rapid and sensitive detection methods for point-of-care 
diagnostics.  As detailed above, advancements in microfluidic technology present great potential 
in offering decentralized clinical diagnosis.  Particularly, a microdevice capable of processing 
sample amplification together with downstream analysis and detection, as shown in Figure 1.5 
for example, offers great advantages in rapid and low-volume analysis with minimized 
contamination.  Despite the development of a handful of microdevices, significant challenges 
remain in integrating different functionalities onto one platform without sacrificing efficiency 
due to sample loss between steps.  To address this issue, an integrated PCR-CE microdevice with 
high efficiency amplicon capture, purification and injection was developed as described in 
Chapter 2 for E. coli detection [55].  In Chapter 3, the microdevice was further optimized to 
simplify the operation procedure as well as to increase flexibility, robustness and automation for 
parallelized detection of various respiratory viruses.  Together with our portable detection 
system, this microdevice serves as a significant advancement towards point-of-care infectious 
disease detection and surveillance both inside and outside clinical settings.  Discussion about 
possible improvements and potential applications of the microdevice are presented in Chapter 4.  
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Figure 1.5  Schematic representation of integrated microdevice combining PCR (or RT-PCR) amplification, sample 
treatment, and CE analysis for rapid, multiplex pathogen detection.  
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Chapter 2 
 
 
Polymerase Chain Reaction-Capillary 
Electrophoresis Genetic Analysis 
Microdevice with In-Line Affinity 
Capture Sample Injection 
 

 

 
This work was originally published as “Polymerase Chain Reaction-Capillary Electrophoresis 
Genetic Analysis Microdevice with In-Line Affinity Capture Sample Injection” by Numrin 
Thaitrong, Nicholas M. Toriello, Nadia Del Bueno and Richard A. Mathies in Analytical 
Chemistry, 2009, 81, 1371-1371. It is reproduced here with permission from American Chemical 
Society. Copyright 2009. 
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2.1 Summary 

An integrated PCR-capillary electrophoresis (CE) microdevice with an efficient in-line 
affinity-based injector has been developed for genetic analysis.  Double stranded DNA PCR 
amplicons generated in an integrated 250-nL PCR reactor are captured, purified and 
preconcentrated by an oligonucleotide probe immobilized in an in situ polymerized gel matrix 
followed by thermal release and injection into the CE-separation channel.  This in-column 
injector employs a photopolymerized oligonucleotide-modified acrylamide capture gel to 
eliminate band broadening and increase the injection efficiency to 100%.  The on-chip generated 
PCR amplicons processed on this microdevice exhibit a 3-5 fold increase in signal intensities and 
improved resolution compared to our previous T-shaped injector.  Multiplex analysis of 191-bp 
amplicons from E. coli O157 and 256-bp amplicons from E. coli K12 is achieved with a 6-fold 
increase in resolution.  These advances are exploited to successfully detect E. coli O157 in a 500-
fold higher background of E. coli K12.  This microdevice with in-line affinity capture gel 
injection provides an improved platform for low-volume, high sensitivity, fully integrated 
genetic analysis. 
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2.2 Introduction 

Microfluidic devices provide the ability to integrate conventional bench top processes 
into one platform, minimizing sample consumption, contamination, analysis time, and labor [69].  
In the past decade, attempts have been made to integrate PCR with downstream capillary 
electrophoresis (CE) using miniaturization technology to maximize assay efficiency [65, 68, 70-
74].  This development toward sample-in answer-out integration is driven by many potential 
applications in infectious disease identification [65, 68, 71-74], forensic analysis [74-76], 
medical diagnosis [75-77], and chemical and biological sciences [78, 79].  However, one of the 
biggest integration challenges is interfacing PCR amplification and CE separation.  The method 
most commonly used to transfer sample into the CE separation channel in microfabricated 
systems is an electrokinetic injection where a pL-sample plug is created in crossed channels to 
produce high quality separation [65, 68, 70-73].  Although widely adopted, this cross injection 
has two major disadvantages.  First, electrokinetic transport is biased towards the small DNA 
fragments with high electrophoretic mobility thereby complicating injection optimization.  
Second, less than 1% of the sample is injected, making this method wasteful and setting an 
inevitable restriction on the sensitivity and quantitation of the analysis [80-83].  These limitations 
pose a serious problem for the ultimate goal of an integrated total analysis microdevice. 

Alternative injection techniques for on-chip CE systems have been developed including 
sample extraction [70], pressure injection [65], hydrodynamic injection [84], base stacking [84, 
85], solid phase membrane filtration [86, 87], and bioaffinity sample purification [88, 89].  While 
each approach has improved analyte detection sensitivity, their wide spread adoption has been 
limited by inefficient integration with other processing steps.  In our group, Paegel et al. 
developed an on-chip hybridization-mediated capture and injection method to purify and 
preconcentrate DNA extension fragments for sequencing [89].  The single-stranded DNA 
products migrating through the capture gel support are hybridized to an immobilized 
oligonucleotide probe copolymerized with the linear polyacrylamide gel.  Toriello et al. 
subsequently used this technique to concentrate and purify double-stranded DNA (dsDNA) PCR 
products using probes designed against known PCR product sequences [54].  This integrated 
affinity capture and injection technique yields higher signal intensities than cross-injected 
samples due to its increased sample loading capability.  However the signal to noise (S/N) ratio 
and the resolution were not optimal.   

The main shortcomings of our previous approach are that it requires meticulous manual 
gel loading, and a T-shaped affinity injection structure to control the position of the capture and 
the separation matrices in the channels.  These constraints cause band dispersion and distortion 
during the injection because the analyte must travel through the 90° turn from the capture region 
into the separation channel [90].  In addition, linear acrylamide capture gels are mobile and tend 
to expand at the elevated release temperature, causing further band broadening of the injected 
DNA.  

Photdefinable cross-linked polyacrylamide gel technology presents an attractive solution 
to these problems [91].  In the past, this approach has been used in microfluidic devices as a 
sieving matrix for DNA and protein separations [72, 92-95], and used to immobilize biological 
probes for affinity-based assays [92, 96].  In particular, Olsen et al. used DNA probes 
immobilized in porous photopolymerized polyacrylamide in microfluidic channels to detect 
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complementary ssDNA via hybridization [92].  Local polymerization was induced in situ by UV 
illumination of the channel through the mask, enabling the gel to be precisely positioned within 
the microfluidic channels.  This work, together with the earlier affinity gel studies by Toriello et 
al., suggested that the photo-initiated capture gel could be placed directly in-line with the CE 
channel, eliminating the need for the T-shaped injector and the resulting band distortion. 

Here, we present the integration of photopolymerized oligonucleotide capture gel 
injection with our previous PCR-CE microdevice to perform genetic analysis.  The affinity 
capture injector is formed by photopolymerizing the capture gel in a small (1-mm long) section 
of the separation channel so that the captured dsDNA is directly and quantitatively injected in the 
CE channel.  To evaluate the performance of the in-line injector, we performed on-chip PCR 
amplification and analysis of E. coli K12 and compare the fluorescence intensity and efficiency 
of the previous T-shaped structure with our new affinity injection format.  The resolution of the 
affinity injector is explored by carrying out a multiplex analysis of E. coli K12 and E. coli O157.  
The ability of the microdevice to process real samples is evaluated by performing the detection 
of serially diluted E. coli O157 in a background of E. coli K12.  This improved integrated 
microdevice is an attractive platform for a variety of genetic analysis applications. 

2.3 Materials and Methods 

2.3.1 Microdevice design and fabrication 

 The 4-channel microdevice depicted in Figure 2.1 is based on a platform we previously 
utilized for nucleic amplification and analysis [80, 97].  Each of the 4 analyzers on the glass 
device has a 3-valve pump for fluidic control, a 250-nL reactor for nucleic amplification, a 
capture region for dsDNA amplicon extraction, and a 5-cm CE separation channel for sample 
analysis.  Temperature control during PCR reactions is achieved via a resistance temperature 
detector (RTD) and a modular heater.  Fabrication protocols followed procedures reported 
previously [80, 97].  Briefly, the glass wafer containing the Ti/Pt RTD elements was thermally 
bonded to the fluidic/reactor/channel wafer to form a sandwich structure.  All features were 
photolithographically defined and etched to a depth of 40 µm.  A removable 3-valve pump was 
formed by sandwiching a 254-µm PDMS membrane between the manifold and the bonded 
structure.  Modular Ti/Pt serpentine heaters with Au leads were placed directly on the reactor 
region. The fundamental advance in the present work is the replacement of the side arm capture 
region (Figure 2.1b) with a design that places the capture gel (green) in-line with the separation 
channel. 

2.3.2 Cell preparation 

 Two types of cells were used in this study: E. coli K12 MG1655 (American Type Culture 
Collection, ATCC #700926) and nontoxigenic E. coli O157 NCTC 12900 (ATCC 00728).  E. 
coli K12 cells were transfected with a 3.9-kb pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA) 
for ampicillin resistance.  Each cell type was grown in a 2-mL tube in Tryptic Soy Broth medium 
(TSB, Hardy Diagnostics K131) placed in a shaking incubator overnight at 37 °C.  E. coli K12 
cells were treated with 2 µL of 1 µg/mL ampicillin added to the media while E. coli O157 cells 
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remain untreated.  The cells were washed three times in 2 mL 1x phosphate buffered saline (PBS 
pH 7.4, Ambion, Austin, TX).  Cell density was determined by OD600 measurement (Jasco V-
530, Easton, MD) using a calibration curve of the optical density against cell concentration 
determined by culture plate colony growth. 

2.3.3 PCR reaction cocktail 

All PCR amplifications were performed directly on E. coli cells in a 25-mL reaction 
cocktail consisting of Platinum Taq Supermix kit (Invitrogen), 0.4 µM FAM-labeled forward and 
unlabeled reverse primers (Integrated DNA Technologies (IDT), Coralville, IA).  All PCR 
reactions were run for 30 cycles.  The primers sequence, gene targets, and expected product sizes 
are listed in Table 1 [54, 68].  

2.3.4 Matrix synthesis   

The linear polyacrylamide DNA affinity-capture gel used in the side arm microdevice 
was synthesized by copolymerizing 6.5% w/v linear polyacrylamide (LPA) with 20 µM 5’-
acrydite-modified oligonucleotide capture probe(s) (IDT) as previously described [98].  An 
unmodified 5% LPA without the oligonucleotide probe was similarly synthesized for use as the 
separation matrix for all experiments. 

The cross-linked DNA affinity-capture matrix used in the in-line capture microdevice 
was synthesized in situ by cophotopolymerizing crosslinked acrylamide with 5’ acrydite-
modified oligonucleotide capture probe(s) [92].  A 50-µL monomer solution was prepared by 
adding 5% w/v acrylamide/bis, 19:1 (T = 5%, C = 5%) (BioRad, Hercules, CA), 1x TTE, and 20 
nmol of the acrydite-modified oligonucleotide probe to a 2-mL amber vial with silicone cap.  For 
multiplex capture, 40 nmol of the two probes specific for each PCR product were added.  The 
solution mixture was sparged under low N2 (2-3 kPa) for 10 min at room temperature.  In the 
dark, 0.125% v/v TEMED (Sigma Aldrich, St Louis, MO) and 0.0006% w/v riboflavin (Sigma 
Aldrich, St Louis MO) were added to the monomer solution.  

To polymerize the capture matrix in the dynamically coated channel, a Cr photo mask 
(Nanofilm, Westlake Village, CA) was placed between the light source and the microdevice to 
define the shape and size of the capture region gel plug, as shown in Figure 2.2. To ensure 
precise alignment, the manual process was performed using a 4x microscope to match alignment 
marks on the Cr mask and the microdevice.!!A vacuum chuck attached on the microscope stage 
held the mask and the microdevice in place.  The freshly prepared monomer solution was then 
loaded into the microchannels followed by a drop of 2% w/v hexapropylmethylcellulose (2% 
HPMC in water, µ = 4,000 mPa•s) in each reservoir to prevent hydrodynamic flow.  The 
polymerization was initiated by shining a 365-nm light (10 mW/cm2) from a 100 W Hg Arc lamp 
(Nikon) fitted with a 330-380 nm bandpass excitation filter (Nikon) on the channel through a 4x 
microscope objective for 5 min.  After illumination, unpolymerized monomer solution was 
evacuated from the channels and rinsed out with deionized water leaving the capture matrix 
between the hold chamber and the separation channel. 
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Figure 2.1 (a) Layout of the PCR-CE microdevice with integrated sample cleanup. Each of the four analyzers is 
composed of a 3-valve pump for fluidic control, an RTD temperature sensor and integrated heater for thermal 
cycling, a 250 nL PCR reaction chamber, etched chambers for analyte capture and purification, and 5 cm long CE 
separation channels. (b) Expanded view of the sidearm capture structure. A capture matrix (green), made of 6.5% 
linear polyacrylamide (LPA) gel copolymerized with an oligonucleotide capture probe, is manually loaded from the 
sidearm into the capture chamber. (c) Expanded view of the in-column capture structure. An in situ 
photopolymerized capture matrix made of 5% acrylamide/bis gel copolymerized with an oligonucleotide capture 
probe is polymerized in a 40 mm deep ! 120 mm wide ! 1 mm long capture zone directly in-line with the separation 
channel. 
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Table 2.1  Primers and oligonucleotides   

Name/ Gene target Tm (°C) Capture 
temp (°C) Sequence and location Product 

size (bp) 
Set 1/ yaiX     
E. coli K12 for 1 55.3  5’-FAM-ACG CTG CCC GAT 

ATA ACA AC-3’ (380212-38023) 
236 

E. coli K12 rev 1 52.3  5’-GCA ATG GCG TAA AAA 
TTG GT-3’ (380428-380447) 

 

E. coli K12 probe 1 51.5 44 5’-Acry-CCA GTA ATC ATC GTC 
TGG AT-3’ (380293-380312) 

 

complementary 
ssDNA 

51.5  5’-FAM-ATC CAG ACG ATG 
ATT ACT GG-3’ 

 

Set 2/ KI #128 island     
E. coli K12 for 2 60.2  5’-FAM-TTC GAT TAC ACG 

GAG TGC TGG GAA-3’ (2560726-
2570749) 

262 

E. coli K12 rev 2 60.3  5’-CGT TGA TTT GCC GTT CCA 
TGT CGT-3’ (2560964-2560987) 

 

E. coli K12 probe 2 53.8 46 5’-Acry-CCA GTG CTT CGC ATA 
TTC TG-3’ (2560802-2560802) 

 

Set 3/ OI #43 island     
E. coli O157 for 56.8  5’-FAM-TGG CAG GAA GAG 

AGT GAC AGG-3’ (1404943-
1404962) 

191 

E. coli O157 rev 57.3  5’-GGC CTT ACC CGT GAA 
CAG TA-3’ (1405114-1405133)  

E. coli O157 probe 53.9 46 5’-Acry-TTC AGT ATC TGG CTC 
TTC CG-3’ (1404995-1405014)  
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Figure 2.2 Schematic of photo-initiated polymerization of capture matrix (a) Setup of the photo-polymerization 
unit.  A Cr mask is sandwiched between the vacuum chuck mounted on a microscope stage and the microdevice 
with the Cr side facing up.  The microdevice/Cr mask assembly is held together by a vacuum line connected to the 
chuck. (b) Oblique view of each component of the polymerization unit. (c) Expanded top-view of one 
capture/separation unit of the microdevice during the photo-initiated polymerization process.  
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2.3.5 Microdevice preparation   

The Ti/Pt RTDs were calibrated and the channels were passivated by dynamic coating as 
described previously [80, 97, 99].  The reactors were treated with 0.2 % w/v heat-denatured 
bovine serum albumin (BSA) for 5 min to prevent cell adherence.  For the side arm format 
(Figure 2.1b), the LPA capture gel was then loaded into each capture chamber followed by the 
separation matrix loading from the anode.  For the in-line format (Figure 2.1c), the separation 
matrix was loaded from the anode into the separation channels previously filled with the 
photopolymerized capture gel.  After gel loading, the manifolds were assembled and a vacuum 
was applied from the hold chamber reservoirs to fill the reactors with deionized water and 
eliminate bubbles.  

2.3.6 Microdevice operation   

With all valves open, the PCR cocktail was loaded at the sample reservoir and drawn into 
the reactor by applying vacuum at the hold chamber reservoir.  Cells were thermally lysed at 95 
°C, and the platinum Taq polymerase was activated at 95 °C for 1 min followed by 30 cycles of 
95 °C denaturation for 5 s, 52 °C annealing for 20 s, and 72 °C extension for 25 s.  During 
thermalcycling, all PDMS membrane valves were closed by applying a constant pressure of 30 
kPa from a pneumatic system driven by a small rotary pump (G12/02-8-LC, Thomas, 
Sheboygan, WI). 

The PCR product was captured and preconcentrated before thermal release and injection.  
The operation protocol for the side arm capture microdevice and the field strength optimization 
were reported previously [54, 97].  Briefly, the sample was pumped out of the reactors while a 
constant electric field of 100 V/cm was applied between hold chamber and capture chamber 
(Figure 2.1b).  In order to completely capture the analyte and remove excess salts and primers, 
40 pump cycles of 30 nL/cycle followed by an electrophoretic wash of 1x TTE were performed.   

For the in-line capture microdevice, the sample containing PCR product was 
electrokinetically driven from the hold chamber towards the waste arm through the capture zone 
by a 100 V/cm field while 40 pump cycles were executed (Figure 2.1c).  After the capture 
process, the reactors and the hold chambers were rinsed and filled with fresh 1x TTE.  The 
electrophoretic wash consisted of applying a 100 V/cm field between the hold chamber and the 
waste for 5 min followed by a 150 V/cm field between the hold chamber and the anode for 
another 5 min. 

The PCR product was released from the probe and injected by raising the temperature of 
the entire device to 80 °C.  A field of a 150 V/cm was applied between the capture chamber and 
the anode for the microdevice in Figure 2.1b, and between the hold chamber and the anode for 
the microdevice in Figure 2.1c.  FAM-labeled analyte migrating down to the anode was detected 
using laser-induced fluorescence (LIF) provided by the Berkeley confocal rotary scanner [100]. 
After each run, the glass manifolds and PDMS membrane were removed.  The capture and the 
separation matrix were expelled with deionized water.  All chambers and channels of both 
microdevice designs were flushed with acetonitrile followed by 1M NaOH and deionized water 
to completely remove the capture matrix from the side walls.  The reactors were flushed with 
piranha solution (3:1 mixture of H2SO4 and H2O2 respectively) followed by deionized water to 
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prevent carryover contamination.  The channels were subjected to piranha cleaning after 2-3 runs 
to restore the glass surface. 

2.3.7 Resolution, separation efficiency and peak capacity calculations  

Log-normal peak fits were made using PeakFit v4. (Systat Software, Inc., San Jose, CA).  
Resolution was calculated using the formula Rs = 2!t/(w1+w2), where Rs is the resolution, !t is 
the difference in migration time, and w is the peak width at base.  The number of theoretical 
plates was calculated using the formula N = 5.55tR

2/w1/2
2, where tR is the retention time and w1/2 is 

the peak width at half-height.  Peak capacity, defined as the maximum number of peaks that can 
be completely resolved in a given time interval, was calculated using the formula n = 1+ 
(N1/2/4)ln(tn/tA), where N is the theoretical plate number, tA is the retention time of an inert solute, 
and tn is the retention time of the nth component [101, 102]. 

2.3.8 Fluorescence capture images  

Epifluorescence images were collected by directing the output of a 488-nm laser (Spectra 
Physics, 2017, Mountain View, CA) through a 230-mm multimode fiber-optic cable to produce a 
1-cm-diameter illuminated area (75 mW/mm2).  Fluorescent images were collected through a 
520-nm long-pass filter attached to a stereomicroscope (SMZ 1500, Nikon) equipped with a 
CoolSnap FX thermoelectrically cooled CCD camera (Roper Scientific, Tucson, AZ).  Pixels 
were binned 3 x 3 with 1-s exposures and images were saved as 8-bit TIFFs, smoothed with a 
10-point moving average, and added false-color using ImageJ (NIH, Bethesda, MD). 

2.3.9 Instrumentation and data collection  

Thermal cycling is controlled through a LabVIEW program (National Instruments, 
Austin, TX) with a proportional/integral/differential (PID) module.  The pneumatic pumping 
process is controlled through a custom LabVIEW program via a NI-ISB adapter (USB-008 NI) 
driving three individual solenoid valves to open and close at a pressure of -56 and 30 kPa 
respectively.  More information can be found at http://zinc.cchem.berkeley.edu/lab under the 
Valves and Control Systems menu. 

2.4 Results and Discussion 

2.4.1 Microdevice design 

In our earlier PCR-CE microdevice design (Figure 2.1b), the PCR product is pumped into 
the hold chamber and electrokinetically driven to the capture chamber.  The target PCR amplicon 
is captured by the oligonucleotide probe in the LPA capture matrix followed by thermal release 
and injection from the side arm [54, 97].  In spite of its ability to efficiently and quantitatively 
capture, preconcentrate and purify amplicons from a PCR reaction mixture, the system suffers 
from distorted injection introduced by the T-geometry at the injection point [90].  Furthermore, 
manual loading of the externally polymerized LPA capture matrix is delicate, requiring the side 
arm chamber to hold the capture gel in place and to prevent it from leaking into the separation 
channel.  Although this gel leakage can be suppressed by using the viscous 6.5% w/v LPA 
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capture matrix, the capture gel expands at the elevated release temperature, further broadening 
the captured DNA plug.  To address these problems, a new integrated in-line injector design and 
process was developed.  

In the new device design (Figure 2.1c), the analyte is captured and injected in an in-line 
fashion, eliminating DNA band broadening intrinsic to the T-injector design.  To achieve this gel 
configuration, the capture matrix is rigidly positioned inside the microfluidic channels using 
photopolymerization of a crosslinked acrylamide containing the oligonucleotide capture probe 
[92, 94].  The dimension of the capture gel can be precisely controlled by the geometry of the 
microfluidic channels and the photolithographically defined illuminated area.  The capture 
matrix formed by this method is mechanically robust and reliably withstands the pressure 
loading of the LPA separation matrix introduced from the anode.  Other advantages of using a 
photopolymerized gel include its well-studied chemistry, faster polymerization time, and better 
control over polymer microstructure [91].  

2.4.2 Comparison of side-arm vs. in-line injector 

The process of affinity capture, sample clean up and preconcentration, and injection in 
both microdevices is demonstrated by the epifluorescence images in Figure 2.3.  Unpurified 
FAM-labeled 236-bp PCR sample generated off-chip from E. coli K12 using primer Set 1 is 
electrokinetically driven into the capture region as seen in panel A.  The PCR amplicon is 
captured at 44°C, 100 V/cm by probe 1 with complementarity 81-bp from its 5’ terminus.  The 
helix invasion mechanism of dsDNA capture by the complementary oligonucleotide probe has 
been discussed previously [54].  After the electrokinetic wash operation, only the double-
stranded PCR amplicon complementary to the capture probe is retained and concentrated at the 
capture gel interface.  Salts, dNTPs, and excess primers are washed out to the waste arm.  The 
disappearance of the bright fluorescence in panel B indicates that the high concentration of 
excess unreacted FAM-labeled primer has been removed.  Both microdevice designs yield a 
comparable captured plug size of ~500 µm under the same capture conditions.  In panel C, the 
purified sample is released at 80 °C and injected into the separation channel.  In the side arm 
capture format, the capture plug extends into the separation region due to thermal expansion of 
the LPA in the release step, resulting in significant band broadening and distortion.  This effect is 
not observed with the in-line format containing the crosslinked capture matrix.  In panel D, the 
in-line injection yields a band that is ~700 µm in size, approximately 2,000 µm shorter than that 
achieved for the T-shaped injection format.  The slight band broadening due to the mobility 
mismatch between the crosslinked acrylamide capture gel and the LPA separation gel does not 
have a significant impact and can be compensated if desired [103].  The images in Figure 2.3 
suggest that further reduction of the injected plug width and thus increase of the resolution of the 
separation could be achieved by shrinking the size of the capture gel. 
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Figure 2.3 False-color fluorescence images showing the capture and release processes using the sidearm (a) and the 
in-line (b) microdevices. Cooler and warmer colors indicate lower and higher intensities, respectively. FAM-labeled 
236 bp PCR product is captured by probe 1 at 44 °C, 100 V/cm. After electrokinetic wash with 1X TTE, the product 
is thermally released and injected at 80 °C, 150 V/cm. The outline of the chamber and channel is displayed as a thin, 
white line superimposed on the fluorescence images. 
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2.4.3 Characterization of on-chip PCR and quantitative analysis 

We characterized the on-chip amplification process by performing a quantitative analysis 
of the PCR product, using the integrated microdevice with side arm capture.  All PCR 
amplifications were generated from 300 E. coli K12 cells/reactor using primer Set 1 with a range 
of PCR cycles.  FAM-labeled 236 bp dsDNA product was captured by probe 1 at 44 °C, 100 
V/cm followed by a thermal release and an injection at 80 °C, 150 V/cm.  The amount of PCR 
product at a given number of cycles was quantified using a calibration curve (Figure 2.4a) of the 
integrated signal intensity of FAM-labeled ssDNA standard against its quantity.  The integrated 
signal was calculated using GRAMS/AL (Thermo Fisher Corp., Waltham, MA).  The average 
PCR efficiency was calculated from the log-plot developed by Chelly et al. for of the PCR 
efficiency 

ln(N) = ln(N0) + n ln(1+e), 

where N is the number of PCR products, N0 is the number of initial copies, n is the number of 
PCR cycles, and e is the average efficiency [104].  The PCR yield and efficiency were calculated 
and plotted as a function of the PCR cycles as shown in Figure 2.4b. 

The accumulation of the amplified product deviates from the theoretical product yield as 
expected. The exponential amplification is observed between 15 and 25 cycles and a plateau 
phase is reached after 30 cycles.  Increasing the cycle number more than 30 does not result in a 
greater yield suggesting that the amplification is optimal at 30 cycles.  The PCR efficiency 
decays with an increasing number of cycles in accordance with the theoretical description as a 
result of the shift in the mass balance of the reactants, especially the enzyme to template ratio 
[105-107].  Based on this on-chip PCR characterization, all other experiments were performed 
using the 30 thermal cycle reaction as it was shown to be most favorable.   

The ability to perform cycle-dependence analysis on a low-volume PCR reaction is a 
direct consequence of total sample analysis in the integrated system.  First, pneumatic pumps 
drive all PCR products from the reactor into the purification region.  Second, the affinity-capture 
process allows the sample to be purified and preconcentrated.  Once thermally released, all 
purified sample is injected and analyzed.  Therefore, the integrated signal intensity in an 
electrophoregram represents the actual amount of PCR product generated, regardless of the 
injector design.  The result obtained from this study is thus applicable to both side arm and in-
line injection format.  In contrast, this analysis would be difficult to achieve using the cross-
injection, because only a fraction of sample is injected and the analysis is biased by the injection 
timing parameters.  
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Figure 2.4 (a) Correlation between integrated signal intensity in electropherograms and quantity of the analyte using 
the side arm capture.  The analyte is pumped into the system, captured by the affinity gel containing an 
oligonucleotide probe 1 at 44°C and 100 V/cm, and then released at 80°C and 150 V/cm.  FAM-labeled 20 bp 
ssDNA complementary to the probe is used as a standard.  Calibration curve for the 90-nL ssDNA at the indicated 
concentrations is shown.  (b) Characterization of on-chip PCR using the side arm capture PCR-CE microdevice.  
FAM labeled 236 bp E. coli dsDNA PCR amplicons are generated from whole E. coli K12 cells (300 cells/reactor).  
The PCR product is captured and released under the condition described.  PCR yield is calculated in terms of 
number of products generated (PCR yield = !, PCR efficiency = !). 
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2.4.4 Limit of detection of side-arm vs. in-line capture 

To determine the sensitivity of the affinity-based injection system, the limit of detection 
of the PCR-CE microdevice with in-line capture was studied using PCR products Micramplified 
on-chip from E. coli K12 and compared with the previous side arm format.  Figure 2.5a shows 
representative electropherograms of FAM-labeled 236-bp dsDNA product generated from 10 and 
0 cells/reactor by primer Set 1 on both devices.  At 10 cells/reactor, the side arm injector yields a 
trace with full-width at half-maximum peak height (FWHM) of 40 s (s = 2.2) while the FWHM 
obtained using the in-line injector is 4.9 s (s = 1.3).  No product is detected in the negative 
control verifying that there is no carryover contamination between runs.  

A plot of S/N of the amplicon peak height versus initial template number is displayed in 
Figure 2.5b with initial cells ranging from 10 to 100 cells/reactor (n = 4).  The S/N increases 
linearly with the initial cell concentration in both systems, indicating that the amplification is in 
the exponential phase of the PCR [27, 107].  While the integrated peak intensity obtained from 
both systems at a given cell concentration is similar (data not shown), the in-line microdevice 
yields approximately 4.5-fold higher S/N, determined by the slopes of the linear fit.  The 
comparable integrated peak intensity confirms that the PCR product is captured by the gel with 
the same efficiency in both formats.  The in-line microdevice gives a dramatic increase of the 
S/N and a decrease of the peak width as a result of the narrower injection band produced by the 
in-column capture and injection.  This enhanced performance results from the use of 
photodefinable crosslinked capture gel, which fully eliminates the band broadening due to 
capture gel expansion and the T-shaped injector distortion. 
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Figure 2.5 (a) Comparison of representative electropherograms using the sidearm capture and the in-line capture 
formats with 10 cells/ reactor. Each trace is displayed above a corresponding negative control. FAM labeled 236 bp 
product produced by 30 cycles of PCR is captured at 44 °C and 100 V/cm by probe 1 followed by release and 
injection at 80 °C and 150 V/cm. (b) Comparison of limit-of- detection of E. coli K12 cells amplified on-chip using 
the sidearm (!) and the in-line (!) capture microdevices (n = 4). 
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2.4.5 Application to multiplex PCR 

Practical applications of this microdevice require the ability to detect and discriminate 
multiple analytes.  Toward this end we performed multiplex analyses of E. coli K12 and E. coli 
O157 by co-amplification of these cells (100 cells/reactor each) using primer Sets 2 and 3 
specific for each strain.  The PCR amplicons were captured at 46°C, 100 V/cm by a mixture of 
capture probes designed to detect each PCR product specifically.  The first probe (Set 2) captures 
a 262-bp E. coli K12 specific amplicon with complementarity 76 bp from its 5’ terminus.  The 
second probe (Set 3) captures a 191-bp E. coli O157 amplicon with complementarity 52 bp from 
its 5’ terminus.  The multiplex electropherograms in Figure 2.6 show positive detection of both 
targets using both side arm (a) and in-line (b) capture microdevices, but the latter yields 
considerably improved S/N and resolution. 

Under the same electrophoretic conditions, the in-line system gives a 3.5-fold increase in 
S/N and a 6-fold increase in resolution compared to the side arm format.  The resolution for the 
in-line and side arm systems are 3.4 (s = 0.2) and 0.6 (s = 0.4), respectively (n = 4).  The in-line 
format yields separation efficiencies in the range of 2x103 plates/cm whereas only 80 plates/cm 
are obtained from the side arm injector.  Assuming a 20b primer or ssDNA complementary to the 
probe is eluted at 60 s and that the separation takes place within 200 s, we calculate the peak 
capacity, the maximum number of analytes detected by the system in an interval of 60-200 s, to 
be 28 for the in-line and only 6 for the side arm format.  Thus, the maximum number of targets 
that could be detected by our system should be greater than 28.  This superior multiplex analysis 
capability is a direct consequence of the in-line injection technique.  This advanced capture and 
injection technique coupled with the existing integrated PCR-CE microdevice was therefore used 
as a platform for the further genetic analysis assays. 
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Figure 2.6 Comparison of electropherograms of multiplex PCR products obtained using the sidearm capture format 
(a) and the in- line capture and injection format (b). Each PCR reaction contains 100 E. coli K12 cells and 100 E. 
coli O157 cells co-amplified with two separate sets of primers (Sets 2 and 3). FAM-labeled DNA fragments are 
captured with a mixture of two different oligonucleotide capture probes specific to each dsDNA amplicons. Both 
PCR products are captured at 46 °C and 100V/cm followed by a release and an injection at 80 °C and 150V/cm. 
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2.4.6 Detection of E. coli O157 

The ability to discriminate a minute amount of virulent pathogens in a high background 
of nonpathogenic agents is critical for accurate diagnostics, especially when a small amount of 
pathogen can be lethal.  For example, only 10-100 CFU/g of E. coli O157 in food or water can 
cause fatal infections in humans [108].  Detection of E. coli O157 in the presence of ubiquitous 
E. coli K12 was therefore chosen as a model for our study.  A low number of E. coli O157 cells 
(25) in a varying commensal E. coli K12 background were amplified using primers (Set 3) 
specific to the OI #43 island on the E. coli O157 genome.  The amplified amplicon was captured 
by probe 3 specific to the 191-bp product at 46°C, 100 V/cm.   

Electropherograms in Figure 2.7 show positive detection of E. coli O157 in a 1:0, 1:50, 
1:100 and 1:500 mixture of E. coli O157: E. coli K12.  The ratio of 1:500 corresponds to the 
limit of detection (S/N > 3) of 0.2% of target E. coli O157 template.  While the number of target 
cells is constant, the peak height decreases as the number of E. coli K12 cells increases.  No 
amplification is detected in a 1:1000 ratio.   The decrease in PCR efficiency observed is thus due 
to the presence of E. coli K12 templates directly interfering the amplification of the target E. coli 
O157 by affecting the enzyme to template ratio and shifting the reaction kinetics [105].  By 
extracting the target E. coli O157 template from the E. coli K12 background using antibody-
functionalized immuno-superparamagnetic beads for upstream sample purification prior to PCR, 
Beyor et al. have shown that the sensitivity of the assay can be increased even further to 1:1000 
[68].  

 These results demonstrate the feasibility of using the in-line injection microdevice to 
detect a pathogenic agent coexisting with a high background of normal organisms.  By 
integrating PCR and downstream sample purification and analysis onto a single microdevice, the 
assay is streamlined to only ~75 min (30 min PCR, 40 min capture and purification, and 5 min 
CE separation).  This lab-on-a-chip device has the potential advantages of eliminating 
contamination, lowering volume and cost, improving assay robustness, and reducing operator 
error and effort.  This integrated technology, shown here to perform four assays simultaneously 
on a 4-inch device, is immediately extendable to portable [74] and high-throughput operations 
[109].  Our device can also be applied to other bioanalytical applications that require high speed, 
sensitivity and specificity such as the detection and identification of biological warfare agents 
and infectious disease pathogens.  In the future, we plan to exploit this integrated platform for 
multiplex human respiratory viral detection with reverse transcription (RT) PCR analysis [99]. 
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Figure 2.7 Detection of 25 cells of E. coli O157 in an increasing background of E. coli K12 using the in-line 
microdevice. E. coli O157/ E. coli K12 = 1:0, 1:50, 1:100, 1:500, 1:1000, in traces a-e, respectively. These 
electrophoregrams were selected from two repeated runs at each condition (n = 8). Traces in a-d were chosen 
because they illustrate the mean peak heights observed. All runs at the 1:1000 ratio yielded negative results. FAM 
labeled 191 bp dsDNA PCR amplicons from E. coli O157 were generated from a primer set specific to E. coli O157. 
The dsDNA amplicons are captured at 46 °C and 100 V/cm in a 5% acrylamide/bis gel copolymerized with the E. 
coli O157 probe. 
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2.5 Conclusions 

By utilizing a photopolymerized polyacrylamide matrix to spatially define the position of 
the capture gel in the microfluidic channels, we have simplified our PCR-CE microchip injector 
design and operation, and developed a format that provides superior separation quality compared 
with traditional cross injection and/or side arm capture formats.  The 25-fold increase in 
separation efficiency provides a device that can perform higher-order multiplex analysis.  This 
new generation of robust integrated microdevices provides a powerful platform for performing 
low-volume, contamination-free, sensitive and high throughput PCR-based assays of biological 
and clinical significance. 
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3.1 Summary 

A simple two-layer, four-channel array microdevice that integrates nucleic acid 
amplification, in-line sample cleanup and concentration, and capillary electrophoresis is 
developed for multiplex detection of four human respiratory viral pathogens  influenza A, 
influenza B, coronavirus, and human metapneumovirus (hMPV).  Biotinylated and fluorescence-
labeled dsDNA amplicons were amplified in a 100-nL reactor using an integrated heater and a 
temperature detector.  After amplification, the sample is electrophoresed through a crosslinked 
acrylamide capture matrix copolymerized with acrydite-functionalized oligonucleotides, where 
double-stranded products are captured and concentrated.  Thermal dehybridization releases 
fluorescently labeled single-stranded DNA for size-based CE separation.  The seamless 
integration of PCR amplification with the universal, sequence-independent capture and injection 
technology enables all four viral targets to be accurately and simultaneously identified within 
two hours.  Each viral target can be detected on-chip starting from as few as 10 copies/reactor 
using plasmid standards containing the viral genes of interest.  The further capability of the 
device to analyze RNA samples is demonstrated through a co-amplification of in vitro 
transcribed influenza B and hMPV templates.  Combining size-based separation with spectral 
labeling, the presented platform provides high power for product discrimination, making it 
readily extendable to higher-order multiplex assays.  This PCR-based portable microsystem is 
ideal for performing automated assays outside controlled laboratory settings, making it suitable 
for point-of-care diagnostic applications.  
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3.2 Introduction 

Accurate and rapid detection of the pathogens responsible for infectious human 
respiratory diseases is crucial for outbreak control, disease surveillance, and vaccine 
development, as well as appropriate and efficient use of antibiotics and antiviral therapies [110-
112].  Considering the wide range of existing and emerging microbial pathogens causing 
respiratory illnesses, many of which exhibit similar influenza-like symptoms [8], methods with 
the capability to simultaneously screen more than one species, type, or subtype are rapidly 
becoming very desirable [16, 112-114].  While traditional methods such as culture and direct 
fluorescent antibody assay (DFA) are still in use by many clinical virology laboratories, the 
assays are not scalable to detect several viruses simultaneously [13].  Multiplex polymerase 
chain reaction (PCR)-based approach, in which distinct primer pairs are used to amplify more 
than one target sequence in a single reaction, is one of the most appealing methods in molecular 
diagnostics because of its high sensitivity and rapid turnaround time [13, 16, 114-116].  Through 
careful primer design and the use of hot start polymerase enzymes, high specificity can be 
achieved [16, 117].  A high degree of multiplexity ranging from 2- to 22-plex [110, 113, 114, 
118-122] for detecting respiratory pathogens including bacteria and viruses has been reported.  
The technology is, however, yet to be widely adopted in clinical settings because these multi-step 
assays require specially trained personnel.  Moreover, these techiques suffer from false positives 
due to contamination exacerbated by the high sensitivity nature of the assay as well as false 
negatives due to the stringent sample preparation and reaction conditions required [115]. 

 These issues can be addressed by advancements in miniaturization and integration 
technology.  By integrating multiple processes onto a single microfabricated device, rapid, low-
volume, automated and sensitive assays can be performed with minimal contamination and 
sample loss [42, 123-125].  Because of the superior performance offered by such integrated 
microdevices, a variety of pathogens including respiratory pathogen Bordetella pertussis [126], 
SARS-coronavirus [127], Dengue-2 virus [128], influenza A [65], and BK virus [66] have been 
successfully detected on on-chip.  Nevertheless, most of these assays have been limited to 
singleplex or duplex analysis [65, 66, 126-128] performed on limited PCR-CE microdevices 
only, which do not include sample treatment and processing between steps [65, 66, 125-128].  
Recently our group developed an integrated PCR-CE device with a pre-amplification 
immunomagnetic bead-based cell capture for highly specific and sensitive detection of E. coli 
[68].  In addition, we have reported a novel integrated PCR-CE device with gel-phase 
oligonucleotide affinity capture for post-amplification cleanup [55].  By copolymerizing 
oligonucleotide capture probes in a photodefinable cross-linked polyacrylamide matrix directly 
inline between the PCR reactor and the CE separation channel, only product amplicons 
complimentary to the probes are hybridized and preconcentrated.  This integrated 
capture/injection technique exhibits a three-to-five fold increase in signal intensity and a six-fold 
increase in resolution compared to that using externally polymerized, non-crosslinked capture 
matrix [55].  The technique, however, falls short in its ability to scale up for multiplex analysis 
because of the rapidly increasing complexity in designing unique and specific capture probes 
with similar thermodynamic properties for multiple targets. 

To expand multiplexing capability to the level needed for practical pathogen detection, 
we have developed a universal gel capture purification method that relies on the biotin-
streptavidin interaction previously employed in our group [103].  Double-stranded (ds) 
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amplicons with one strand being biotinylated and the other being fluorescently labeled are 
captured in their native ds state by a photopolymerized streptavidin-copolymerized capture gel, 
followed by electrokinetic washing and thermal dehybridization of bound dsDNA.  Only the 
unbound complementary flourophore-labeled strands are injected for electrophoresis, leaving the 
biotinylated strands in the capture gel.  This technique has been used to demonstrate successful 
on-chip sample cleanup for forensic short tandem repeat analysis [42, 103], but has not been 
used for multiplex pathogen detection applications in an integrated format. 

In this work, we present a new two-layer integrated PCR-CE microdevice with 
streptavidin/biotin-mediated post-amplification sample processing technology for rapid and 
parallel detection of respiratory viruses responsible for acute respiratory diseases (ARD) and 
deaths worldwide.  These pathogen includes influenza A, human metapneumovirus (hMPV), 
coronavirus, and influenza B [3, 129].  Coupled with the portable laser-induced fluorescence 
detection instrument previously discussed, the entire process of nucleic acid amplification, 
capture and CE analysis is streamlined and automated, thus minimizing contamination and 
sample loss between steps.  Using plasmid DNA standards cloned from viral RNA, we have 
demonstrated the ability to simultaneously detect all four viruses.  Furthermore, the ability of the 
microdevice to process RNA samples is demonstrated by carrying out multiplex reverse-
transcription (RT) PCR of in vitro influenza B and hMPV transcripts.  This portable system 
significantly advances infectious disease detection and surveillance both inside and outside 
clinical settings. 

3.3 Materials and Methods 

3.3.1 Microdevice design and fabrication 

The integrated microdevice shown in Figure 3.1A contains four identical units forming 
two symmetrical doublet structures similar to the PCR-CE device previously developed in our 
group [80, 99].  In addition to PCR amplification and the CE separation, the new microdevice is 
designed to accommodate post-amplification cleanup/concentration, as well as inline injection of 
amplified targets.  Each genetic analysis system consists of a 100-nL reaction chamber, an 
integrated heater and resistive temperature detector (RTD), a capture and injection region 
containing a 500-µm long double T-junction, and a 10-cm long CE separation channel. To 
facilitate the automated operation using portable microcapillary array electrophoresis (µCAE) 
instrument (Figure 3.1B), the two doublets are designed to share a common waste and cathode 
ports, while all four lanes share a common anode.  

Microchannel features are patterned photolithographically on the surface of a four inch 
Borofloat glass wafers and sealed by thermally bonding a second wafer to form enclosed 
structures.  The top wafer contains Ti/Pt heaters fabricated on the top side and the etched fluidic 
structure containing reactors, capture regions, and separation channels on the bottom, while the 
bottom wafer contains microfabricated Ti/Pt RTDs on the top side.  The microfabrication 
procedure of the microdevice follows the protocols developed previously [74, 80, 99].  Briefly, 
the fluidic layer is created from a 500-µm thick Borofloat glass wafer coated with a 2000-Å layer 
of amorphous silicon on one side and 200-Å Ti/ 2000-Å Pt on the other side.  Fluidic structures 
are etched on the amorphous silicon side to a depth of 40 µm using 49% hydrofluoric (HF) acid.  
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Heaters are fabricated on the Ti/Pt side of the same wafer by electroplating gold leads followed 
by ion beam etching the Ti/Pt to form the serpentine heater elements.  All access holes are then 
drilled using a CNC mill.  The RTD layer is formed using a 762-µm Borofloat glass wafer coated 
with 200-Å Ti and 2000-Å Pt.  Features are formed by etching the coated glass wafer in hot aqua 
regia (3:1 HCl: HNO3) for 5 min. The two wafers are then permanently bonded together in a 
vacuum furnace at 650 °C for 6 hr. 

3.3.2 Sample preparation 

The multiplex PCR panel, including all primer sequences, was adapted from the 22-plex 
MassTag assay developed previously by Briese et al. [110].  All gene targets, primer sequences, 
and expected product fragment sizes are listed in Table 1.  Primer sequences were designed 
based on conserved genomic regions so that each pathogen species could be robustly detected.  
To ensure stringent multiplex assays, the primers chosen had been verified to have similar 
melting temperature with minimal cross-hybridization interactions [110]. To enable 
streptavidin/biotin-mediated capture and cleanup, the forward primers were fluorescently labeled 
at the 5’ end with FAM, TAMRA, or JOE, while the 5’-end of the reverse primers were 
functionalized with biotin (Integrated DNA Technologies, (IDT), Coralville, IA).  Each PCR mix 
was prepared to a volume of 25 µL, containing up to 8 µL of up to four different types of 
plasmid standards, 0.2 U of HotStarTaq DNA polymerase, 0.5 mM MgCl2, 0.5 mM dNTPs, 2.5 
µL of multiplex PCR buffer containing 6 mM MgCl2, pH 8.7 (Qiagen, Valencia, CA), 2.5 µL of 
Q-solution (Qiagen, Valencia, CA), additional 1.25 µL of multiplex master mix containing 
HotStarTaq, DNA polymerase, multiplex PCR buffer, and dNTP mix (Qiagen, Valencia, CA), 
and 0.2, 0.4, 0.8, and 0.8 µM (each) concentrations of the forward and reverse primers for 
influenza B, hMPV, CoV-OC43, and influenza A respectively.  The primer ratios and 
concentrations were optimized to give similar product yield for all targets at the same starting 
concentrations.  Standard plasmids containing gene target scripts prepared from either infected 
cells cultures or assembled synthetic polynucleotides were received from the Center for Infection 
and Immunity at the Mailman School of Public Health of Columbia University (New York, NY).  
The plasmid standards were diluted in 2.5 ng/µL human placenta DNA to block the DNA from 
adhering to microtube walls during sample preparation, and stored at -20 ˚C.   

For a one-step RT-PCR reaction, a 20 µL RT-PCR master mix is composed of 0.5 µL of 
OneStep RT-PCR enzyme mix containing Ominiscript Reverse Transcriptase, Sensiscript 
Reverse Transcriptase, and HotStarTaq DNA Polymerase (Qiagen), 5 µL of OneStep RT-PCR 
buffer containing 12.5 mM MgCl2 (Qiagen), 0.2 U of HotStarTaq DNA polymerase, 0.5 mM 
MgCl2, 0.5 mM dNTPs, 2.5 µL of multiplex PCR buffer containing 6 mM MgCl2, pH 8.7 
(Qiagen), 5 µL of Q-solution (Qiagen), and 10 units of RNase inhibitor (Promega, Madison, WI). 
To reduce the formation of secondary structure, the RNA template and primer mixture was 
prepared separately.  The 5 µL of mixture contains 2.5 µL of the RNA standards and 2.5 µL of 
0.5, 1.5, 2.5, and 0.5 µM (each) concentrations of the forward and reverse primers for influenza 
B, hMPV, CoV-OC43, and influenza A respectively. The primer-template mixture was heat-
denatured at 75 ºC for 5 min then immediately chilled on ice to allow for the primers to bind with 
the RNA templates.  Finally, the RT-PCR master mix was added to the primer-annealed 
templates to complete the preparation of the RT-PCR cocktail mix.  In vitro transcribed RNA 
standards, all diluted in 2.5 ng/µL yeast t-RNA (Sigma), were also obtained from Columbia 
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University. To prevent RNA degradation due to frequent freeze-thaw cycles and potential 
nuclease contamination, all RNA samples were aliquoted and stored at -80 ºC.  

3.3.3 Sizing ladder synthesis and preparation 

 Each amplicon fragment of the dsDNA ROX-labeled ladder was synthesized separately 
by PCR amplification of pUC19 vector (New England BioLabs, Ipswich, MA).  A singleplex 50 
µL reaction contains 90 ng of pUC19 vector, 0.2 µM of ROX-labeled forward and 0.2 µM of 
biotinylated reverse primers (Integrated DNA Technologies (IDT), Coralville, IA), and 45 µL of 
Platinum Taq Supermix (Invitrogen).  The primer sequences are listed in Table 2.  The 
thermocycling reaction is started with a 2 min hot start at 94 ºC, followed by 35 cycles of  
denaturing (30 sec at 94 ºC), annealing (30 sec at 55 ºC), and extending (1 min at 72 ºC).  The 
product amplicons were purified to remove salts, unreacted dNTPs and primers using the DNA 
Clean and Concentrator-500 Kit (Zymo Research, Orange, CA) and concentrated in 15 µL of 
water.  Each purified product was quantitated by florescence spectroscopy at 585 nm (Jasco FP 
750 spectrofluorometer, Jasco Inc., Maryland).  The 1 nM stock dsDNA ladder was prepared by 
combining equimolar quantities of all amplicons. 

3.3.4 Matrix synthesis 

The 5% linear polyacrylamide (LPA) gel with 6.15 M urea in 1x TTE (50 mM Tris, 50 
mM TAPS acid and 2 mM EDTA) was used as a seiving matrix for all separations.  The 
crosslinked polyacrylamide capture gel was prepared in situ by cophotopolymerizing a 19:1 
mixture of bis/acrylamide monomers with a 5’ acrydite-modified streptavidin capture probe.  
Following the previously developed protocol [103], a 500 µL solution was prepared from 5 % 
(v/v) bis-acrylamide (19:1, Bio-Rad, Hercules, CA), 8 M urea, 1x TTE, 2 µg/µL streptavidin-
acrylamide (Invitrogen), 0.0006 % riboflavin (w/v) and 0.125 % TEMED (v/v) in an opaque 2-
mL scintillation vial with Teflon closure (National Scientific, Rockwood, TN) [103].  This 
solution was used to form a 500 µm capture gel plug within the double-T junction in the 
dynamically coated microchannel as illustrated in Figure 3.2.  To prevent the monomer solution 
containing PCR and RT-PCR inhibitors such as EDTA and acrylamide monomers from 
contaminating the reactor, 8% LPA was first loaded from the coinjector into the channel 
separating the reactor from the capture and separation region (Figure 3.2, step 1).  The monomer 
solution was then introduced into the microchannels.  Using an inverted microscope equipped 
with a mercury arc lamp (Nikon) centered on 365-nm [55], the double-T junction was irradiated 
(10 mW/cm2) for 5 min, polymerizing the solution in this region.  After photopolymerization, 
unreacted monomer solution was removed and the microchannels were rinsed with deionized 
water (Figure 3.2, step 2). 
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Figure 3.1  A. Layout of the integrated microdevice.  Each doublet contains two analyses units sharing a common 
cathode and a common waste.  Each of the four analyzers is comprised of an RTD temperature sensor (green) and 
integrated heater (red and orange) for thermal cycling, a 100-nL PCR reaction chamber, etched structures for analyte 
capture and purification, and 10-cm long CE separation channels. The inset shows an expanded view of the reactors 
and the capture/purification structures.  B. The portable 12 x12 x10” rotary micro-capillary array electrophoresis 
(µCAE) instrument containing all necessary elements for microchip control and operation. 
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Table 3.1  Primer sequences for multiplex human respiratory virus detection 

Pathogen/  

Gene target 
Primer  Tm 

(°C) Sequence Size 
(bp) 

Influenza B/ 
Hemagglutinin 

protein (HA gene) 
BHA-U188  52 5’-FAM-AGA CCA GAG GGA AAC 

TAT GCC-3’ [130] 159 

 BHA-L347  54 5’-Biotin-CTG TCG TGC ATT ATA 
GGA AAG CA-3’ [130]  

hMPV/ 
Nucleocapsid 

protein (N gene) 
MPV01.2  52 5’-TAMRA-AAC CGT GTA CTA AGT 

GAT GCA CTC-3’ [131] 212 

 MPV02.2  60 5’-Biotin-CAT TGT TTG ACC GGC 
CCC ATA A-3’ [131]  

Human coronavirus 
OC 43/ 

Nucleocapsid 
protein (N gene) 

Co43-270F 55 5’-JOE-TGT GCC TAT TGC ACC 
AGG AGT-3’ [110] 238 

 Co43-508R 54 5’-Biotin-CCC GAT CGA CAA TGT 
CAG C-3’ [110]  

Influenza A/ Matrix 
protein (M gene) AM-U151  56 5’-FAM-CAT GGA ATG GCT AAA 

GAC AAG ACC-3’ [130] 246 

 AM-L397  55 5’-Biotin-AAG TGC ACC AGC AGA 
ATA ACT GAG-3’ [130]  
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Table 3.2  Primer sequences for ladder synthesis 

Fragment size (bp) Tm (°C) Sequence 

Forward 57 5’- ROX-TCG GTG ATG ACG GTG AAA ACC TC -3’ 

Reverse   

95 55 5’-Biotin-CTG ACG GGC TTG TCT GCT C-3’ 

120 57 5’-Biotin-ACC CGC CAA CAC CCG CTG-3’ 

140 57 5’-Biotin-ATA GTT AAG CCA GCC CCG ACA C-3’ 

160 55 5’-Biotin-ACA ATC TGC TCT GAT GCC GCA T-3’ 

172 56 5’-Biotin-TGC ACT CTC AGT ACA ATC TGC TCT-3’ 

215 57 5’-Biotin-TTT TCT CCT TAC GCA TCT GTG CGG-3’ 

225 56 5’-Biotin-TGA TGC GGT ATT TTC TCC TTA CGC-3’ 

250 56 5’-Biotin-CGC AGC CTG AAT GGC GAA TG-3’ 

275 58 5’-Biotin-CAC CGA TCG CCC TTC CCA AC-3’ 

300 56 5’-Biotin-GCT GGC GTA ATA GCG AAG AGG-3’ 

!
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Figure 3.2  Device preparation (1-3) and operation (4-6). To avoid contaminating the reactor, 5% linear 
polyacrylamide (LPA) gel (gray) is loaded into a coinjector prior to introducing the bis/acrylamide monomer 
solution (1).  A streptavidin-copolymerized 5% bis/acrylamide gel plug of 40 µm deep x 120 µm wide x 500 µm 
long is formed within the microchannel through in situ photopolymerization (2). The plug is sandwiched by 
separation matrix manually loaded from both anode and cathode (3).  The assay is begun by filling the reactor with 
PCR (or RT-PCR) cocktail, immediately followed by thermocycling (4).  After the amplification is completed, the 
sample is electrophoresed (red arrow) through the capture plug, where extended amplicons are captured (5). The 
captured dsDNA is dehybridized at 65!˚C, releasing the labeled ss-DNA for size-based separation at 300 V/cm. 

 

 

 



!
&"!

3.3.5 Microdevice preparation 

The Ti/Pt RTDs were calibrated following methods previously described [80].  To 
passivate the glass surface, all microchannels were first treated with 1M HCl for 15 min.  The 
channels were then rinsed with deionized water prior to treatment with 0.25% w/v polyDuramide 
dynamic coating solution [132].  After an hour, the dynamic coating solution was evacuated and 
the channels were rinsed with water and dried by vacuum.   

To prepare the microchip for a PCR-based assay, photopolymerized capture plugs were 
created following the protocol described previously.  A 0.5 x 2 cm piece of PDMS (0.25-inch 
thick, Bisco Silicones, Carol Stream, IL) with a 3 mm diameter opening was first placed over 
each access hole of the microdevice to serve as a longer reservoir preventing solution 
evaporation during the run. The separation matrix was then loaded from the anode to waste and 
from the cathode to the coinjection reservoir, sandwiching the capture plug previously 
synthesized (Figure 3.2, step 3).  The reactor wall was then passivated by in 1% w/v heat-
denatured bovine serum albumin (BSA) at room temperature for 10 min to prevent enzyme 
adherence during the reaction.  The reactor was thoroughly rinsed with nuclease-free water 
before the introduction of PCR solution. 

3.3.6 Microdevice operation 

Each reactor was filled by applying PCR (or RT-PCR) cocktail at the reactor inlet and 
applying vacuum briefly at the reactor outlet (Figure 3.2, step 4).  Immediately after the sample 
loading, a drop of 5% LPA was added at both ports to completely seal the reactor.  Amplification 
was initiated with a 10-min polymerase activation at 95 °C for 10 min, followed by 15 step-down 
cycles.  Each step-down cycle consists of a 10-sec denaturation step at 95 °C, a 20-sec annealing 
step starting at 65 °C with a reduction of 1 °C per cycle, and a 30-sec extension at 72 °C.  
Following the step-down process, the final cycle (annealing at 50 °C) was repeated for 35 cycles 
to complete the amplification.  The reaction concluded with a final extension at 72 °C for 5 min.  
The thermocycling protocol for the one-step RT-PCR is similar to that of the PCR with an 
additional step of cDNA synthesis at 42 °C for 20 min before the polymerase activation.  

To perform post-amplification sample cleanup and concentration, the sample was 
electrophoresed from the reactor to the waste at room temperature under an electric field of 25 
V/cm for 10 min (Figure 3.2, step 5).  While biotinylated dsDNA amplicons were retained by the 
streptavidin-copolymerized capture matrix, excess salts, dNTPs and unreacted forward primers 
were washed toward the waste.  Following thermal dehybridization of retained dsDNA products 
at 67 °C, the fluorescently labeled strands were directly injected into the separation channel at a 
separation potential of 300 V/cm between the cathode and the anode (Figure 3.2, step 6).  
Sample detection was performed using laser-induced fluorescence 1 cm from the anode.   

After gel and sample loading, the microchip was transferred to a portable detection 
instrument containing all electrical and detection interfaces for subsequent analysis steps.  After 
each run, the gels were pushed out with water.  The microchannels and reactors were cleaned 
with piranha (3:1 H2SO4: H2O2) at 65 °C for 10 min, followed by a 5 min water rinse.   
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3.3.7 Instrumentation and data processing 
 

The 12 x 12 x 8” portable µCAE instrument (Figure 3.1B) contains an optical system 
including a 488-nm diode laser (75 mW, Sapphire 488-75, Coherent, Santa Clara, CA), an 
objective and a four-color PMT (Hamamatsu H9797, Bridgewater, NJ) for fluorescence 
detection [74].  In addition, the device features pneumatic controls, electronics for temperature 
control, and four high voltage power supplies for CE. Thermal cycling is controlled through a 
LabVIEW program (National Instruments, Austin, TX) with a proportional/integral/differential 
(PID) module.  More detail on the instrument can be found at 
http://www.cchem.berkeley.edu/ramgrp/alpha/people/jim/index.html.  The fluorescence crosstalk 
was corrected using BaseFinder v.6.1 (Giddings Lab, University of North Carolina), and 
processed traces were quantitated using PeakFit v4. (Systat Software, Inc., San Jose, CA). 

3.4 Results and Discussion 

3.4.1 Microdevice and assay design  

The two-layer glass-glass construction of the microdevice is designed for simple 
operation and automation.  The doublet structure with common cathode, waste, and anode 
structures is employed to reduce the number of access holes, minimizing the number of electrical 
connections during electrophoresis and facilitating easier and faster gel loading.  Unlike other 
four-layer integrated PCR-based microdevices previously developed, this microdevice contains 
no removable PDMS-glass microvalves or pumps.  The reactors are sealed by simply adding 
~500 µL of a viscous 5% LPA gel over the reactor inlets and outlets.  To prevent the reaction 
cocktail from leaking out of the reactor during thermocycling, excess (~500 µL) 5% LPA gel is 
added to the coinjectors.  The absence of PDMS microvalves vastly simplifies chip preparation 
and operation.  By not having to apply an active pressure to seal the microvalves, the potential 
for air leakage through the porous PDMS membrane, and thus, the danger of purging nL-scale 
PCR solution out of the reactor during thermocycling, is eliminated.    

Furthermore, the sequence-independent streptavidin/biotin-mediated capture process 
employed here provides a universal target capture technique applicable to a variety of multiplex 
assays. In contrast to the oligonucleotide-affinity capture format employed in previous work [54, 
55], streptavidin/biotin-based capture eliminates complications in designing sequence-specific 
capture probes with similar thermodynamic properties, as well as the tedious process of 
optimizing capture conditions (all targets are captured at room temperature).  Because of the 
denaturing condition introduced by the addition of the 6.15 M urea in both capture and 
separation matrix, full-strand dehybridization and release can be performed at a moderate 
temperature of 67 °C.  As a result, a potential for failed electrophoresis due to the acrylamide gel 
breakdown is avoided [133]. In addition, the long11-cm separation channel design requires 
folding to accommodate the entire lane on a four-inch water; however, the use of hyperturns 
minimizes the effects of zone dispersion [90]. 
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3.4.2 Multiplex amplification 

A multiplex amplification of gene targets for influenza A, influenza B, hMPV, and 
coronavirus was carried out on the integrated microdevice using plasmid standards.  Each 
standard contains a single viral gene target.  In the multiplex PCR experiments, each target was 
amplified from 100 copies of each plasmid standard.  The higher annealing temperature during 
the initial step-down process promotes assay specificity by ensuring that the primers only 
hybridize to their complementary DNA target [134].  A high level of PCR discrimination is 
crucial in pathogen detection assays because the pathogenic target templates are present in much 
lower abundance than the ubiquitous host genomic background.  Any amount of mispriming 
could generate spurious smaller products that would be preferentially amplified in the subsequent 
rounds of PCR.  Due to the exponential nature of PCR amplifications, an n-degree error in the 
selected Tm produces a 4n-fold error in product specificity [134].  For this reason, a step-down 
PCR scheme was employed here using 15 step-down PCR cycles and 35 regular PCR cycles.  
Once the correct target is selected during the initial step-down process, regular thermocycling at 
the lowest annealing temperature can be used to increase the PCR yield of the now dominant 
correct target.  Because a total of 50 cycles were performed, additional amounts of Taq DNA 
polymerase, enzyme-stabilizing MgCl2, and dNTPs were added to ensure that the reaction went 
to completion and was not enzyme-limited.  

The effects of BSA passivation on the PCR efficiency and robustness were examined by 
performing amplifications in non-passivated and BSA-passivated microreactors.  As seen from 
Figure 3.3A, variations in the PCR yields indicated by the S/N ratios are observed when the 
reaction was performed in a bare, untreated reactor (n = 3) using 100 copies of each targets.  The 
effect is more adverse for larger fragments as noticed by the declining product yields as a 
function of amplicon sizes.  In contrast, all four products obtained from initial 100 copies/target 
were generated in comparable and greater amount (n = 3), when the reaction was performed in 
BSA-coated reactor.  These results confirm that BSA passivation helps increase reaction yield by 
occupying sites on the glass reactor wall and preventing the polymerase from adhering [135].  
The effect is more obvious for the larger, more problematic fragment amplicons. 

The electropherograms in Figure 3.3B show representative 4-plex amplifications in both 
of the scenarios described.  Products generated from influenza B, hMPV, coronavirus, and 
influenza A plasmids were 159-bp FAM-labeled, 212-TAMRA-labeled, 238-bp JOE-labeled, 
and 246-bp FAM labeled dsDNA amplicons respectively.  In trace (a), when the PCR was 
performed in a non-passivated reactor, the products are biased towards smaller fragments based 
on peak heights.  However, all products were generated in approximately equal yield when the 
reactor wall was coated with BSA, as illustrated in trace (b).  A negative control of 0 copies of 
template shown in trace (c) verifies the absence of carry-over from run to run. In trace (d), the 
ROX-labeled DNA ladder is captured and injected in a similar fashion served as a sizing 
reference.  The average resolution/base between 95-300 base of the ladder is 0.26 ± 0.08.  
Successful amplification and detection of the four viral targets using both size-based separation 
and four-color spectral discrimination demonstrate the powerful capability of the microsystem, 
that is readily extendable for higher order multiplex assays. 
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3.4.3 Determination of assay sensitivity 

To determine the sensitivity of the microdevice for each virus in the multiplex panel, 
each individual plasmid was amplified separately in the presence of all primer pairs included in 
the panel.  Representative electropherograms in Figure 3.4A show successful and selective 
amplifications of all standards from 100 copies each in the 100-nL reactor chamber with 15 step-
down and 35 regular cycles.  The detection limit of the system was determined in a similar 
fashion by amplifying each of the four templates in serial dilution of 100, 50, and 10 copies.  The 
average signal-to-noise ratios (S/N) are plotted Figure 3.4B.  A linear increase of S/N for all 
targets indicates that the amplifications are performed in the exponential phase [105, 107]. The 
system demonstrates high sensitivity with S/N > 10 for 10 copies (n = 3) of all viruses.  The 
detection limits of influenza A, hMPV, coronavirus, and influenza A obtained by extrapolation 
of the linear regression for S/N = 3 are 0.65, 0.63, 0.60, and 0.66, respectively.  In addition, the 
four templates exhibit comparable S/N for each starting concentration: the standard deviation 
was 26% for 100 copies, 13% for 50 copies, and 6% for 10 copies.  This indicates that similar 
amplification efficiency was achieved for all targets at the optimized primer concentration ratios. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



!
&&!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3  On-chip multiplex PCR analysis of influenza B, human metapneumovirus (hMPV), coronavirus, and 
influenza.  A. Bar graph represents the effects of BSA passivation on reaction yield.  B. Representative 
electropherograms of multiplex PCR products obtained from an uncoated reactor (a) and BSA-coated reactor (b) 
confirm the necessity of passivation against protein adsorption.  A negative control containing no plasmid template 
is shown in trace (c). A custom-made ROX-labeled fragment sizing reference is captured and injected separately and 
is shown in trace (d).  
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Figure 3.4  Assay specificity and sensitivity determination using the integrated microdevice.  (A) Representative 
electropherograms shows that each plasmid standard (100 copies each) exclusively generates the correct product in 
the presence of all the four primer pairs. (B) Sensitivity determination for all targets.  Standard plasmid for influenza 
B, human metapneumovirus, coronavirus, and influenza A are amplified at 100, 50, 10, and 0 copies/reactor (n=3 
for each data point). The S/N ratios for each of the four products at three starting template concentrations are shown 
(S/N > 10 for the lowest initial copies of 10). 
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3.4.4 Demonstration of multiplex analysis from RNA samples 

Because many respiratory viruses have RNA genomes, the capability of the microdevice 
to analyze RNA samples is crucial.  To this end, multiplex RT-PCR amplifications using in vitro 
transcribed RNA standards were investigated.  Specially, the co-amplification of influenza B and 
hMPV was explored as a model for co-infection.  In the presence of all four primers, 104 
copies/reactor (each) of influenza B and hMPV RNA templates were reverse-transcribed at 42 
°C for 20 min. The cDNA generated was amplified in the same reaction using the same step-
down PCR conditions previously discussed.  The electropherogram in Figure 3.5A (trace (a)) 
shows both the 159 nt FAM-labeled and 212-nt TAMRA-labeled peaks demonstrating, 
successful detection of both influenza B and hMPV RNA targets, respectively.  From trace (a), it 
was noted that hMPV amplified at a lower efficiency than influenza B.  It is, however, unlikely 
that the observed disparity is due to competition between the two reactions because the same 
pattern of peak heights for each product were obtained when each of the two templates was 
reverse-transcribed and amplified separately under the same conditions (traces (b) and (c) in 
Figure 3.5A).  Even though decreasing the primer concentration for influenza B does help 
balance the product peaks, lower primer concentrations result in lower assay sensitivity (data not 
shown).  A negative RT-PCR control containing no templates is shown in trace (d), verifying the 
absence of cross-contamination.  Compared to product PCR peaks in Figure 3.4A, the RT-PCR 
products obtained here, even from higher initial templates concentrations, were generated at 
lower yields. 

The sensitivity of the assay in detecting influenza B and hMPV was determined by 
performing RT-PCR on serially diluted influenza B and hMPV RNA standards at 50, 100, 1000, 
and 10,000 copies/reactor.  Each standard was reverse-transcribed and amplified separately in the 
presence of all four primer pairs.  The plot in Figure 3.5B shows a comparison of S/N for the 
amplified products over the full range of starting templates at concentrations (n =3). While 
influenza B can be detected at 50 copies, hMPV can only be detected down to 100 copies (with 
S/N > 5).  The limits of detection for influenza B and hMPV obtained from the extrapolation of 
the linear regression at S/N = 3 are 4.8 and 167 copies respectively.  The 2-10 fold lower in 
sensitivity obtained from the RNA samples compared to their DNA counterparts has been 
previously observed by Briese et al. in a similar multiplex amplification study [110].  This higher 
limit of detection for RNA samples can be attributed to the lower stability of extracted RNA 
standards compared to the DNA plasmids [3], as well as the complexity of the multiplex one-step 
RT-PCR assay.  In contrast to a regular RT reaction, in which random hexamers are used to 
reverse-transcribed RNA into cDNA regardless of its sequence, a one-step RT-PCR reaction 
requires the use of a gene-specific primer to bind to a specific site of an RNA template.  For a 
multiplex one-step RT-PCR where more than one virus-specific RT primer is present, the 
optimal choice of RT conditions can rapidly become more difficult [16].  Nevertheless, the 
results obtained here demonstrate the ability of the microdevice to process RNA samples, which 
opens the door to many other RNA-based applications such as detection and genotyping of other 
viruses, HIV viral load testing, and gene expression studies. 
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Figure 3.5  A. On-chip detection of a sample containing a co-infection of influenza B and hMPV, model using in 
vitro transcribed RNA standards and performed using one-step RT-PCR.  Representative electropherograms 
showing both product peaks amplified correctly from RNA standards of 104 copies each (a).  Electropherograms of 
influenza B and hMPV amplified separately are shown in trace (b) and (c) respectively.  Trace (d) is a negative 
control containing no RNA template. B. Sensitivity study showing a plot between S/N of the product peaks over a 
range of initial RNA template concentrations for both targets. 
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3.5 Conclusions 

We have developed a new user-friendly two-layer integrated PCR-CE microdevice for 
rapid multiplex detection of influenza B, hMPV, coronavirus, and influenza A. We have 
simplified the post-amplification process by employing streptavidin/biotin-mediated capture 
technique to enable simultaneous capture of multiple targets.  Coupled with the automated 
portable genetic analysis instrument, the amplification, product cleanup/concentration, and CE 
analysis were streamlined to be completed within 2 hours with a limit of detection below 10 
copies for all targets.  The capability of the microdevice to perform multiplex one-step RT-PCR 
was also demonstrated with limit of detection of 50 copies for influenza B and 100 copies for 
hMPV.  This novel integrated microdevice serves as a platform for robust, automated, high-
throughput and sensitive nucleic acid detection system, suitable for point-of-care diagnostics.  
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4.1 Summary 

The technologies presented in the previous chapters provide incremental yet significant 
advancements toward a fully integrated viral detection microdevice with superior performance, 
flexibility and minimal operation intricacy.  The final remaining challenge, especially for 
molecular diagnostics applications, is the integration of pre-amplification sample treatment to 
extract and preconcentrate the nucleic acids of interest from ubiquitous host genomic 
backgrounds.  In this chapter, I propose a fully integrated and automated microchip prototype 
that integrates nucleic acid extraction, amplification, purification, and analysis units onto a single 
platform.  Issues regarding selective template capture, automated sample processing, and the 
feasibility for onsite testing will be addressed.  The stand-alone system proposed here is also 
ideal for onsite HIV RNA quantitation, one of many highly demanded point-of-care molecular 
diagnostic assays. 
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4.2 Fully Integrated Microchip in Practice 

Nucleic acid amplification (NAA) techniques have revolutionized the world of molecular 
diagnostics by enabling fast and ultra-sensitive methods for detecting and identifying infectious 
pathogens [115].  Through advancements in µTAS, miniaturized PCR-based systems coupled 
with post-amplification analysis units (CE [54, 55, 66, 68, 74, 127], microarray [136, 137], and 
immunoassay [138], for example) have allowed small volumes of sample to be analyzed rapidly 
and with minimal sample loss, contamination, and time.  However, the uptake and the 
implementation of miniaturized PCR-based devices by the diagnostic market have been slow due 
to the lack of standardized processing and data analysis protocols compared to current 
conventional techniques [125].  Furthermore, the overall sensitivity of the chip-based assays is, 
in practice, sacrificed when only a small fraction (nL-scale) of a more macroscale (usually µL or 
mL) sample can be transferred into the miniaturized platform.  For example, only one in 250 

nucleic acid templates is amplified and analyzed when a sample prepared in 25-µL PCR cocktail 
is loaded onto a 100-nL microreactor.  This problem, in spite of high sensitivity afforded by the 
microdevice, can lead to false negative results for clinical samples containing small amount of 
infectious agents.  To address this bottleneck limitation, a microdevice must be able to capture 
and concentrate all templates suspended in the bulk solution into a confined dimension of the 
microchip prior to further analysis. 

Here, I propose an integrated microdevice that combines nucleic acid isolation from 
crude sample, amplification via PCR or RT-PCR, post amplification purification, and 
quantitative analysis of product amplicons for viral detection. The only initial off-chip sample 
treatment is the addition of proteinase K to release viral RNA.  Sample containing released RNA 
is then loaded onto the microdevice for solid-phase RNA extraction and concentration prior to 
amplification. Upon reaction completion, amplified product is immediately captured via gel-
phase streptavidin/biotin affinity before being thermally released and injected for capillary 
electrophoresis.!!The overall workflow is outlined in Figure 4.1.  The basic principle of the 
nucleic acid extraction and preconcentration process relies on the specific binding affinity 
between pathogen genomic materials and oligonucleotide capture probes immobilized on 
magnetic beads.  As illustrated in Figure 4.2, the functionalized beads can be prepared by 
attaching 5’-biotinylated capture oligonucleotides to commercially available streptavidin-coated 
magnetic beads.  The probe-bead duplex is then loaded into the microchip and held in place by 
an external magnet.  By incubating at a stringent hybridization temperature, only the target of 
interest is captured.  Reaction inhibitors (hemoglobin, herapin, and various unknown substances 
[139]) and host genomic background materials are removed through hydrodynamic washing. 
Multiple capture probes targeting different types of pathogens can be designed to facilitate 
multiplex assays.  Furthermore, the assay specificity can be enhanced using multiple probes 
targeting various segments of a single pathogen genome. 
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Figure 4.1 Workflow diagram depicting the sequence of the microchip-based viral detection assay.  After genomic 
materials are chemically released in bulk solution, the crude sample is processed by the microsystem.  With the 
integrated microchip, pathogen nucleic acid is extracted and concentrated prior to being amplified, concentrated, and 
analyzed.  Real-time electropherograms are obtained using the portable analysis instrument. 
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Figure 4.2 Schematic of the template capture process. Only template with sequence complementary to the probe is 
retained on the magnetically immobilized beads.  All target templates suspending in bulk solution are captured and 
concentrated.  Through a hydrodynamic wash, PCR inhibitors and host genomic materials are removed, leaving only 
the templates of interest. 
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In addition to the integrative process described above, the microdevice is designed to 
facilitate a simple and highly automated operation procedure for applications in low-resource 
settings where access to expensive instruments, specialized facilities, and trained operators is 
limited.  The proposed eight-unit glass/PDMS/glass/glass microdevice shown in Figure 4.3A will 
be fabricated from 100-mm glass wafers and a thin PDMS membrane.  The eight units are 
arrayed radially around a common anode and divided into four doublets.  Each unit consists of a 
viral genomic material capture structure, a 100-nL PCR chamber with a Ti/Pt integrated heater 
and a resistive temperature detector (RTD), a co-injection structure, a capture gel-based inline 
injector, and a 10-cm-long CE separation channel.  Because of the radial symmetry of the 
processing units, the microdevice is readily compatible with our existing portable 12 x12 x10” 
rotary laser-induced fluorescence detection system, capable of driving PCR reaction, and 
generating the potential for capillary electrophoresis.  The microchip is designed for minimal 
operational complexity.  All sample processing and analysis steps are programmed and 
automated as detailed below. 

A schematic operation procedure for this microdevice is illustrated in Figure 4.3B.  First, 
sample (plasma, for example), wash buffer, and RT-PCR cocktail containing enzymes, primers 
dNTP’s and buffer are pipetted into designated reservoirs on the microdevice (step 1). The 
sample is loaded by an integrated computer-controlled micropump into a reactor containing 
prepacked oligonucleotide-functionalized capture beads (step 2).  Because 100% of the viral 
RNA (or DNA) of interest is captured, the more plasma is loaded, the more sensitive the assay is. 
Furthermore, since only 100 nL of volume are required to make each extraction bed and RT-PCR 
reactor, the high cost associated with consumables is significantly reduced.  After the viral RNA 
is captured and preconcentrated on the bead surface via hybridization, wash buffer is pumped 
through the reactor, followed by the loading of RT-PCR cocktail (step 3) and the sealing of the 
reactor by closing microvalves.  Because of the automated washing step, any PCR inhibiting 
agents in the crude sample are removed, thus ensuring a clean condition for the subsequent 
sensitive RT-PCR assay.  Reverse transcription and amplifications are conducted in the same 
reactor using an appropriate one-step RTPCR protocol similar to those previously described (step 
4).  Once amplified, the biotinylated and fluorescently labeled amplicons are electrophoresed 
through a streptavidin-modified capture plug for post-amplification concentration, while 
unbound materials pass through.  Sizing standard is loaded and captured in a similar 
electrophoretic process (step 5).  Lastly, the sample is thermally dehybridized and directly 
injected into the separation channel for capillary electrophoresis (step 6).   As a result of the 
sample-in answer-out format enabled by this integrative technology, the proposed platform 
should be able detect pathogen down to a few or even a single copy within less than 2-3 hours, 
making it a highly powerful diagnostic platform. 
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Figure 4.3 A. Layout of the eight-unit device for fully-integrated pathogen analysis directly from biological 
samples.  The device features microvalves and pumps for automated sample processing, microbead-packed reactors 
for RNA extraction and amplification, an inline injector system for post-amplification clean up and amplicon 
preconcentration, and size-based separation for sample analysis.  The inset is the expanded view of one analyzing 
unit.  B. Schematic detail of device operation. Plasma sample, wash buffer, and RT-PCR cocktail are loaded into 
dedicated reservoirs (1). The plasma sample is pumped through the reactor, where RNA is captured and isolated by 
the immobilized bead bed (2). The RNA is purified by pumping the wash buffer through the reactor (3). The RT-
PCR cocktail is loaded and thermocycling reactions occur (4). The amplicons are then electrophoresed through and 
captured into a tight band (5) prior to thermal release and injection (6). 
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4.3 Application: Point-of-Care Quantitative HIV Viral Load Testing 

AIDS/HIV is the fourth leading cause of mortality worldwide, claiming 2.9 million 
deaths annually, 500,000-800,000 of which are children [140]. The disease has the most severe 
impact in Africa, presenting as the single leading causes of deaths [140, 141].  Even though 
antiretroviral drugs (ARV) and highly active antiretroviral therapy (HAART) have become 
increasingly accessible in resource-limited settings like sub-Saharan Africa [142], the delivery of 
prompt and appropriate treatment presents some challenges due to the lack of accurate, sensitive 
and simple HIV monitoring tools that can be implemented in such environments [143].  Despite 
the variety of techniques available for measuring HIV viral load, only three techniques are FDA-
approved for use in disease prognosis, antiviral therapy assessment and case management [144].  
Each of these assays determine plasma HIV RNA concentration, which is correlated with the 
level of p24 antigenemia, and decreasing CD4+ counts, and therefore disease progression and 
prognosis [145-147].!!One of the most common methods used in developed countries is RT-PCR.  
The test provides a quantitative measurement of RNA levels with a wide dynamic range of 400-
750,000 copies/mL in standard assay and 50-100,000 copies/mL in ultrasensitive formats 
(AMPLICOR HIV-1 MONITOR, Roche) [146].!!Two other commercial methods include 
quantitative nucleic acid sequence-based amplification (Q-NASBA, Organon Teknika) with a 
dynamic range of 176-3,470,000 copies/mL, and signal amplification by branched-DNA assay 
(QUANTIPLEX, Chiron) with a dynamic range of 50-500,000 copies/mL [145].   

These tests, while being accurate and commercially available, are not widely applicable 
in resource-limited settings because they require expensive instruments, specialized facilities, 
trained operators and a lengthy and cumbersome nucleic acid isolation process.  For example, in 
addition to being treated with an anticoagulant such as sodium EDTA or acid citrate dextrose 
(ACD), and extracted using a lysis buffer, HIV-containing plasma must be precipitated in 
isopropanol and recovered by centrifugation prior to analysis by conventional RT-PCR.  
Degradation and contamination is another serious issue causing inaccurate viral load 
determination, especially for RT-PCR, in which RNA is typically isolated from unpurified 
lysate.  Moreover, depending on sample collection, storage, and processing methods, different 
protocols can lead to significantly varied results, making the assay less reliable and difficult to 
standardize [145].  As for NASBA assay, three synthetic internal RNA controls and four separate 
hybridization reactions are required, making the assay cumbersome [148].  Lastly, while the 
branch-DNA assay is less labor intensive, the process is length, requiring overnight. 

The microdevice proposed have addressed the complications associated with sensitive 
biomolecular assays, particularly RT-PCR, by integrating and automating RNA isolation from 
crude plasma, amplification via RT-PCR, post amplification purification, and analysis of product 
amplicons.  Quantitative analysis of the RNA viral load can be determined from the amount of 
amplified products, as represented by the intensity of the amplicons in the RT-PCR 
electropherogram.  Because quantitative sample detection can be achieved via the total template 
isolation and inline capture-injection systems, the electropherogram intensities precisely reflect 
the total amount of RNA presented in the original sample.!!This value is calculated by linear 
regression using a calibration curve correlating fluorescent signal with standard amounts of 
starting viral particles amplified on-chip.  Based on the input plasma volume, the HIV RNA 
concentration is determined in terms of copies/mL.  Based on the previously reported limit of 
detection of similar microfluidic PCR-CE systems in the range of 1-10 copies/reactor [55, 68, 
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97], the proposed microfluidic platform will undoubtedly be able to concentrate and detect 
nucleic acids from 10 mL of plasma containing 50-100 HIV RNA copies, meeting the lower 
limit requirement of 500-1000 HIV copies/mL.  In order to ensure that the microsystem is 
capable of measuring HIV RNA in the desired range of 6 logs (up to 106 copies/mL), the sample 
can be serially diluted by factors of 10 and processed in parallel.  Because of the redundancy of 
analyzing units in the microdevice, multiple replicates can be performed simultaneously for each 
sample to, either for this purpose or for variation analysis.   

To further address the accuracy and reliability of our system, the correlation between the 
standard HIV-1 MONITOR Test and our integrated method can be determined by comparing the 
log10 calculated RNA concentrations for positive specimens processed by both methods.  In 
addition to using an external standard for quantitation, a known concentration of construct RNA, 
included in HIV-1 MONITOR Test can also be added to the sample prior to RNA extraction as 
an internal quantitative standard (QS).  Similar to the commercial technique, the added QS can 
be independently co-amplified along with the target RNA, providing information about the 
amount of starting HIV RNA.  Differences in RNA isolation efficiency, as well as any variations 
in the amplification process (including the presence of inhibitors, fluctuations in temperature 
during thermocycling, or inconsistent reagent loading), are taken into account and normalized, 
yielding accurate quantitation for each specimen.  HIV copy number is calculated based on the 
signal ratio of HIV to QS products and an independent calibration curve. !

For practice in low-resource settings outside the laboratory, all microchip preparation 
steps including capture plug formation, gel loading, and bead packing can be performed ahead of 
time.  A ready-to-run chip can be packaged in a hermetically sealed case, similar to the 
commercial Flash Gel system, to prevent dehydration and contamination before being 
transported to the testing site.  Because the entire operation process is integrated onto a single 
platform, only the microdevice and a suitcase-sized portable system containing vacuum, pump 
and premixed RTPCR cocktail are needed.  Except for the manual addition of the plasma sample 
and reagents into the microchip reservoir, the entire operation procedure is automated.  Due to 
the compact design of the 4-inch microdevice, multiple microchips can easily be prepared and 
brought to the site without additionally hassling the operator.  Ultimately, fabrication of such 
microdevices on plastic chips will aid in reducing the cost, thereby increasing the accessibility, 
of the assay.  This technology for HIV load testing has also been proposed to the Center for 
Point-of-Care Diagnostic, and the proposal is in the final review after passing through the pre-
proposal stage. 
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4.4 Conclusions 

Urged by the rapid emergence of virulent pathogens, the alarming rates of transmission as 
well as the extent of their severity, numerous efforts have been put into improving the speed, 
sensitivity and throughput of molecular diagnostic tools for early pathogen detection.  
Miniaturization technology is being realized as one of the most high impact approaches as it 
offers all of these advantages through integration and automation.  The fully integrated 
microsystem described here represents the full potential of combining sequence-specific nucleic 
acid extraction, target amplification, sample cleanup, and analysis as a solution for point-of-care 
diagnostics.  The proposed technology addresses challenges regarding template loss during bulk-
to-chip sample transfers, as well as the processing of crude, complex biological specimen in low-
resource settings.  Many assertive steps beyond merely shrinking and assembling each functional 
part have been taken to ensure that the integrated device can function seamlessly as a whole.  
The technology provided in this dissertation serves as a solid starting point for future 
microsystems linking qualitative pathological and epidemiological questions to measurable and 
quantitative genetically based answers.  
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