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Populärvetenskaplig
sammanfattning

Infektionssjukdomar utgör ett allvarligt hot mot den globala hälsan. Molekylär
diagnostik erbjuder lösningar för effektiv kontroll och förebyggning av dessa sjuk-
domar. Metoderna lider dock av dyra laboratorie protokoll och infrastrukturer som
är ett hinder för implementering i Point-of-Care (POC), framörallt i omgivningar
med låga resurser. Lab-on-Chips (LOC) som siktar på att reducera tid och kostnad
för bio/kemiska analyser genom att reducera prov-volymer och ökad automatisering
är lovande lösningar för POC. En stor utmaning i LOC forsking är integrationen
av ett helt analysprotokoll som generellt resulterar i att sysmtemen blir komplexa
med mikrofluidiska stukturer och tillverkningsteknik som blir för dyra i slutän-
dan. Den här doktorsavhandlingen utforskar användandet av flexibel elektronik,
plast folier och roll-to-roll tillverkning för att möjligjöra mikrofluidiska system för
molekylärbiologiska analys, särskillt riktade mot infektions sjukdomar. Maenga
biokemiska assays är beroende av värme; således en första aspekt i den här dok-
torsavhandlingen är integration av en mikrovärmare i en mikroskalig kanal. I ett
första projekt presenteras ett system för detektion av punkt mutationer, så kallade
SNP. Metoden bygger på att smälta dubbelsträngad DNA genom att dynamiskt
värma mikrochipet och följa smältnings processen över tiden för att urskilja en-
skillda punktmutationer. Med start i ett glass baserat koncept utveklas systemet
vidare till ett billigare plast folie-baserat system. Vidare utvecklades tillverknings
metoden för att kunna tillverkas via roll-to-roll metoden och multiplexning av DNA
markörer. Ett system för sub-typing och multiresistens detektion av Staphylococ-
cus Aureus i kliniska prover för applikation inom infektionsukdomar uppvisas. Till
slut utvecklas systemet vidare för mikroPCR. Detektion av genomiskt HIV-1 up-
pvisas och ett portabelt system som använder en LED och en CMOS kamera för
detektions utvecklas. En andra aspekt av integration av funktionaliteter i denna
avhandling är integration av ljuskälla och optisk detektion. Ett multilager sys-
tem med integrerad electroluminescent ljus källa, reaktiva sensor färgämnen och
orkanisk halvledar transistor för detektion uppvisas. Systemet skulle kunna an-
vändas för att mäta olika analyter i gaser. I en vidare förbättring av systemet
gjordes det ännu mera roll-to-roll tillverknings kompatibelt. Systemet använder
en extern LED ljuskälla och fotodetektorn tillverkades i bara ett screen-tryck och
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ett dispenserings steg. För ett proof-of-principle uppvisas absorbans-baserad DNA
hybridizering. De utvecklade roll-to-roll tillverknings kompatibla “lab-on-foil” sys-
temen är potentiella lösningar för att vi ska kunna ställa en diagos i närheten av
patienten, framför allt i omgivningar med låga resurser.
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Abstract

Infectious diseases pose a serious threat to global health. Molecular di-
agnostics provide solutions for effective control and prevention of infections,
however suffers from expensive laboratory equipment, complex protocols, and
infrastructure to be fully implemented at point of care (POC), especially at
low-resource settings. Lab-on-a-chip (LOC) that aims to integrate complex
biochemical analyses into automated systems is promising for POC analy-
sis. A major challenge is however the integration of a complete molecular
diagnostic assay, generally translating into complex microfluidics, with the
requirement of low fabrication cost. This thesis explores the use of flexi-
ble electronics, plastic foils and roll-to-roll manufacturing to enable low-cost
microfluidic systems of highly integrated functionality, for molecular diagnos-
tic assays especially targeted towards infectious diseases. Many biochemical
assays rely on heat; hence a first aspect in this thesis is the integration of a
microheater into microfluidics. In a first project a system for SNP-genotyping
is presented using solid phase melting curve analysis to discriminate muta-
tions at a single base resolution. Starting with a glass based concept (paper
I) which is further developed to a foil based system (paper II), detection of
the polymorphism in the neuropeptide Y associated with increased risk of
type II diabetes is demonstrated as a proof of principle. Further development
and optimization of the microheater concept has enabled roll-to-roll manu-
facturing compatibility and multiplexing of targets (paper III). A bacterial
sub-typing and multiresistance detection in clinical Staphylococcus Aureus
samples is demonstrated for applications in infectious diseases diagnostics.
Finally, the microheater concept is further developed to enable µPCR (paper
IV). Detection of genomic HIV-1 is demonstrated and a portable detection
setup based on an LED as light source and low cost CMOS camera for detec-
tion was developed. A second aspect of this thesis is the integration of light
sources and optical detection (paper V-VI). A multilayer system integrating
an electroluminescent light source, reactive sensor dyes and organic semicon-
ductor transistor for detection is demonstrated. The system could be used
for amine detection in gases (paper V). In an optimized version, the system
was made further roll-to-roll compatible. The system uses an external LED
light source and a photodetector processed in only one screen printing- and
one dispensing step (paper VI). As a proof of principle, absorbance based
DNA hybridization was detected. Collectively, these roll-to-roll manufactur-
ing compatible “lab on foil” systems have the potential to improve our ability
to diagnose at POC – especially at resource-limited settings.

Keywords: Lab-on-Chip, molecular diagnostics, point of care, flexible elec-
tronics, infectious disease, SNP, genotyping, Roll-to-roll, microfluidics, mi-
croPCR, Organic semiconductor, Lab-on-Foil
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Chapter 1

Introduction to infectious disease

Throughout history, infectious diseases have had significant influence on human
population, culture, politics and trade. Traces thereof can be found in ancient
description of for example smallpox and tuberculosis or the more contemporary
Spanish flu pandemic in 1918-20 and the HIV outbreak in the 1980-ies. Molecular
diagnostics offer earlier and more accurate diagnosis of infectious disease agents
offering potentially more effective infectious disease control and prevention. How-
ever, depending on complex laboratory protocols and advanced laboratory infras-
tructure, they cannot be sufficiently implemented in clinical use. This chapter gives
a brief global perspective of the prevalence of infectious disease, its burdens and
some current strategies on how to control and prevent them. Further it briefly
overviews emerging and re-emerging infectious diseases, factors affecting them and
some perspectives for the future. An important factor in infectious disease control
and prevention is the ability to accurately be able to detect the pathogen to en-
able targeted treatment of the patient. Bringing the diagnosis closer to the patient
potentially saves time and cost of analysis. A brief introduction to state-of-the art
POC diagnostics technologies will be given.

1.1 The global burden

Recent discoveries tie 1407 pathogenic species e.g., viruses, bacteria, fungi, proto-
zoa, and helminths to the etiology of infectious disease in humans. [1] Of these,
about 20 were responsible for 2/3 of the 13 million deaths worldwide caused by
infectious disease in 2010. [2] Infectious disease are one of the main global health
concerns of the 21st century. [3] In the rapidly changing globalized world, infec-
tious agents can travel fast across populations and borders, constituting a threat
of concern for both low, middle- and high-income countries. Figure 1.1 shows the
distribution of 2797 global health hazards, reported from countries worldwide to
the WHO between January 2001 and September 2013 (unpublished WHO data). [2]
As global health hazards, events with potential to cross country borders and threat
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2 CHAPTER 1. INTRODUCTION TO INFECTIOUS DISEASE

Figure 1.1: To the WHO reported health hazards by type and country in the period
of January 2001-September 2013. (Reprinted with permission from Dye et al. [2])

people worldwide such as toxic biological or chemical accidents, infectious disease
outbreaks, nuclear accidents and environmental disasters are considered. Of all re-
ported health hazards, 84 % were due to infectious disease outbreaks. As Figure 1.1
shows, the outbreaks were highly concentrated in low-resource settings, particularly
in sub-Saharan Africa. Generally, infectious diseases have different impact on the
affected population depending on access to health care and social security infras-
tructure. In low resource settings, in which such supporting factors generally are
scarce, infectious diseases often have a more direct impact on the individual. For
example, through causing long term illnesses, induce further co-infections and lead
to aggravated poverty. [4] Apart from physical restraints leading to inability to work
or reduced school attendance, with associated loss of economic opportunities, the
infected individual often experience social stigma which can lead to isolation from
the community and cause infected people and their family members to hide their
disease status and not seek medical attendance. [5, 6] Despite improvements in in-
fectious disease prevention and control, infectious diseases are by 2030 predicted to
cause a substantial part of DALYs (Disability-Adjusted Life-Years) in low-income
countries. [7] Additionally, the prevalence of non-communicable diseases are ex-
pected to increase in these countries, implying a double burden of disease in these
areas. [8, 9]

In contrast, in high-resource settings, generally supported by well-developed so-
cial security systems, parts of the infectious disease burden for the individual is
carried by the health care system. One of the major infectious disease problems of
concern in Europe is hospital-associated infections (HAI). [10]About 7 patients in
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100 acquire a HAI during a hospital stay in high-income countries (2-3 times higher
incidence in low- and middle income countries). [11] In Europe, an estimated 4 100
000 patients per year acquire HAI’s, causing 16 million days of extra hospital stay,
37 000 direct deaths, and an additional 110 000 indirect deaths. [11] The associated
cost of these HAI’s is an annual 7€ billion, considering direct costs only. As an
example, one of the main HAI pathogens, MRSA (Multiresistant Staphylococcus
Aureus) has an incidence in Germany of about 132 000 cases per year. [12] The
overall MRSA attributed cost was calculated to 8.700 €/case in a German univer-
sity hospital, [13] implying that the economic burden for health care systems can
be substantial.

Besides infesting on individual’s personal life and socioeconomic environment, in-
fectious diseases put, on a macroeconomic level, severe strain on both high- resource
and low-resource settings. For example, UN estimates that Sierra Leone, the coun-
try which was most affected in the recent Ebola outbreak in West Africa, will lose
between 200.7 to 264.3 million US$ (7.1% of average GDP) during 2014-2017, as a
result of the outbreak. [14] Another example is the SARS (Severe Acute Respira-
tory Syndrome) outbreak in 2002/3 with origin in the Guangdong Province, China,
that was estimated to have caused losses of 8.5 billion US$ for China, US$ 4.3 bn
in Canada and US$ 1.4 bn in Malaysia due to reduced activities in tourism, food
and travel. [15]

1.1.1 Emerging and re-emerging threats
We have recently seen outbreaks of traditionally tropical diseases in Europe such
as chikungunya fever (Italy 2007), West Nile fever (Greece and Romania in 2010)
and dengue fever (France and Croatia in 2010). [16] Emerging infectious diseases
(EIDs) are defined as diseases with an incidence in humans that has increased dur-
ing the last two decades and that threatens to increase in the future. [17] EIDs can
result from changes of existing organisms, spreading of known infections to new
geographic areas or populations, previously unrecognized infections appearing in
areas undergoing ecologic transformation or known infections reemerging as a re-
sult of antimicrobial resistance. [17] The EIDs that occurred globally between 1940
and 2004 were concentrated mainly on the northern and southern regions of the
equator according to a database analysis (Figure 1.2). [18] So-called “hot-spots”
were located in northeastern United States, Western Europe, Japan and southeast-
ern Australia.

The authors hypothesize that socioeconomic drivers such as human population
density, antibiotic drug use and agricultural practices are some of the determinants
causing this spatial distribution.
Developing resistance against an anti-microbial agent is a natural evolutionary pro-
cess for microbes. However, due to excessive use of antibiotics in health care and
agriculture, this process has accelerated to the degree that many common antibacte-
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Figure 1.2: Globally occurring EID events (Helminths, Fungi, Viruses and prions,
Bacteria and rickettsiae) between 1940-2004. 54,3 % were Bacteria and rickettsiae.
The size of the circle corresponds to the number of EID events and the center of
the circle to the origin of the event relative the global 360° grid. (Reprinted by
permission from Macmillan Publishers Ltd: [Nature] [18]), copyright (2008)

rial drugs today are no longer effective against some of our most common infectious
diseases. Data from 35 European countries reported E-Coli resistances between
3-82 % to third-generation cephalosporins and 8-48% to fluorequinoles based on
at least 30 tested isolates. [19] In fact, the European Center for Disease Control
and Prevention (ECDC) declare multiresistancy of microbes as the most serious
infectious disease threat in Europe. [10] In the U.S., the CDC (Center for Disease
Control and Prevention) has listed Clostridium Difficile and 14 other drug resistant
microbes as urgent or serious human threats. [20]

Environmental changes such as global warming or changes to the biodiversity also
effect infectious disease prevalence. Several reports suggest that an increasing global
temperature will have effects on human infectious disease prevalece. [21,22] Depend-
ing on the species, a temperature increase can however both increase and reduce
the prevalence. As a result of reduced precipitation and humidity, the malaria
prevalence in Senegal has decreased with more than 60% over the last 30 years. [21]
On the other hand, drought is predicted to cause an increase in west Nile virus
outbreaks. [23] Further, it has been shown that a reduction in biodiversity results
in an increase of infectious disease transmission. [24,25] Hence, the elimination of a
species from a habitat due to for example environmental changes can paradoxically
increase disease prevalence. The mechanisms promoting an increase in prevalence
are however not fully understood.
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Further, today’s globalized and interconnected world enables fast spread of pathogens
from one continent to the other through increased travelling and trade. The pan-
demic ”swine flue” outbreak of the H1N1 virus in 2009 with origin in California,
USA, was able to spread worldwide within a couple of months and cause an esti-
mated 190 000-280 000 deaths. [26, 27] Moreover, the 2011 Ehec outbreak in Ger-
many was traced back to fenugreek seeds imported from Egypt. [28]

1.1.2 Control and prevention

Global and national organizations such as WHO and US CDC set surveillance- and
case reporting standards and coordinate preventive actions for ID control and pre-
vention. 196 countries across the globe have agreed to implement the International
Health Regulations (2005) which obligates these countries to report IDs including
yellow fever, smallpox and cholera infectious disease outbreaks to the WHO. [29]
The regulations further include other potential threats such as nuclear and toxic bi-
ological or chemical accidents (Figure1.3). [2] However, despite today’s capabilities
of rapid reporting through advanced communication technologies, countries lacking
established health care infrastructures are struggling to meet these requirements.
The actual prevalence and true burden of many infectious diseases in many parts
of the world may be unknown. The difficulty of receiving an accurate picture of the
global prevalence of infectious diseases becomes evident in the WHO Antimicrobial
report. [19] Figure 1.3 shows the availability of data on resistance for 9 selected
bacteria–antibacterial drug resistance combinations including for example MRSA,
fluoroquinolonese resistant E. coli and carbapenems resistant K. pneumonia.

Figure 1.3: Availability of data for 9 selected bacteria-antibacterial drug com-
binations, 2013. (Reprinted with permission from WHO Antimicrobial Report,
2014 [19])
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Of the 194 member states, only 129 (66%) replied to the survey and of these
114 returned data on at least one of the 9 requested bacterial-antibacterial drug
resistance combinations. The WHO suggests that the differences in availability of
data may partly be due to limited access to laboratory infrastructure.

Preventive measures for infectious disease control can however be as simple as
educating communities about hand hygiene. A global meta-analysis of 42 stud-
ies suggests that hand washing prevents 40% of childhood diarrhea cases. [30] On
a molecular biology level, vaccines and antibiotics are two important tools. The
Global Polio Eradication Initiative plan and the smallpox vaccination program are
two successful examples of preventive and control plans. [2] However, for some other
diseases, vaccine development is more challenging and less successful. In the case
of Malaria, after decades of research, only recently the first vaccine was evaluated
in a phase III clinical trial, showing a protection efficacy of 27-39 % depending on
vaccination age, sex and number of shots. [31]

Once an infection has occurred, antibiotic agents are most commonly used to treat
infectious diseases. As mentioned, many of our antibiotics are losing their efficiency
towards infectious agents. Already during his Nobel Lecture, Alexander Fleming
warned that microbes may develop resistance to antibiotics. [32]Shortly after the
introduction of Penicillin in clinical use in the 1940’s, resistant strains capable of
inactivating the antibiotic were detected. [33] Despite the discovery of novel antibi-
otics since then, they usually face the same destiny; i.e. antibiotic resistant strains
are detected after a couple of years in clinical use. [34] Since 1987, no novel success-
ful antibiotics have been discovered, hence, the expression of a current “discovery
void” has been coined. [35, 36] Thus, for many infectious diseases, humanity will
have to rely on the currently available antibiotics and for these to remain effective,
economic use of antibiotics within health care and farming is essential.
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1.2 Point-of-Care diagnostics

Identification of a pathogen is key for correct treatment of the patient and fast
recovery. By bringing diagnostic testing to the point-of-care (POC), analysis time
and cost can be saved. Figure 1.4 shows a typical diagnostic cycle through the
use of a centralized laboratory versus a POC diagnostic solution. The time saving

Figure 1.4: A general sketch over a diagnostic procedure conducted through a
centralized laboratory compared to a POC diagnostic solution. (Figure inspired by
Bissonnette et.al. [38]

factor can drastically reduce mortality rates in critical cases such as sepsis where
every delayed hour of appropriate antibiotic therapy is associated with a 12.7% de-
crease in survival. [38] Further, shortening of analysis time can save costs through
reducing the decision making cycle for health care workers. Rapid POC screen-
ing in a low-endemic MRSA intensive care unit in the Netherlands showed a 44%
reduction in the number of isolation days in suspected MRSA cases. [39] Conse-
quently, substantial costs savings can be made using a POC solution compared
to the conventional routine for suspected MRSA cases which implies hospital isola-
tion of the patient and cell cultivation of the sample, which generally takes 2-3 days.

POC diagnosis can further promote a reduction in antibiotics use. Several US
studies show that 50-80% of the prescribed antibiotics for respiratory tract infec-
tions (RTI) are unnecessary or not according to CDC guidelines. [40, 41] Similar
data can be retrieved in Europe where a French study showed that only 20% of the
prescribed antibiotics for Urinary Tract Infections (UTI) were according to the na-
tional guidelines. [42] Further, analyses of database records from UK primary care
units between 1995-2011 show that antibiotic prescriptions for coughs, colds and
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sore throats have increased despite national guidelines and campaigns for a reduced
antibiotic consumption.43 However, providing GP’s with tools for rapid and accu-
rate diagnosis in the outpatient clinics has proven to significantly reduce antibiotic
prescription for RTI’s both in low-, middle and high income countries. [44–47]

The design criteria for point-of-care testing systems targeting low-resource settings
are summarized in the ASSURED guidelines, developed by the WHO: [48]

• Affordable – for those at risk of infection

• Sensitive – minimal false negatives

• Specific – minimal false positives

• User-friendly – minimal steps to carry out test

• Rapid & Robust – short turnaround time and no need for refrigerated storage

• Equipment-free – no complex equipment

• Delivered – to end users

These requirements imply challenging design aspects such as ensuring portability,
low system power consumption, high degree of automation to reduce the need of
skilled operators and robustness in warm and damp climates.It should however be
noted that many of these attributes not only are suitable in low-resource settings
but are also relevant for testing in medical office practices, public health clinics,
intensive care units and field operations.

1.2.1 Immunochromatographic strips
Current rapid diagnostic tests (RDTs) for infectious diseases generally are based on
Immunochromatographic (ICS) lateral flow strips, which use target specific antibod-
ies immobilized on a substrate for disease specific antigen or antibody recognition.
Figure 1.5 shows a schematic illustration of the typical buildup of an ICS lateral
flow strip.

The main advantage of the technology is cost reduction and the testing can be
made directly on whole blood or plasma without any need of equipment to drive
the assay as it is based on capillary filling. ICS strips, however generally strug-
gle with low specificity.?? Serological tests often apply host-derived biomarkers,
i.e. antibodies generated by the hosts own immunoresponse. The development of
an immunoresponse may take up to weeks to develop for some diseases and can
vary between sex and age. Further, the antibodies can remain in the body for
months after the pathogen has been defeated and left the body. These factors to-
gether, consequently sets challenging conditions for finding robust biomarkers that
will reduce false-positives and false-negatives. For example, there are about 200
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Figure 1.5: Schematic of an Immunochromatographic lateral flow assay strip.

different RTDs available on the market for malaria diagnosis which have shown to
have a highly varying performance, especially for lower concentration parasites (200
parasites/µL). [50] Even quality-assured RDTs have shown to produce inaccurate
results, e.g. the only available malaria RDT with an FDA approval, BinaxNOW
from Allere. [51] The issue with low sensitivity and specificity is recognized in RDTs
of other diseases such as dengue, [52] tuberculosis, [53, 54] leptospirosis, [55] and
visceral leishmaniasis. [56].

1.2.2 Nucleic-acid based POC

Molecular diagnostics or Nucleic acid testing (NAT), in detail described in the next
chapter, uses genomic materials as diagnostic markers and enables increased sen-
sitivity, specificity, and earlier detection compared to ICS. With genomic markers,
the pathogen can theoretically be detected from the instance of the infection and
by continued regular testing of the marker a direct measure of the response to
therapeutics can be achieved. Viral load monitoring using HIV RNA as marker,
has for example been recommended by the WHO for confirmation of response to
antiretroviral therapy to guide further choice of treatment in HIV patients. [57] The
therapeutic response monitoring using NAT technology for other infectious diseases
is also currently the preferred method over ICS. [58–61] Further, nucleic acid based
markers enable genotyping meaning that different organisms/clones within a species
can be detected. Using molecular diagnostic, enables not only differentiation be-
tween for example Multiresistant Staphylococcus Aureus (MRSA) and Methilicin
Suceptible Staphylococcus Aureus (MSSA) but also between hospital and commu-
nity acquired and live-stock associated MRSA. Knowing not only which species but
also which clone and specific strain the patient is infected with is key for identifying
transmission routes and origins of outbreaks. [62, 63] Further strain specific infor-
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mation can guide in choice of antibiotic as different bacterial clones of a species can
response differently to a certain antibiotic. [64–67]

Overall, NAT offers many valuable attributes for infectious disease control and
prevention. However, a major drawback is that they are relatively expensive and
dependent on advanced laboratory infrastructure and trained personnel. In 2002,
an expert panel ranked POC molecular diagnostic systems as having the highest
biotechnological impact out of ten rated, to improve infectious disease management
in developing countries. [68] Since then, a number of systems have been presented
on the market such as ”Filmarray” from Biomerieux or ”GeneXpert” from Cepheid.
The GeneXpert MTB/RIF test from Cepheid has come closest to large-scale imple-
mentation in low-resource settings. Between its launch in 2010 and the end of 2015,
16.2 million Xpert MTB/RIF cartridges have been procured for use in high-burden
developing countries (HBDC-as defined by WHO [69]). [70] However, the test is
expensive and still relies on some form of laboratory infrastructure. Roll-out of
the diagnostic system in developing countries has been heavily depending on donor
funding. [70] If a country is endemic to a manifold of infectious diseases, relying
on donations and subsidized market prices to provide the diagnostic tests needed
raises concerns of a sustainable supply of diagnostics in the long-term perspective.
Consequently, novel molecular diagnostic technologies are required to enable POC
systems that fulfill the ASSURED guidelines.

1.3 Summary

The global burden of infectious diseases with its current prevalence and potentially
emerging and re-emerging diseases is a worldwide problem. Whereas the current
infectious disease prevalence mainly is concentrated to low and middle-income coun-
tries, emerging and re-emerging infectious diseases are mainly occurring in densely
populated areas in high-income countries. The burden of infectious disease strikes
on an individual level as well as national economical level. The true prevalence of
infectious diseases is difficult to obtain, partly due to inequalities in health care
infrastructures between countries. Knowledge of infectious disease prevalence is
however key to be able to implement an effective global surveillance system. Ac-
curately identifying the cause of a disease is essential for the correct treatment
of the patient, for prevention of further transmittance and to reduce unnecessary
antibiotic use. To enable diagnosis in low resource- settings, remote areas and out-
patient clinics, diagnostics need to be de-coupled from the centralized laboratory.
Current rapid diagnostic POC tests are generally either cheap or low performing
(ICS technology) or high performing but expensive (NAT technology). Low- and
middle- income countries need to constitute a stable consumer driven market on its
own, in order to be attractive for investments of diagnostic companies. To enable
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this, novel technologies to significantly reduce the manufacturing cost POC NAT
are required to meet the ASSURED guidelines.





Chapter 2

Molecular diagnostics

When Pauling et al. identified sickle cell anemia as an effect of an inheritable alter-
ations in the genome, technology was not yet there to be able to use this information
for diagnostic purposes. [71] The breakthrough for molecular diagnostics came with
the introduction of PCR (Polymerase Chain Reaction) in 1983. [72] This method
provided an efficient way of exponentially copying target DNAs and enabled the
detection of a mutated gene within a day, rather than as before, in several months.
This key technology laid the foundation for the elucidation of the human genome
sequence as well as that of other species. In order to use DNA as a source of
information about the health status of an individual, specific DNA segments, di-
agnostic markers, in the host genome or pathogen genome needs to be identified
and associated with a specific feature. In many diagnostics including infectious
disease diagnostics the sample e.g., whole blood, urine, etc. need to go through a
several preparation steps in order to sort out the DNA for detection. Figure 2.1,
summarizes the basic steps in a molecular diagnostic protocol. Briefly it involves
separating the cell of interest from other cells and fluids in the sample, breaking the
cell membrane to access the genome, extract the targeted gene segment or segments
from the genome and amplify these (copies) to achieve a target concentration high
enough to enable detection.

Figure 2.1: The required preparative steps in a common molecular diagnostic
protocol

In this chapter, the gold standard laboratory based molecular diagnostic technolo-

13
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gies and some concepts of defining genetic markers will be introduced.

2.1 Identifying a microbe – genetic diagnostic markers

A genetic marker can consist of everything from a single base mutation to hun-
dreds of bp segments of a genome. As of February 2017 there are 7000 viral and
6600 bacterial fully sequenced genomes publically available at NCBI. [73] Today,
the challenge lies in making sense of these genetic codes. In order to understand
cell functions for the development of improved therapeutics, we need to under-
stand how a certain DNA segment translates into the phenotype of an individual
and how genes interact with proteins, metabolites and other molecules. In molec-
ular diagnostics, it is about identifying specific gene segments that can serve to
distinguish a specific organism from another, that can reveal multiple antibiotic
resistances, identify a specific strain/clone within a species or detect virulence fac-
tors. Depending on the information required, different strategies could be applied
to select specific gene segments that constitute these markers. In so-called bar-
coding, a short gene segment in a standardized region (constant over evolution) is
being used for identification of a species. Gene segments commonly used are Cy-
tochrome Oxidase I (COI), nuclear ribosomal internal transcribed spacer 2 (ITS2)
or 16S ribosomal DNA (rDNA). [74, 75] In DNA fingerprinting or subtyping, vari-
ations within a species can be detected. First presented by Sir Alec Jeffrey in
1985, [76, 77] the method uses different gene segments in various highly polymor-
phic sites (high degree of polymorphism and variation over time) which together
make a unique molecular pattern (a fingerprint) for discrimination down to clone
or individual strain level. This method has become the basis for human identifi-
cation in forensics, immigration and paternity issues. Today, it is also possible to
compare whole genome sequences between species using computerized algorithms.
For example, in Average Nucleotide Identity (ANI) the genetic distance (degree of
similarity) between whole genomes of organisms are measured and defined by a
cut-off value of 95–96% sequence identity, enabling organisms to be compared and
grouped into different species. [78] In Multi-Locus-Sequencing (MLST), 400-500
bp long segments in several so called “housekeeping genes” are sequenced and com-
pared, which reduces the complexity of genotyping bacteria compared to the ANI
method. [79] Figure 2.2 schematically illustrates some of the principles underpin-
ning the different methods.

For typing or barcoding purposes, many different types of genetic elements such
as STR (Short Tandem Repeats), VNTR (Variable number tandem repeat), Mi-
crosatellites or SNPs can be used as markers. Due to the focus on SNP genotyping
in this thesis, only the application of SNP-based markers will be reviewed below.

2.1.1 Single Nucleotide Polymorphisms (SNPs)
The most abundant genetic variation between individuals is single nucleotide poly-
morphisms (SNPs). SNPs are single base changes in the DNA double helix and are
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Figure 2.2: Schematic illustration of a infectious disease agent genome and dif-
ferent types of genetic markers. (Figure inspired by Medini et. al. [80]

estimated to occur in one out of every 1000-1500 bases for over the 3 billion base
pair long human genome. [81,82] Depending on their positions in the genome, they
can cause a devastating genetic disorder, a beneficial adaptation or have no effect
at all. Figure 2.3 shows a schematic of a single base point mutation.

Figure 2.3: Schematic illustration of a single base mutation in a DNA double
helix

Most SNP’s are situated in non-coding regions and have unknown effects on the
phenotype of an individual. They can however serve as valuable diagnostic markers.
To date, millions of human SNPs have been discovered and various susceptibilities
associated with different SNPs have been characterized e.g., alcohol dependency,
bipolar disorder, height and eye color have been characterized. [83–86] In a protein
coding region, the presence of a SNP can change the function or structure of the
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transcribed protein. It can be the cause of an inheritable disease e.g., sickle cell
anemia. In sickle cell anemia, the substitution of thymine (T) for adenine (A) in the
β-globin gene causes an amino-acid substitution in the hemoglobin protein. This
mutation renders malfunctioning, sickle shaped red blood cells. The abundance
of SNPs havehas continuously attracted many researchers to discover new SNPs.
For example, five specific SNPs have recentlyhave recently been identified as genetic
markers for lethal prostate cancer. [87] It allows for early cancer diagnosis through a
simple blood test as well as to distinguish between aggressive and indolent prostate
cancers. High SNP frequency does not only occur in the human genome. It can be
found in all biological organisms and is useable for identification of microorganisms
such as viruses and bacteria. For example, 24 different SNPs have been defined as a
molecular barcode for Plasmodium falciparum and 42 SNPs for Plasmodium vivax
which enables the detection and discrimination between these two species. [88, 89]
SNP-based barcodes have been also developed to detect and characterize a variety of
bacteria such as S. aureus, [90,91] N. meningitidis, [92] Campylobacter jejunii, [93]
Streptococcus agalactiae [94] and Escherichia coli. [95] Coll et al., developed a panel
of 62 highly discriminatory SNPs in the Mycobacterium Tuberculosis Complex
(MTBC) which can be used to resolves all seven lineages and a total of 55 sub-
lineages of M. Tuberculosis. [96] Information on lineage is for example important as
different genetic lineages of M.tuberculosis have proven to exhibit varying degree
of virulence determining difference in pathology and mortality [97] and aquirance
of antibiotic resistance. [98]

2.2 Sample preparation

Different human specimen can serve as sample for an infectious disease diagnostics
such as blood, sputum, urine, nasal or wound swabs. For pathogen identification by
genetic markers, the challenge is singling out the pathogen. For example, a bacteria
typically in the size of 1-3 µm, surrounded among a matrix of proteins and other
host cells, is first separated, then its cell wall is broken (i.e. cell lysis) and its DNA
is extracted. Separation of bacteria from the sample matrix is conventionally done
by filtration or centrifugation. [99] For lysis of the captured pathogen cells, a mani-
fold of methods (e.g., mechanical, physical, enzymatic, etc.) are at hand which are
well reviewed by Islam et al., [100] Each method has its pros and cons in terms of
cost, time, integrity of the extracted product and suitability for different cell type.
Briefly, mechanical lysis comprises high-pressure homogenizers and bead milling
(also called bead beating). Physical methods involve exposure to elevated temper-
atures, cavitation (ultrasonic) and osmotic chock. Enzymatic methods, apply the
enzymes such as cellulose, lysozymes or glyconases to break down the cell mem-
brane. As amplification methods vary in their tolerance to impurities in the sample,
the level of purity, i.e., the degree of elimination of human background DNA, ampli-
fication inhibitors and contamination of other microbes needs to be considered. For
purification of the lysed product from cellular debris, organelles and eventual com-
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ponents of chemical or enzymatic lysis, ethanol precipitation, phenol-chloroform or
mini column purification are commonly used. A method that has gained interest
over the conventional purification methods is isothacophoresis. [101] In this method
the lysed sample is exposed to an electric field in a specific buffer system, which
allows for simultaneous purification and up-concentration of the extracted DNA.

2.3 DNA amplification

Nucleic acid-based assays generally rely on amplification of the target DNA. It is
an enrichment process in order to generate enough amounts thereof to be able to
detect it. Developed by Mullis et al., in 1983, polymerase chain reaction (PCR)
was a breakthrough in molecular biology as it immensely speeded up the pace of
gene discovery enabling the elucidation of the human genome. [102] Since then,
PCR has developed to become the workhorse in molecular biology research and
has found its applications in clinical settings. However the dependency on precise
thermal control through advanced thermal cycling equipment has been the major
driving force for the development of a number of novel isothermal amplifications
assays such as LAMP, RCA and RPA. The technology behind the most common
amplification assays will be described in this section..

2.3.1 PCR (Polymerase Chain Reaction)
PCR exploits the ability of the enzyme DNA polymerase to assemble nucleotides
onto a given single stranded DNA template. By repeatedly exposing the sample
containing the target to be amplified, DNA polymerase, primers and free nucleotides
to three distinct temperature zones, 60, 70 and 95°C, it can exponentially copy a
single target into millions. Figure 9 illustrates the process. For each cycle, one copy
of each single stranded DNA (ssDNA) is generated; hence each cycle generates an
exponential growth with each number of cycles. The reaction is conducted using a
bench top thermal cycler, which manipulate the temperature in the sample holder
i.e. usually a closed plastic tube. Figure 2.4 schematically illustrates the assay.
Today, PCR has evolved and adapted to a variety of clinical applications. Multi-
plexed PCR has enabled simultaneous detections of different sequence targets in
one single reaction mixture using multiple sets of primers. [103] Increased specificity
and sensitivity of the PCR can be achieved in a “nested PCR” where a double PCR
is performed using double sets of primers. [104] For RNA detection “reverse tran-
scriptase PCR” (RT-PCR) has been developed, in which RNA first is copied into
DNA, which is after amplified and detected

Being an extremely sensitive and specific assay, PCR also brings the disadvantage
of being very sensitive to contaminations, even by trace amounts of DNA. [105]
The most common method to analyze the result of the PCR is by agarose gel
electrophoresis which allows for determination of both presence and size of the
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Figure 2.4: Schematic illustration of the PCR reaction

PCR product. [105] However, real-time PCR enables simultaneous amplification
and detection in one reaction vessel by the introduction of double strand specific
intercalating dyes, which removes the need of a post-detection method. [106] it also
considerably reduces the contamination risks by the elimination of the post-PCR
detection. By combining amplification and detection in one single step, a clini-
cal sample can be analyzed in about one hour, which is considerably faster than
conventional post PCR analysis using gel electrophoresis. The combination of ex-
cellent sensitivity and specificity, low contamination risk, ease of performance and
speed, has made real-time PCR technology an appealing alternative to conventional
culture-based or immunoassay-based testing methods used in the clinical microbiol-
ogy for diagnosing many infectious diseases. [107] In a set of comparative studies in
a laboratory, time and sensitivity of real-time PCR was compared to gold standard
culture-based assays for a set of seven pathogens. [107] Except one case, real-time
PCR generated a sensitivity increase ranging from 7 to 219 % and in all cases the
assay time was reduced from days to about 2 hours.

2.3.2 Isothermal amplification
DNA polymerase can only elongate a single stranded DNA sequence in the pres-
ence of a primer with a free 3’ hydroxyl group. In PCR, the primer binding site is
repeatedly enabled by exposure of the sample to 95°C for double dissociation and
then 60°C for primer binding to the target. In isothermal amplification the 3’-
binding site is achieved through the use of specific primers and strand displacement
polymerases for separation of double stranded DNA that enables primer binding for
replication. As a result the amplification can be executed at constant temperature.

Loop-mediated isothermal-amplification (LAMP)

The LAMP assay uses 4-6 target specific primers and a DNA polymerase with
strand displacement activity, to amplify a double stranded DNA structure into a
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mixture of various stem-length loops and cauliflower like structure. [108, 109] It
require only a constant 63°C heating source and is more suitable for low-resource
settings and in field testing. [110] The reaction generates a lot of by-products in the
form of magnesium pyrophosphate, which produces a white precipitate correlating
to the amount of product which enables visualization by the naked eye. How-
ever, turbidity, fluorescence measurements or gel-electrophoresis enables increased
sensitivity and turbidity and fluorescence can also be implemented for real-time
monitoring. In addition, it is reported to enable higher amplification efficiency
and sensitivity than PCR. However, a definite answer is hard to find as some re-
ports have found PCR more sensitive in some cases [111] while LAMP in other
cases. [112] in comparison with PCR which is sensitive to inhibitory materials (such
as hemoglobin, urea and proteinases) [113] and requires proper sample preparation
LAMP is known for being able to handle crude samples. Trypanosomasis have for
example been detected by LAMP directly in dried, lysed whole blood samples. [114]
The main challenge in this technique usually is the designing of the primers which
further requires HPLC grade purity. [110]A commercially available LAMP kit for
Malaria diagnosis has been developed by Eiken Ltd (patent holder of the LAMP
assay) and FIND (Foundation for Innovative Diagnostics). [115]

Rolling circle amplification (RCA)

In Rolling-Circle-Amplification, DNA polymerase and a primer are used to replicate
a circular template structure at 37°C. [116] Using a DNA polymerase with strand
displacement activity and multiple primers targeted at the same circular template,
exponential growth of multiple long strains with multiple copies of the circular tem-
plate can be achieved. [117] Ligation in padlock probes [118] with the RCA makes
the method powerful tool with increased sensitivity and scalable multiplexing. The
probes consist of two target-specific arms connected with a linker region that is
identical for all probes. Upon binding of the probes to the DNA, the two arms are
ligated together, resulting in a circular product that can be amplified using RCA,
an amplification method involving continuous amplification by a strand displacing
DNA polymerase (Phi 29) producing a long single-stranded DNA molecule with
tandem repeats of the circular template. Many methods are applied in order to
enable visualization of the product e.g., fluorescence, gold nanoparticle, magnetic
beads and quantum dots. [119] For example rotary virus and MDR tuberculosis
have been detected using the padlock probe approach. [120,121]

RPA (Recombinase Polymerase Amplification)

Recombinase Polymerase Amplification, is conducted at 37°C through the use of
the three enzymes; recombinase, single-stranded DNA binding protein (SSB) and
strand-displacing polymerase. [122] The enzyme recombinase guides the primers to
form homologous sequences for binding at the two ends of the DNA duplex to be
amplified. SSB binds and help in stabilizing the intermediate complex as recom-
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binase dissociates and DNA polymerase with strand displacement activity starts
elongating the double strands in both directions. An advantage of the method
is its short time and tolerance in temperature. RPA of for example Dengue and
Ebola in clinical samples <15 minutes have been demonstrated. [123, 124] Further
even body temperature has proven to work as an equipment-free solution to RPA
heating source by clamping the reaction vessel in the arm pit. [125] A drawback
of RPA, which also generally applies for isothermal amplification methods, is that
they produce a large amount of by-products called primer dimers which adds to the
background. [126] Sharma et.al demonstrated however that in at least three RPA
cases, adding a self-avoiding molecular recognition system (SAMRS) this assay
artifact could be eliminated. [126] SAMRS are modified nucleotides incorporated
in the primer, which prevents unspecific primer binding, hence prevent unspecific
amplification.

2.4 SNP-scoring and target detection

The final step in a conventional molecular diagnostic assay is to detect the amplified
gene segments. The type of marker (gene segment or SNP), and goal of assay
decides which detection technology can be used. Roughly, genotyping technologies
can be divided into either pattern based or sequence based. [127] SNP detection
can broadly be divided into hybridization-, enzymatic or sequencing based methods
which briefly will be reviewed here.

2.4.1 Hybridization based – DNA Microarrays

In 1960, Doty et al., discovered that the double stranded nature of DNA can be
manipulated to transit between single stranded- and double stranded state. It was
made possible by controlling physio-chemical parameters in its surrounding such
as heat or chemical composition. [128] Through their findings, they opened up for
using specific DNA sequences (allele-specific oligonucleotides) to probe solutions of
mixed DNA for complementary DNA material. They exploited the fact that two
single stranded complementary DNA strands will hybridize to form a double he-
lix under favorable assay conditions. DNA hybridization belongs to the earliest of
DNA detection methods and still today is a fundamental in many assay protocols.
For detection of the hybridization event, optical (fluorescence, chemoluminescence,
absorption) mass based (Quartz-Crystal-Microbalance (QCM) and electrochemical
methods can be applied. [129] Among these, fluorescence based methods are the
most common.

Under optimized assay conditions, a single-base mismatch is sufficient to desta-
bilize a hybridization event by preventing the allelic probe from annealing to the
target sequence. However, finding discriminatory assay conditions are very chal-
lenging when multiplexing is required as the optimal assay conditions are depending
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on probe design, hence it is difficult to find one assay condition that suits all se-
quences in an assay. A common approach to circumvent this problem is through
statistics and the use of tens or even hundreds of thousands of allele-specific oligonu-
cleotide probes to test one single SNP. [130] Another approach to increase the SNP
specificity in hybridization assays is to add a denaturing step after the hybridiza-
tion. Denaturation induced by for example heat; chemical denaturants or extremes
of pH can be discriminative down to single base level.

In melting curve analysis (MCA) DNA duplexes are exposed to a thermal gra-
dient whereby a gradual dissociation of dsDNA into ssDNA will occur. The event
can be monitored and displayed in so-called melting curves using double strand spe-
cific intercalating dyes. [131] The point at which 50% of the DNA is in dsDNA and
50% is in ssDNA state is defined as the melting temperature (Tm) and is depend-
ing on the sequence, its G-C nucleotide content and length. Plotting the negative
derivative of the hybridization signal intensity, the Tm becomes even more visible
(Figure 2.5)

Figure 2.5: Schematic illustration of melting curve anlysis. By monitoring the
fluorescence decay upon heating, discrimination of point mutations can be enabled
due do destabilization of a single base mismatch. By plotting the negative derivative
the Tm, of each probe is clearly visible

Even a small change in a DNA sequence such as a single base mismatch will alter the
melting point of a DNA double helix as the mismatching nucleotide causes duplex
instability, hence dissociating at a lower temperature than a matching one. Melting
curve analysis is routinely used in molecular diagnostic laborites to control purity of
PCR product or SNP detection. The assay is performed in liquid phase using con-
ventional bench top PCR thermocycler equipment. Brookes et al., have introduced
a surface bound MCA assay called DASH (Dynamic-Allele-Specific-Hybridization)
for SNP scoring. [132,133] In DASH, the PCR target is immobilized onto a surface
and let to hybridize with a complementary probe with the addition of an intercalat-
ing dye. By adapting MCA to a solid support (a microtiter plate or nitrocellulose
membrane) Brookes et al., enabled multiplexing and high through put scoring of
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SNPs. The method has for example proven to be robust as a diagnostic tool for
screening and scoring of SNPs in the Salmonella bacteria. [134] By simply adding
a temperature gradient to the assay and monitoring, the method keeps the sim-
plicity of the hybridization assay without the need of redundant probes for SNP
discrimination.

2.4.2 Enzymatic detection methods
The challenge in enabling single base discrimination in a simple hybridization assay
can be overcome by exploiting different enzymes who’s activity can be disturbed
or altered due to the change of a single base in a DNA sequence. Primer exten-
sion based methods such as single nucleotide extension (also minisequencing) and
allele-specific PCR extension, make use of the unique property of the DNA poly-
merase to specifically incorporate a nucleotide depending on the complementary
template strand. In minisequencing, after PCR amplification a detection primer is
allowed to anneals to the target nucleic acid immediately adjacent to the polymor-
phic nucleotide position which is to be detected. [135, 136] After primer binding,
DNA polymerase specifically extends the 3’ end of the primer by incorporating
nucleotides and if the nucleotide complementary to the nucleotide at the SNP site
is labelled, a polymorphism can be visualized. In allele-specific PCR-based assays,
the rate of extension by a DNA polymerase of annealed primers matched, or mis-
matched, at the 3’-end with the corresponding variable base (SNP) on the sample
DNA strand are compared. When the 3’ end of the primer is placed over the vari-
able position, only PCR of the perfectly matched primer is effective and will result
in more products, which is analysed by gel-electrophoresis. Also the amplification
methods LAMP and RCA have been applied for SNP discrimination. [119,137]

Another enzyme who’s function can be exploited for SNP detection is DNA lig-
ase which normally is involved in the cells natural DNA repair mechanism and in
DNA replication (joining of Ogazaki fragments on the lagging strand). Landergren
et al was the first group to exploit the unique property of DNA ligase in an assay for
SNP detection in the so called oligonucleotide ligation assay (OLA). [138] In OLA,
biotin labelled single base mismatch and matching strands are allowed to hybridize
to a denatured target strand carrying a radioactive label. The strands will only be
joined by DNA ligase if the strands are perfectly matching the target strand. After
the ligation event, the strands are captured onto a streptavidin coated solid sup-
port. Subsequent stringent washing removes the non-ligated strands leaving only
the perfectly matching strands visualized by the radioactive label on the substrate.

As well as specific joining of strands by an enzyme can be used for SNP discrimi-
nation, cleaving of strands depending on their sequence can be used for SNP dis-
crimination. In the invasive cleavage method, two complementary strands (target
strand and fluorescence labelled signalling probe) containing the polymorphic site
and a so called “invader strand” are allowed to hybridize to form a triple branched
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structure. [139] The 5’ segment of the signal probe is non-complementary to the
target strand generating an overlapping flap segment. When this structure is so
designed that the polymorphic site is just at the overlapping site, the structure
specific enzyme FLAP endonuclease (also FEN or 5’ nuclease) can recognize this
site and cleaves the structure at the SNP position, which releases the flap structure
from the complex. In the case of a point mutation, incorrect binding of the DNA
complex will occur and the site will not be recognized by the FLAP endonuclease,
hence no flap structure will be released.

2.4.3 Sequencing
DNA sequencing deals with determining the exact order of nucleotides in a genome.
Frederick Sanger et al., introduced the first sequencing method which still many
modern sequencing methods used in research laboratories today, applies in modified
formats. [140, 141] For this he received the Nobel prize in chemistry in 1980. In
Sanger sequencing, or the chain-termination method, a template DNA is allowed to
be extended by DNA polymerase in four different reactions, each containing one of
the four nucleotides dATP, dCTP, dGTP and dTTP. In each reaction, a modified
ddNTP is added which when incorporated in the DNA strand, terminates the elon-
gation. The result is a collection of different length DNA strands terminated by a
known nucleotide A, G, C, T, which thereafter can be sorted by gel-electroporesis,
and the exact order of the nucleotides can be read.

The method together with Maxam-Gilbert sequencing [142] are referred to as the
first generation sequencing. [143] Efforts to increase high throughput has generated
a group of sequencing technologies referred to “second generation” or also “next
generation” sequencing. [144] These comprise a set of technologies of different re-
action chemistries commercialized in for example Illuminas Solexa’s GA or Lifes
APG’s SOLiD 3 platform. Today, we are even talking about third generation se-
quencing. Heater et al., however points out that the division between second and
third generation is debated and suggests that third generation sequencing is to be
defined as technologies able to sequence single molecule hence not being dependent
on PCR as do all first and second generation sequencing technologies. [143] Pacific
Biosciences was the first company to make a third generation sequencing instru-
ment publically available. [145] Another third generation sequencing technology in
the forefront is, Oxford Nanopore technologies Ltd, with their method based on
allowing single molecules pass a nanopore proteins integrated in a synthetic mem-
brane. The membrane is set at an electric potential, which allows for registration
of single molecules passing through the nanopore as they cause a characteristic
change in current flow over the membrane. This enables discrimination between A,
G, T and C or other molecules. The principle has even been adapted to a portable,
lap-top based system and bacterial sequencing using this system have been demon-
strated. [146] The authors suggest that sequencing and bacterial composition of a
sample can be made within 2 hours.
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2.5 Summary

Molecular diagnostic methods has developed into a large variety of methods and
protocols for isolation of pathogenic microorganisms from patient samples, ampli-
fication and detection of the targets. Genetic markers are chosen depending on the
required information. In barcoding, specific gene segments are chosen for species
identification, whereas sub-typing can offer increased resolution within a species
down to clone specific level. After microorganisms isolation and nucleic acid ex-
traction, the target generally needs to be amplified. PCR has become the work
horse in molecular biology, however its dependency on advanced thermal cycling
equipment has propelled the development of isothermal methods such as LAMP,
RPA and RCA. A large variety of methods are available for detection of the am-
plified products. SNP detection is extra challenging as conventional hybridization
does not provide the required resolution. SNPs can be detected by melting cuvre
analysis, enzymatic methods or sequencing based technology. Third Generation
sequencing, enabling single molecule detection without the requirement of amplifi-
cation has been demonstrated in a portable system.



Chapter 3

Lab-on-Chip (LOC)

Lab-on-chip (LOC), micro-total-analysis-systems (µTAS) or biomedical microelec-
tromechanical system (BioMEMS) are common names for systems aiming at in-
tegrating and automating the whole or parts of a laboratory assay on one single
chip. The concept “micro total analysis system” was first coined by Manz et al.,
in 1990 [147] and has since then developed to a vivid research field also having
generated some systems entering the market. By exploiting favorable effects from
natural scaling laws, miniaturization into micro and nano scale can provide faster
diffusion rates, more rapid heating and laminar flow. The reduction in reaction
volumes result in lower consumptions of expensive reagents and shorter analysis
times, hence a Lab-on-Chip based assay has potential to be cheaper and faster
than conventional macro scale laboratory formats. If the supporting driver func-
tionalities such as power supply, pumps and reader units are low power consuming
and comprised, the assay can be performed in field at the point-of-care. Lab-
on-Chip technology spans over a wide field of applications ranging from forensics
analysis, through environmental and food testing to medical applications. Within
the medical field, applications can be as divers as diagnostic systems for infectious
diseases or oncology, micro bioreactors for more efficient production of recombinant
therapeutics or platforms for artificial organs for therapeutics screening. The tar-
geted application and user setting sets the boundaries for the design of the chip and
specifies the type of functionalities required. These can be mixing of different fluids,
separation of particles, on-chip reagent storage or breaking of cell membranes. In
the case of diagnostic assays, as an immunoassay protocol generally involves less
protocol steps than a nucleic acid assay protocol, the integration of a immunoassay
into microfluidic format translates into chips of lesser complexity than a molecu-
lar diagnostic one. Figure 3.1 shows a schematic of a lab-on-chip system with the
typically required functionalities to enable a nucleic acid assay on chip.

Derived from and inspired by the microelectronic field, it to a certain extent
applies the same or similar MEMS technologies to build up structures and features
to manipulate fluids in the microscale and detect analytes. The first microfluidic
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Figure 3.1: The concept of a sample-to-answer Lab-on-Chip

demonstrators (gas detection [148] and liquid cromatography [149]) in analogy to
microelectronic systems, were made in silicon. However, the field has shifted to-
wards plastic- or paper based materials due to the requirement of low cost and single
use systems. A critical step in LOC fabrication independent of fabrication method
is the packaging of the chip as LOC usually contains temperature- and solvent sen-
sitive components such as immobilized biomolecules, on-chip stored reagents and
sensor elements. This chapter gives an overview of the most common materials
and fabrication technologies for LOC manufacturing and gives a view on what has
been achieved in the field using the different methods, in particular with respect to
nucleic acid analysis systems. It should be pointed out that although fabrication
is divided into the three distinct areas, MEMS, polymer processing and lamination
based, the areas overlap and technologies and materials are often used in a mix-
and- match approach according to need creating hybrid systems.

3.1 Substrate materials

Choosing substrate material for a microfluidic device is crucial as the type of assay,
its biological components and the methods for manipulating and analyzing the
sample may be dependent on factors such as the inherent surface characteristics
of the material, its morphology, its optical transparency and thermal- or electrical
conductivity. Each material brings their pros and cons in the development of the
chip. Some aspects of the most common LOC materials will be discussed in this
chapter.

3.1.1 Silicon and glass
As previously mentioned, first generation microfluidics were made in silicon or
glass. Both materials are structured using classical MEMS fabrication technolo-
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gies, which will be described later. Silicon is opaque in the visible range, making
bioassays depending on optical detection such as fluorescence, difficult. A solution
is a silicon-glass hybrid system as glass is transparent. Silicon however offers excel-
lent thermal conductivity making assays depending on uniform heat and fast heat
transfer such as PCR, ideal applications. On the other hand, its thermal proper-
ties makes localized heating challenging, hence “thermal crosstalk” can be an issue
which is often solved by introducing thermal conduits, silicon back etching or dicing
which adds to the cost of the chip. [150] Further, its electrical conductivity calls for
local electrical insulation to limit electrical crosstalk between functionalities. Glass
on the other hand is a thermal and electrical insulator, making it easier to enable
localized heating and localized electrical conductivity. Large thermal gradients ob-
tained in glass can for example be an advantage in continuous flow PCR. [151] The
hydrophilic surfaces of silicon and glass enable easy functionalization commonly
through self-assembly of organo-silanes. [152] The native reactive silicon and glass
surface renders them however prone to unspecific adsorption of biomolecules, which
can cause problems in some assays. Silicon has for example been reported to inhibit
PCR [153,154] but the inhibition can be prevented by surface treatments and after
functionalization and immobilization of biomolecules surfaces needs to be blocked
to prevent unspecific binding. [155]

3.1.2 Polymers
Polymers are organic macromolecules composed of repeated units of monomers.
Factors such as side chains and sequence composition forms the characteristic of
the polymer. The polymers typically used in microfluidic applications are PDMS
(Polydimethylsiloxane) or thermoplasts such as PMMA (Polymethylmetacrylate),
PC (Polycarbonate), PS (polystyrene) or COC (Cyclic Olefin Copolymers). Al-
though all being optically transparent in the visible range, microfluidic fabrication
methods of PDMS and that of thermoplasts differ as well as do their inherent
material characteristics. As with silicon and glass, a certain property can be an
advantage in one application but a disadvantage in the other. For example, the gas
permeability of PDMS is a valuable property for microfluidic cell culture systems as
CO2 and O2, freely can diffuse in and out of the system. [156] In PCR applications
on the other hand, the gas permeability causes problems with bubble formation in
the reaction chamber. [157, 158] Its porosity can also lead to absorption of small
molecules into the bulk of the material which may affect assay results. [159, 160]
PDMS and most synthetic thermoplasts are hydrophobic. Strong hydrophobicity
can for example lead to problems with filling of very small channels with aqueous
solutions and unspecific irreversible adsorption of proteins which are attracted to
hydrophobic electrostatic surfaces. [161] Hence, a lot of efforts have been put in
to surface modifications of polymer materials to improve their wettability. [162] A
common way is activation by oxygen plasma and subsequent silanization similar
to silicon and glass. However, hydrophobic recovery after plasma treatment occurs
over time for most common LOC polymer materials [163], which can affect the shelf
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life of the system. Solvent compatibility can also be an issue during fabrication and
in certain application. As surface functionalization is rather challenging, so is also
biomolecule integration.

3.1.3 Paper
Paper-based microfluidics introduced by Whitesides group in 2008. [164, 165] uses
paper as a substrate to perform bioanalysis. Paper has however long been used
in chemistry labs for chromatographic and purification purposes. The first paper-
based analytical device was introduced by Comer in 1959 which consisted of com-
mercially available filter paper functionalized with glucose oxidase, catalase, and
horseradish peroxidase for glucose testing in urin. [166] The concept formed the ba-
sis for the development of the immunochromatographic strips, that was previously
described in chapter one. Cellulose is hydrophilic by nature generating efficient
capillary flows eliminating the need of pumps and other flow control equipment.
Further, paper can easily be modified through simple chemical reactions to tune
its permeability, hydrophobicity and reactivity. [167] Biomolecules are commonly
immobilized through physical adsorption, however research to provide more robust
covalent immobilization have been undertaken. [168]

3.2 Fabrication

The field of microfluidic research has now prospered for about 30 years and gen-
erated innovative solutions and technologies for a wide range of biochemical and
chemical applications. Building a microfluidic system, one can choose between a
manifold of technologies. This chapter does not aim at giving a full overview of
all options available, but focuses on the most common ones starting with classi-
cal MEMS fabrication, followed by polymer processing and finally going into the
youngest of the methods; foil- and paper based systems using layer-by-layer fabri-
cation approach.

3.2.1 MEMS-based processes
Fabrication of microfluidic systems in silicon and glass, profit from mature processes
developed in the microelectronics industry. Broadly summarized microfluidic chan-
nels in silicon or glass substrates can either be created through surface- or bulk
micromachinging. [169] In bulk micromachining (subtractive processes), surfaces in
the bulk of the silicon wafer are selectively etched away whereas surface microma-
chining (additive processes) relies on deposition and etching of thin films on the
silicon or glass wafer to create microstructures. Etching can be done dry (exposure
to reactive ions under vacuum) or wet (exposure to reactive chemicals in solution).
For an introduction to the basics of bulk- and surface micromachining for microflu-
idic applications Abgrall et. al. has produced a good review [169] and for practical
aspects of the different fabrication technologies for microfluidics, Iliescu et al., gives



3.2. FABRICATION 29

a good overview. [170]

After fabricating a channel feature, the system needs to be closed to prevent evap-
oration of liquids and introduction of contaminants in the system. Bonding tech-
nologies for silicon-silicon, glass-silicon or glass-glass microstructures again relies
on classical MEMS wafer packaging technologies which can be divided into three
categories; direct bonding, anodic bonding and intermediate layer bonding. [171]
In direct bonding (also fusion bonding) Si/Si or glass/glass is fused together un-
der high pressure and temperature. Natural van der Waals bonds that are formed
between the two surfaces are transformed to covalent ones under high temperature
(<400°C → low temperature, >600°C → high temperature) and pressure. Anodic
bonding applies high temperature and an electric field to form bonds between Si
and glass. Lastly, intermediate bonding introduces an intermediate layer for exam-
ple, polymer adhesive, gold, solder or low melting temperature glasses to join the
two surfaces together. Figure 3.2 illustrates the different technologies.

Figure 3.2: Schematic of the different bonding principles for closing a microfluidic
channel in silicon or glass (partly adapted from [169])

The assembly step is usually considered the most expensive step in the fabrica-
tion process. [169] The choice of method is depending on factors such as thermal
coefficients of expansion of the materials to be bonded, their surface chemistries,
temperature limitations resulting from earlier steps in the fabrication process, the
presence of any metallic layers, price, throughput, and yield. [170] Among these
methods, adhesive bonding is the lowest cost and most flexible method, as it can
be used to join in principle any type of two materials with each other and is not dis-
turbed by functional elements such as electrodes on the bond surface. It is also the
most low temperature alternative and is not depending on extreme surface purity as
does direct and anodic bonding, which often is deciding factors for systems relying
on integrated temperature- and solvent sensitive components. It however comes
with the tradeoff requiring precise deposition of adhesive in order not to clog chan-
nels. Further, the introduction of an intermediate layer may alter channel surface
characteristics as the cannel wall then partly consists of adhesive material, further
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the adhesive need to be biocompatible, i.e no outgassing of solvents or chemical
components that could disturb the assays conducted in the systems.

Some advantages of silicon and glass over others materials for microfluidic applica-
tions are the precision and accuracy with witch microstructures can be generated,
the materials chemical and mechanical stability over time and ability to enable
high aspect ratio structures. Electrode integration and integration with electronic
circuits are also mentioned as cases where silicon or glass may be warranted. [170]

Due to its excellent thermal conductivity, an obvious application for silicon-based
microfluidics is the PCR reaction, which profits from reduction of reaction volumes
in terms of reduced thermal mass. Northrup et al., introduced the first miniatur-
ized PCR system achieving heating rates of about 5°C/sec. [172] Later systems
have improved thermal control and accomplished 40 cycles in 6 minutes using con-
ventional thin film microheaters and temperature sensor structured on a silicon
substrate. [173] The mentioned system is however and open microfluidic system
enclosing free sample droplets enclosed in oil to prevent evaporation, hence a direct
comparison with closed microfluidic systems might not be fair.

C.J. Easly et al., has demonstrated a nucleic acid-based system for Bacillus an-
thracis (Anthrax) detection. [174] The system consists of four layers of borofloat
glass slides with etched channel structure bonded thermally and a PDMS membrane
layer enabling pneumatic valving. Off chip, lysed whole blood samples are purified
on-chip through solid phase extraction using on-chip stored silica beads. Extrac-
tion is followed by PCR, where infrared heating as a non-contact based method
is used to manipulate the thermal cycling of the nanoliter volumes of liquid [175]
which is followed by electrophoresis as down-stream detection method. The use
of silica beads for solid phase extraction enables on chip storage whilst using high
temperature thermal bonding.

3.2.2 Moulding
After years of extensive research, polymer microfabrication has generated a range of
different methods with variable scalability up to mass fabrication volumes. Mould-
ing is the process of shaping a liquid material along the relief of a rigid surface
called mold or matrix and is the most common method applied for creating mi-
crostructures in polymeric materials.

Soft lithography
In soft lithography, a polymer resin, usually PDMS, is casted onto a master or
mould usually a silicon wafer containing a relief structure fabricated by conven-
tional MEMS fabrication methods. After casting the polymer is cured and stripped
of the mold leaving a relief structure which is an exact copy of the on the mould.
Figure 3.3 shows the principle of the fabrication steps.
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Figure 3.3: Soft lithographic moulding of PDMS

Closing of the fabricated channel can easily be done by sticking the PDMS piece
onto another PDMS piece or a glass slide where the surfaces are held by van der
Waal forces. For a strong covalent bond, surface treatment of the PDMS and glass
with oxygen plasma is used for a permanent bonding. [176]

The introduction of soft lithography by G. M. Whitesides and Y. Xia was a game
changer in microfluidics research. [177] The simplicity of the method allowed re-
search labs to produce microfluidic system with the resolution similar to that of
silicon and glass but at a much lower cost and effort enabling academia to pace
up the exploration of fluidic phenomena at microscale. The flexibility of the ma-
terial allows complex microfluidic networks to be generated for purposes of me-
tering, mixing and other essential functions in LOC systems. [178–180] In micro
contact printing (µCP) patterning of bio- or inorganic molecules can be achieved
down to sub-micron features using PDMS microstructures as “stamp”. [181] Fur-
ther, by doping the PDMS with functional elements such as thermally expandable
beads or gold nanoparticles, pumps, valves and sensor elements have been demon-
strated. [182,183]

The ease of bonding a microfluidic PDMS channel with glass or silicon has opened
up for easy integration of sensor elements and other electrode structured on these
substrates. Numerous groups have integrated thin film microheaters on glass or sil-
icon in PDMS microfluidic system for PCR or cell growth experiments or electrodes
for electrochemical detection Chand et al., integrates cell lysis, PCR and post PCR
nucleic acid detection using ITO and gold electrodes for cell lysis, PCR and electro-
chemical detection structured on glass and integrated in PDMS microfluidics. [184]
A drawback of PDMS as material, which often is pointed out, is its high elastic mod-
ulus and low mechanical stability preventing the development of high aspect ratio
structures and wide channels leading structure collapse. A common way to prevent
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channel collapse is to introduce support structures in chambers or wider channel
systems. [158] This may however alter the temperature distribution and flow prop-
erties in the chamber for assays such as PCR. Recently, OSTE (off-stoichiometry
thiol-ene) was introduced as a material optimized explicitly to overcome the typical
weaknesses of PDMS in LOC applications. [185] The stiffness of the cured polymer
can be varied from soft elastomeric to stiff thermoplastic and recently high aspect
ratio structures of aspect ratio 1:8 was demonstrated similar to that of what can
be achieved using MEMS technology and silicon material. [186]

Thermoforming

Whereas soft lithographic methods at least today remain practical for prototyping
in the research lab, for mass fabrication of LOC devices, thermoforming processes
such as hot embossing/imprinting (low to medium volumes) or injection moulding
(high volume manufacturing) is the state of the art for large scale manufacturing
of polymer microfluidic systems. In these methods, thermoplastic materials are al-
lowed to adapt to the shape/relief of a moulding tool under elevated temperatures
and high pressures. Thermoplastics have two specific temperatures, glass trans-
mission (Tg) and melting temperature (Tm) at which the viscosity of the polymer
changes substantially. Below Tg the polymer is hard and un-shapeable. Above Tg
the polymer takes rubbery like state and above Tm it is a liquid. The change in
viscosity is caused by the applied heat causing the bonds between the long polymer
chains to break, making the entangled chains move more freely. By introducing a
relief structure to the thermoplast in the heated state and then allowing the com-
plex to cool back down below the thermoplasts Tg, the topography in the moulding
tool can be imprinted in the Thermoplast. Whereas hot embossing operates in the
rubbery state of the polymer (between Tg and Tm) injection moulding. Figure 3.4
illustrates schematically the process of injection moulding.
As the tool for hot embossing, or injection moulding is expensive ( 400 K Euros),
CNC micro milling is often used for small scale prototyping of thermoplastic mate-
rials. Whereas micro injection moulding requires about 10-30 seconds to complete
a moulding cycle and hot embossing about 10-30 min for enabling polymer struc-
tures down to >submicron range [187] just as in MEMS fabrication processing, the
assembly and bonding process is the time consuming factor hence the bottle neck
in the fabrication. The most common bonding methods are analogous to direct
bonding in MEMS manufacturing, i.e using temperature or solvents and pressure,
to fuse the channel substrate and lid together or using an intermediate adhesive
layer. The challenges in thermoplastic substrate bonding are similar to those of
silicon and glass bonding, i.e finding bonding conditions that are compatible with
maintaining on chip functionalities. In thermal bonding, the temperature is raised
above or close to Tg of the thermoplast hence, maintaining the channel dimensions
themselves are an additional challenge. For this reason, extensive research has been
invested in methods to be able to lower the bonding temperature in direct ther-
moplastic bonding. A reduction in Tg has been achieved for several common LOC
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Figure 3.4: The injection moulding and hot embossing process involves heating a
moulding tool and thermoplast above the Tg or Tm of the thermoplast, introducing
the mould into the melt and cooling down under high pressure

thermoplastic materials through for example exposure to UV [188],UV/ozone [189],
O2plasma/PVA [190], gamma irradiation, laser treatment and solvents [191]. For
systems with requirements on integrated biomolecules and electrodes, introducing
an adhesive often becomes the solution. [192] Tsao has estimated the average time
of bonding for thermal fusion bonding to be 30 minutes/cycle, UV/ozone assisted
thermal fusion bonding; 10-30 Minutes/cycle and adhesive; 2 Minutes /cycle. [187]
Adhesive bonding is consequently by far the method which can come close to match
the processing time of micro injection moulding (10-30 second / cycle time). How-
ever, again, introducing an adhesive layer in the microfluidics is not trivial as it
involves requirements on chemical inertness, compatibility with microfluidic flow
properties and precise application of the adhesive in order not to disturb channel
geometries. Numerous methods have been developed for adhesive application in
microfluidics. For prevention of channel clogging and homogenous distribution of
liquid adhesives, “capture channels” can be introduced. [193] Thin, homogenous
adhesive layers <5 µm can be achieved using the “stick and stamp” approach using
rolls. [194–196] Another approach is to first completely fill the microfluidic channel
with glue, blow gas through the channels to remove excess adhesive and only get a
thin adhesive film covering the walls and then exposure the substrate to UV cur-
ing. [197] Although a variety of technologies have been developed for precise and
accurate application of adhesives, patterning and application of homogenous layers
over large surfaces remains a challenge. [198]

As integration of electrodes is complicated in thermoplastic microfluidics due to
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the lack of compatible bonding techniques, the solution to enable thermal cycling
for µPCR applications is often to clamp the channel with an external heating
source [199,200] or use alternative non-contact heating methods such as laser [201]
or infrared light. [202] Sposito et. al, solved the problem of integration of heating
by structuring of thin-film microheater gold electrodes on the backside of the car-
tridge after solvent-bonding of the injection moulded cyclic olefin polymer (COP)
microfluidic substrate and a 50 µm thick COP foil enabling a thermal cycling time
of 14 s. [203] Wonkaew et al., integrated gold electrodes facing inwards to the chan-
nel for electrochemical detection of nucleic acids in an injection moulded PMMA
channel using UV/thermal bonding. [204] The electrodes needed however to be pro-
tected by a photoresist to void damage during the bonding. Despite improvements
in thermal bonding through solvent/UV/plasma, direct bonding of thermoplastic
material still remains a relatively slow bonding method. Ultrasonic welding has
proven applicable for bonding of thermoplastic microfluidic structures where bond-
ing occurs in a couple of seconds. [205] Recently Matteuchi et al., compared an
ultrasonic welding technique developed by the group with an optimized thermal
bonding protocol for bonding of injection moulded COC microfluidic structures
with a layer of COC containing gold electrodes. [206] The ultrasonic welding tech-
nique showed superior results compared to the thermal bonding protocol in terms of
rendering post-bonding intact electrodes and is fast, hence novel technologies may
be under way that can match the low-cost and performance of adhesive technologies.

A sample-to-answer nucleic analysis system for human identification was developed
by Le Roux et al., integrating DNA extraction, PCR by IR and detection by sep-
aration. [207] The system is of the size of a microtiter plate, with two additionally
fluidic layers for sample storage and liquid control.

3.2.3 Foils and layer-by-layer approaches
Many materials including paper, polymer, glass and metal, can be shaped to pre-
vail in the form of thin flexible films. This offers new opportunities in terms of
fabrication method and functionalities in microfluidic systems using layer-by-layer
approaches. Merging, the concept of LOC with foil technology can enable unique
features that are difficult to achieve through other technologies. [208] For example,
PCR can benefit from rapid cooling and heating through thin foil walls, the flexi-
bility in foils can be exploited for pumping and valving mechanisms, thin piercable
foils could enable novel sample transfer interfaces and assembly can be accom-
plished through folding or inflating foil compounds. [208] Further the flexibility of
foils allow for creating systems that can conform onto different morphologies for
example the skin and body parts which are being explored for wearable POC de-
vices. [211] Finally, the use of flexible substrates allows for efficient assembly and
packaging of devices through roll-to-roll, also called reel-to-reel (R2R) manufactur-
ing. R2R manufacturing refers to a broad set of processes in which a web or foil
is transported between two rolls whereby processes and functionalities are added
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to the foil substrate. Fields as diverse as newspaper printing, blister packaging
of foods, pharmaceuticals and consumer goods profit from the high throughput
in R2R manufacturing rendering cheap production costs per item. Lately, there
has been an increasing interest in applying this fabrication concept for microfluidic
systems as an alternative to the current state-of-the-art high volume manufactur-
ing method, micro injection moulding. The growing interest in flexible electronics
for applications in consumer goods, photovoltaics and wearables in health care
and life style applications has propelled technology development in R2R manufac-
turing of electronic system on plastic and paper. Some examples are solar cells,
organic light emitting diodes (OLED), organic thin-film transistors (OTFT) and
accellerometers. [210, 212–214] A smart label with integrated wireless communica-
tion, humidity control and electrochromic signage have for example been completely
produced by R2R fabrication. [215] Novel materials such as carbon nanotubes and
graphene are further currently being explored on foil-based substrates which may
introduce increased performance and new possibilities for sensors and other ele-
ments. [216, 217] Merging the field of flexible electronics and microfluidics, LOC
technology could profit from the developed technologies in electronic fabrication
on flexible substrates for enhanced functionalities in LOC. In combination with
pick-and-place and bimolecular printing technologies, various functionalities could
be integrated at high manufacturing throughput. Figure 3.5 illustrates a possible
foil-based fabrication scenario.

Figure 3.5: Schematic of a possible R2R lab-on-chip fabrication scenario. Illus-
trated is a scenario where channels are formed by cutting in double-sided adhesive
foils. However, microfluidic structured could for example also be screen printed or
moulded in polymer resins.

The basic principle in microfluidic system fabrication on paper based substrates
is to create hydrophobic barriers on the hydrophilic paper to define liquid flow
patterns. For structuring of hydrophobic barrier materials such as wax and poly-
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mers, various techniques such as inkjet printing, screen printing, photolithography
and flexographic printing can be used.218 Using plastic foil substrates to a great
deal apply the same technologies such as photolithography, thermoforming and
wet etching applied in MEMS and polymer processing of which several have been
demonstrated in roll-to-roll format. The review by Focke et. al. gives a good in-
troduction to fabrication processes and applications using thin flexible films. [218]
The review from 2010 points out that integration of electronic features at that time
are not very far yet, but likely is to profit from a R2R concept. Building up a
microfluidic system using a foil-based approach applies, as depicted, a wide range
of technologies from different microfabrication fields. The common denominator
is that the process can be applied to process a foil (find definition of what a foil
is) of a material and that the process can be envisioned to be transferred into a
roll-to-roll format. Consequently, choosing roll-to-roll hot embossing of thermo-
plasts to create the microfluidic structure, often one faces the same challenges in
functionality integration with respect to bonding as do a microinjection moulded
approach. R2R hot embossed microfluidic systems have been enabled for sorting of
cells by inertia [219], detection of MRSA by electrophoresis [220] Further, printed
immobilized antibodies for an ELISA assay were able to survive a solvent bonding
method in a R2R embossed PMMA microfluidic. [221]

Lab-on-CD-cartridges have been manufactured using thermoforming of thin foils
to enable microchannels. [222] CD-based cartridges for bacterial detection with
pre-stored reagents have been developed integrating DNA extraction and real-time
PCR from serum samples with 5 minutes hands on time for the user and a sample-
to-answer time in 3 h 45 min. [223] The CD-microfluidics was sealed with pressure
sensitive adhesive tape. CD-based microfluidics have however also been built up
using a multilayer approach by sandwiching alternating layers of cut channel struc-
tures in polymer foils and adhesive tapes. [224] By applying a layer-by-layer concept,
microfluidic structures not only in but also out of plane can be achieved.

3D-microfluidic systems have for example been enabled in paper [225,226], PDMS
[227], and dry film resist. [228] Here, alignment of layers however becomes criti-
cal. The use of adhesive foils constitutes a bonding method with potential of easy
functionality integration by eliminating the challenge in handling liquid adhesives
but at the same time allow for bonding of different materials to each other. For
example, Jia et. al. assembled a three layer foil stack of Polypropylene (PP), Poly-
carbonat (PC) and aluminum foil using PSA tapes to enable a µPCR system. [229]
The aluminum foil generated improved heat transfer from the external Peltier hot
plate enabling PCR 40 cycles in 27 minutes. A vast variety of single or double
sided medical grade adhesive tapes with for example UV or thermal curing are
commercially available. Pressure-sensitive-adhesive (PSA) tapes can be seen as the
“softest” of adhesive technologies as only light pressure, no temperatures or irradi-
ation is required for bonding.



3.2. FABRICATION 37

Thin foils can also be exploited for functionalities other than to form channels and
bond materials together for example, thin dissolvable films of poly-vinyl-Alcohol
(PVA) have been used for enabling valving mechanisms and reagent storage. [230,
231] Another approach to valving is to use the mechanical flexibility of thin mem-
branes of PDMS in a foil-stack together with microheaters and wax plugs. [232]

In their 2010 review on Lab-on-Foil, Focke et. al. did not include PDMS mould-
ing in their review due to its incompatibility with R2R manufacturing, although
it can be molded into very thin membranes. [208] Carlborg et. al [185] recently
introduced OSTE (off stoichiometry thiol-ene) polymer material, which opened up
new opportunities for the polymer casting technology and recently Senkbeil et. al.
demonstrated roll-to-plate moulding of thiol-ene (TE) resins by modifying its viscos-
ity using silica nanoparticles in step towards high-throughput manufacturing. [233]
Microfludic channels of 40x90 µm crossectional dimensons were moulded at a speed
of 19 m / minute. Further Lett et al., recently demonstrated R2R moulding of a
UV-curable resin using a PDMS mold to produce perforated membranes with 100
µm diameter through holes. [234]

Printing technologies have also been applied to fabricate microfluidic structures.
Wang et. al. used screen printable adhesives to form microfluidic channels on a
PET foil. [235] Another technology that has advanced since Fockes review in 2010
is 3D-printing which have been applied to microfluidic system manufacturing. [236]
In the essence of being a printing technology, these method could be integrated in
a R2R fabrication line and offer novel possibilities for fabrication of out-of-plane
microfluidics structure and integration with functional elements.

Progress has also been made in the field of paper-based systems for molecular diag-
nostic applications. Rodriguez et al., recently presented a fully integrated molecular
diagnostic chip on paper capable of performing extraction, amplification and de-
tection of clinical samples. [237] DNA amplification was enabled through LAMP
by putting the system on a hot plate for 30 minutes and upstream detection of
HPV 16 virus specific targets was achieved through immunochromatograpic detec-
tion. Electrode integration on paper substrates have since long been conducted
for electrochemical detection of various analytes. [238] Recently, Xiang et al have
demonstrated detection of synthetic Hepatitis B Virus DNA with a detection limit
of 85 picoMolar. [239] Although enabling very cheap systems due to low material
cost and simple fabrication protocols, paper based microfluidic systems are generally
limited to capillary flow actuation, which for some assays can be a disadvantage.

3.2.4 Commercial systems
Numerous LOC systems for nucleic acid analysis have been commercialized. For
example, despite the common standpoint that glass and silicon based microfluidic
systems are too expensive for disposable products, Veredus laboratories and ST
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Microelectronics have introduce a silicon based system for nucleic acid infectious
diseases detection on the market. After off-chip DNA extraction, the sample is in-
troduced in the silicon chip where multiplexed PCR and microarray detection is per-
formed and the answer is delivered after 3 hours. [240] One version of the chip was
for example developed for simultaneous detection of 26 pathogen species (includ-
ing bacteria, parasites and viruses) that causes 14 different tropical diseases. [241]
The system developed by Veredus laboratories and STMicroelectronics relies on
PCR controlled by integrated thin film microheaters assembled through adhesive
technology and detection by immobilized DNA microarrays. [240] Fluidigm Inc.’s
(South San Francisco, CA, USA) has also despite the labeling of PDMS-based mi-
crofluidics as a purely academic tool, commercialized their integrated microfluidic
PDMS-based solution example for digital PCR and single cell analysis. [242, 243]
As described, earlier, the POC Cepheid Xpert MTB/RIF is a system that has un-
dergone large scale roll-out in developing countries. However it was subventionized
by 40% of its original market price down to a cost of about 10 $ per test cartridge.
The Cepheid cartridge consists of a injection moulded cassette with integrated com-
ponents such as a silicon chip for filtering and integrated heating. [244]

3.3 Summary

For fabricating a microfluidic system, one can choose from a variety of substrates
and technologies, each providing their pros and cons in terms of affecting the func-
tionality and cost of the resulting system. An important factor for enabling AS-
SURED devices is low manufacturing cost. Another ASSURED criterion is “User-
friendly–minimal steps to carry out test.” For NAT based POC, this means inte-
gration of a variety of functionalities to be able to handle a full sample-to-answer
molecular diagnostic assay on-chip. Consequently, an ASSURED nucleic acid POC
need high functionality integration at extremely low cost.

Whereas silicon and glass based technology offers homogenous and robust sub-
strates and fabrication technology, material and process compatibility with biolog-
ical samples is an issue and systems generated are generally expensive. Polymers
offer a reduced material cost but tend to suffer from chemical and environmental
instability over time and their surface modifications are challenging. The current
state of the art mass manufacturing technology, micro injection moulding suffers
from lack of strong, fast and at the same time functionality compatible bonding
technologies. The assembly step has the highest price impact in embossing and
microinjection moulding manufacturing. [245] Paper based substrate are by far
the cheapest material, however assays are generally limited to being capillary flow
based, and integration of functionalities are limited.

Foils and R2R manufacturing is an alternative high throughput manufacturing
method to the conventional micro injection moulding which enables large paral-
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lelization in handling of devices and straight forward functionality integration and
assembly. Further, a large variety of methods such as die cutting in adhesive foils,
screen printing, hot embossing, resin moulding and 3D printing can be applied in
R2R offering broad spectra in technologies for channel formation. The diagram in
Figure 3.6 below, summarizes microfluidic feature, assembly and fabrication aspects
relative fabrication volume of some of the fabrication technologies discussed.

Figure 3.6: Fabrication and assembly methods according to scalability and fea-
ture size. The main disadvantage of current state-of-the art mass manufacturing
technologies, i.e thermoplastic processing is the dependency on low throughput as-
sembly.





Chapter 4

Present Investigation

The aim of the Ph.D. thesis has been to use thin plastic foils and flexible electronics
integrated into microfluidic devices of high functionality and explore different steps
in molecular diagnostic protocols such as amplification and detection. Throughout
the work, special attention has been given to device design aspects to enable systems
that can be fabricated through as few process steps as possible and using as cheap
material as possible, which are compatible with roll-to-roll manufacturing. This
chapter describes the six papers that form the basis of this thesis. Nucleic acid
testing (NAT) remains at the heart of modern diagnostics and is the topic of papers
I to III, where microfluidic platforms for SNP analysis by melting curve analysis is
reported. Furthermore, PCR remains the gold standard for sample amplification
prior detection and is the topic of paper IV, where a portable µPCR system has
been developed. Finally, integration of detection is another important aspect of
POC diagnostics and is addressed in paper V and VI, where integration of light
source and optical detection module is demonstrated.

4.1 Multiplexed detection platform for SNP analysis
(paper I-III)

Point mutations or SNPs have gained importance through their use as genetic mark-
ers for both communicable and non-communicable diseases. Constituting genetic
differences in only one single base, puts challenges on the methods of detection, as
they cannot be detected by methods commonly used for detection of longer DNA
segments. This has generated a variety of methods particularly developed for SNP
detection, which were described in section 2.5. The simplest way of detecting SNP
is via allele-specific oligonucleotide hybridization (ASOH), which rely hybridization
to distinguish between two DNA molecules differing by one base. In its basic form,
ASOH is limited by the difficult challenge of defining discriminatory assay condi-
tions for a series of simultaneous analyses on a given microarray. The accuracy and
discrimination power can be improved in a number of ways, including enzymatic

41
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reactions, and as described in this thesis hybridization followed by dynamic heating
while simultaneously monitoring the DNA denaturation for accurate discrimination
of the SNP type. As previously described, Brookes et. al introduced surface bound
melting curve analysis in the form of DASH. [132] By immobilizing the target to a
solid support instead of monitoring duplexes free in liquid solution, DASH opened
up for effective multiplexing. In paper I, the first miniaturization of the DASH
assay is demonstrated. In paper II and III, a novel foil based melting curve analysis
is introduced

Paper I: Glass-based thin-film microheater for MCA based SNP detection

We have developed a glass-based thin-film microheater processed using conventional
MEMS fabrication technology and applied it for MCA based SNP genotyping. In
this work, we have employed a monolayer of immobilized beads as the reaction
surface of the microheater chip. The principle of the bead-based MCA is shown in
Figure 4.1.

Figure 4.1: Principle of the bead-based DASH assay. (a) Schematic illustration
of µCP (micro-contact printing) of beads. Streptavidin-coated microparticles are
immobilized on silicon dioxide surface patterned with biotin-linked BSA. (b) DASH
principle on bead. Beads with duplex consisting of a biotinylated immobilized PCR
product (or oligonucleotide) and an allele-specific fluorescent-labeled probe are im-
mobilized on the surface of the chip and heated from low-to-high temperature while
monitoring the fluorescence. Melting profiles of the probe-target duplexes are gen-
erated and used to score the SNP.
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The beads are immobilized to the surface via micro-contact printing of biotiny-
lated bovine serum albumin (BSA) followed by incubation with streptavidin coated
beads. The 5’-biotinylated-DNA-probe is conjugated to the streptavidin-coated
beads prior immobilization to the surface, which facilitates sample preparation
(Figure.4.1a). Upon hybridization of the tagged target DNA, the microheater chip
is dynamically heated while the fluorescence signal is monitored using a microscope
(Figure. 4.1b).

Figure 4.2: An expanded side view of the different layers and a top view of the
heater

The thin-film microheater and temperature sensor chip was fabricated using
standard lithographic microfabrication methods. Figure 4.2 shows a schematic of
the thin-film titanium chip. Pyrex glass is used as thermal insulator, with the
added advantage that less power is needed to heat the microchips. The titanium
based thin-film resistor heater was insulated with silicon dioxide layer and a layer of
Aluminium layer acts as a heat sink to increase thermal uniformity by increasing the
thermal conductivity and the top layer was covered with silicon dioxide and silicone
nitrate to insulate the buffer solution (see expanded view of the chip in Figure 4.2).
For melting curve analysis, the chip with the immobilized beads is placed under a
fluorescence microscope and dynamically heated while measuring the fluorescence
signal. By monitoring the fluorescence of immobilized single beads hybridized with
either matching, mismatching or heterozygous targets upon exposure to a thermal
gradient induced by the thin-film microheater, discrimination of the three samples
were demonstrated (Figure 4.3)
Summary: In summary, in paper I we reported the first microheater based DASH
assay. We used µCP to immobilize monolayer of beads acting as solid support for
the DNA duplex. We successfully called SNP using the system. Furthermore, the
system was further developed for multiplexed detection using different sized beads
in a follow up study. [246]
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Figure 4.3: Negative derivative of match, mismatch and heterozygous samples of
melting curves generated by the chip in figure 4.2

Paper II. Foil-based thin-film microheater for MCA based SNP detection

While the work in paper I demonstrated the use of microheater chips for surface
based MCA, the rather complex fabrication scheme with multiple layers of evapo-
rated and CVD (Chemical Vapour Deposition) processed layers makes the devices
prohibitively expensive. In addition, the use of µCP based monolayer bead system
was proven to be not very robust. Finally, the open heater system was difficult to
integrate with fluidic system post bead immobilization.

In a step towards a system compatible with high-throughput manufacturing,
we introduce the first plastic-foil based microheater system for MCA in paper II.
Figure4.4 shows schematic illustration of the foil based microheater concept where
the entire device is made of plastic foil.
The design is based on copper meshes instead of classical meander structures to
enable electrical resistivity and thermal diffusivity in one layer. Figure4.5 shows
the thermal profile in a 15 µm thick TLC (Termocromic Liquid Crystal) layer
using different copper wire structures structured using standard photolithography
on PEN foil.
After characterization, it was concluded that a lift-off processed copper mesh with 5
µm wires and 50 µm space provided the necessary thermal homogeneity for the as-
say. For passivation of the heater and as interface to the DNA hybridization assay,
2 µm thick Parylene C, which is biocompatible and inert material, was used. For
covalent immobilization of the DNA probes, a protocol developed by Pirri et. al us-
ing co-polymer poly(DMA-NAS-MAPS) was applied on the Parylene surface. [247]
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Figure 4.4: A schematic representation of a lab-on-foil system for SNP detection
by melting curve analysis. A microarray of SNP specific oligonucleotides are spot-
ted in the center of the mesh heater. (b) Integrated copper thin film heater in a
microfluidic system entirely made of plastic foils

Finally, for fluidic connection, a channel structure was cut in PSA tape, laminated
on the heater and a second PEN foil was laminated on top of the PSA foil. As a
proof of principle, SNP in the NPY gene associated with increased risk of Type II
diabetes was successfully detected (Figure4.6). Summary: In summary, in paper II
we reported a novel all foil based microheater system for MCA based SNP detection.
A simple fabrication process using copper mesh heater provided both robustness
in the microfabrication process and homogenous heating distribution that allowed
for single base discriminating upon dynamic heating. Surface modification using a
co-polymer system on Paralyne C used as passivation layer enabled immobilization
of the DNA probe into a microarray on the PEN foil.
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Figure 4.5: Roll-to-roll manufactured Cu meander with 15 µm lines and 150 µm
spaces on 125 µm PEN foil. The transparent foil is put on a dark background for
clarity. b) The corresponding thermal profile at the surface in a) at 62 °C using a
15 µm thick TLC layer. The current bearing conductors are clearly visible. c) Roll-
to-roll manufactured mesh heater with 15 µm lines and 150 µm spaces on PEN foil.
d) The TLC response of the mesh heater in c) at 62 °C. The hot spot in the heater
has a more rectangular shape than in b) indicating a more efficient heat spreading
related to the 1.5 x 3.0 mm2 heater surface. e) Lift-off processed mesh heater with
5 µm line and 50 µm spaces on PEN foil. f) The color changes in the TLC layer
coated on the heater in e) As in d) the hot spot has a rectangular shape. The mesh
pattern is however less reproduced in the thermal image compared to d) indicating
a more homogenous heat spreading on the micro scale by reducing the mesh size

Paper III. Roll-2-Roll compatible microheater system for highly multiplexed
DNA detection.
While the novel foil based microheater concept using a mesh design provides dra-
matic improvements over other systems, the use of Parlyene C for heater pas-
sivation and the DNA immobilization protocol requiring multiple surface activa-
tion and treatment steps is identified as limiting factors in enabling low cost and
scalable fabrication process. Hence in paper III, the system was optimized to be
completely compatible with R2R fabrication by replacing the Parylene C with a
single-sided PSA foil for passivation. Further, a DNA immobilization protocol de-
veloped by Sun et al., which does not require any surface pretreatment or blocking
steps was implemented. [248] Robust immobilization on common LOC substrate
such as PMMA, COC, PC and PS was demonstrated. We applied the polyTpolyC
UV-immobilization method with the surface bound MCA assay. Figure4.7 shows a
cross section of the MCA chip developed in paper III.
In this work, the DNA probes are immobilized on the backside of the 120 µm thick
PEN (Polyethylene Napthalate) foil, hence the PEN substrate is acting as a heat
sink which allows for larger tolerance in width of the copper wires (as compared
to previous used 5 µm). This enabled that the copper heaters could be fabricated
completely using R2R photolithography. Further, a large isothermal surface was
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Figure 4.6: Detection of the PreproNPY gene polymorphism. Normalized intensity
of four matched and four mismatched samples. The black line shows the average
intensity for the respective alleles

targeted in order to be able to handle larger DNA microarrays for increased multi-
plexing. This was achieved by TLC characterization of different line/space aspect
ratios and heater sizes. Figure4.8 shows the temperature profile in a 1.5 x 3 mm
heater with 5 µm line 50 µm space and a 4x6 mm heater with a 30 µm line and
300 µm space.

Figure 4.7: Schematic of cross section of the layers composing the microfluidic
MCA module. (b) UV-based DNA probe immobilization method

It can be seen that a larger isothermal surface have been achieved by using a larger
line/space ratio in combination with a larger heater size. For a proof-of-principle
how the system could be used in a clinical case, we applied the µMCA platform for
bacterial subtyping and multiresistance detection of Staphylococcus Aureus. For
sub-typing, Huygens et al., have previously developed a method which used small
sets of discriminatory SNPs for bacterial characterization which was mentioned
earlier. [90, 91] Figure4.9 shows an example of foil based detection of SNP nr 6 by
MCA in the Staph. Aureus. Tpi 242 + 243 allele in two patient sample where one
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Figure 4.8: TLC profile of a small 1.5x3 mm mesh heater with 5 µm line and 50
µm space and a 4x6 mm mesh heater with 30 µm line and 300 /mum space.

is also diagnosed with MSSA (a) and the other with MRSA (b)

Figure 4.9: a) A DNA microarray hybridized with a patient sample containing
Tpi6 with no Mec A signal and b) a DNA microarray hybridized with a patient
sample with Tpi 6 and a MecA signal. c) melting curves of the microarray in a and
b revealing that the Tpi 6 is present in the patient samples.

Summary: In summary, we have developed an all-polymer system which can be
manufactured in a low-cost R2R process and applied it for successful detection of
multiresistancy and sub-type specific strains of the Staphylococus Auresus bacteria.
The platform was evaluated both with synthetic and genomic DNA strands with
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good concurrence between the two. Successful discrimination on clinical samples
between sub-type and MRSA and MSSA was demonstrated.

4.2 DNA amplification in thin film devices (paper IV)

Paper IV:Portable microPCR in lab-on-foil system

PCR, a DNA amplification method that allows for production of large amounts
of DNA and was awarded the Nobel Prize in Chemistry 1993, is widely used to
diagnose diseases, including detection of pathogens. While PCR is currently con-
sidered the gold standard amplification method, for POC applications there are
a number of barriers that the foil based microheater presented in this thesis can
address. Most important, PCR needs expensive equipment and lab infrastructure
with stable power outlet. Hence, portable battery-driven microPCR especially at
resource-limited settings is poised to transform health care delivery by delivering
affordable POC diagnostics. Towards this, the microheater developed in paper III
was in paper IV evaluated for µPCR application.

In paper IV, we opened up for the development towards a portable real-time moni-
toring system using the mesh heater, in an optical setup using an LED light source
and an 50 € CMOS sensor. The choice of a CMOS sensor was based on its small
size, wide range of working temperature (-30 to 70°C), dynamic range and sensi-
tivity at a reasonably low cost. Figure4.10 shows a schematic of the fluorescence
monitoring system

Figure 4.10: Optical setup for fluorescence monitoring in µPCR and the nor-
malized measured Cybr Green fluorescence intensity with and without the mirror
showing an approximately 30% signal increase with mirror

The fact that the thin-film microheater is semi-transparent is exploited for signal
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enhancement by placing a mirror behind the microfluidic PCR chamber. Hereby,
the excess LED light and emitted fluorescence light from the sample which is scat-
tered in all directions, is collected by the mirror and refocused towards the sample
and detector generating an about 30 % increase of the fluorescence signal with mir-
ror compared to without.

A chamber structure was designed and structured in double-sided PSA foil. The
curvature of the chamber was designed to follow the elliptic heat profile of the 4x6
mm mesh heater developed in paper III, as evaluated using the TLCs. A challenging
aspect in microfluidic PCR system design is the management of increased pressure
in the system at elevated temperatures (according to the ideal gas law) causing
generation of gas bubbles. In lamination based systems, the increased pressure can
lead to de-lamination of the PSA foil, which can be solved by integration of addi-
tional vapour-barrier channels, however also at a loss of volume. [249] A chamber
was designed according to the contour of the hot spot in the 4x6 mm heater target-
ing a 2°C center to edge gradient. However, as this chamber was prone to bubble
formation during cycling a second design with an approximately 4 °C TLC gradi-
ent was designed. This chamber exhibited better cycling characteristics in terms
of reduction in bubbles and was further investigated.The temperature gradient in
the resulting PCR chamber was evaluated by filling an assembled µPCR chamber
with TLC’s and monitor the color changes in the crystals using the microhetaer.
An approximate 3-4°C gradient from center to edge is estimated. (Figure 4.11)

Figure 4.11: Determination of the temperature gradient in the µPCR chamber
using TLC. The chamber depth is defined by the 140 µm thick PSA foil.The TLCs
goes from red at 60°C through yellow, green up to dark blue at 65°C.

For preventing evaporation of the PCR sample, an oil-sample-oil phase concept
was applied. Figure4.12 shows an approximately 1.2 µL sample plug introduced
into the camber kept between two plugs of mineral oil. To enable the filling, the
oil-sample-oil plug was first sucked into a silicone tube by a peristaltic pump, the
tube was connected to the µPCR chamber inlet and the liquid plug was pushed
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Figure 4.12: A µPCR sample plug introduced in the µPCR chamber. The 140 µm
deep, and 4x6 mm wide chamber can fit an approximately 1,2 µL PCR sample.

into the system.
For precise thermal cycling, a temperature control program was developed in VEE
Pro 9 (Keysight) using the Thermal Coefficient of Resistance (TCR) of the copper
mesh and the linear dependence of resistance to temperature expressed as:

R = R0(1 + α(T − T0) (4.1)

Where α is the TCR, T= temperature and R=Resistance. Using the integrated
PID controller in the software, the parameter settings were optimized to enable fast
ramping rates with minimal over shooting at each plateau. Figure 4.13 shows the
registered temperature profile of a copper mesh heater when ramping the heater
between 59, 67 and 95 °C using the control software. The µPCR chamber is filled
with liquid as in Figure 4.11.
The system exhibits a rise time of 10 seconds between 59 and 95 °C and a passive
cooling time of 10 seconds between 95 and 59°C.

For evaluation of the µPCR module in a potential clinical application, three clin-
ical samples (two from HIV infected patients who were on therapy with less than
detected level of viral load in plasma (plasma viral RNA) and one negative control)
was used. After DNA extraction, amplification of the HIV-1 target was performed
using the COBAS TagMan HIV-1 assay, an in-house developed qPCR assay using
TaqMan probes, and the µPCR method. After µPCR the PCR product was quan-
tified using the in house qPCR method. The results of the different PCR methods
are shown in Table 4.1)
The positive samples could not be detected using the COBAS or the in house qPCR
method. However, after µPCR, a signal can be achieved with the qPCR methods
is achieved. This proves that amplification of the HIV-1 target has taken place
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Figure 4.13: Temperature profil upon cycling the µPCR chamber using the cop-
per mesh heater. Insert shows the thermal behaviour at the 95°C plateau. The
temperature is oscillating 0,5 °C above and 1,5 °C below the set 95°C

Table 4.1: Comparitive analysis of µPCR with PCR and qPCR

Test Samples Viral load DNA qPCR µPCR qPCR
(copies/ml)* (copies/ml)** (copies/reactions)

Pt 01 <20 <20 Positive 23900
Pt 02 <20 <20 Positive 36

Neg Control ND <20 Negative Negative

in the µPCR chamber . Considering that the µPCR protocol used 1/5 hot start
time, ½ the annealing and elongation time and 1/3 of the denaturation time com-
pared to the optimized qPCR protocol, the µPCR system has potential for a low
detection limit after optimization of the µPCR parameters. The results show that
the laminated foil-based µPCR chamber with integrated heater can be used for
DNA amplification by PCR. Despite having a temperature gradient from center to
edge of approximately 3-4°C, the thermal control provided by the developed tem-
perature control program is precise enough to enable PCR. Further, the developed
fluorescence detection setup using an LED light source and a small USB camera
in combination with the fact that the heater only needs a maximum 2 V and 130
mA during cycling promotes the concept of a portable µPCR solution. To enable
a true POC solution, the critical step of sample preparation needs however to be
integrated.

Summary: In summary, we have developed a microPCR chamber with an ap-
proximate temperature gradient of 3-4°C in the chamber. A program for thermal
cycling was developed and the system was first evaluated for amplification of E-coli
targets and later HIV-1 in clinical samples. A portable detection system using an
LED as light source and a small CMOS camera was demonstrated enabling a 30 %
fluorescence signal enhancement. The system could be applied for PCR real-time
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monitoring.

4.3 Integration of optical detection in lab-on-foil devices
(paper V and VI)

Sample preparation is a critical bottleneck in the attempt to develop portable and
low-cost lab-on-a-chip platforms. Furthermore, the difficulty in integrating detec-
tion systems into these lab-on-chip platforms has limited their widespread use. In
this context, numerous options of small, low power consuming, highly sensitive op-
tical transducers have been proposed for portable LOC solutions. Integration of
optical sensor components on chip further potentially offers increased sensitivity
due to the reduced working distances and elimination of light scattering interfaces
such as lenses, which can lead to optical losses. Integrating optical components into
microscale devices also can enable highly effective multiplexing. In this thesis, we
have explored integrated optical detection through organic electronics which pro-
vide a number of miniaturized optical elements. Organic materials, with a unique
combination of electronic and mechanical properties enable the development of ul-
trathin, lightweight, flexible microdevices. Further, the economic driver to reduce
fabrication and integration in non-planar objects cost is particular attractive in the
merge between foil based organic electronics and lab-on-foil integration, which has
been the topic of the remaining 2 papers described below.
Paper V: The development of a highly integrated system for gas sensing

In paper V, a highly integrated system for volatile analytes was enabled in an
stack assembly of three functional layers consisting of an amine sensitive dye layer
sandwitched between an electroluminescent light source (EL) and OTFT working
as detector has been developed (Figure 4.14).

Figure 4.14: Schematic cross sectional for the foil-based detection module for
volatile analytes

The sensor foil consists of lyophilized indicator dye mixed in a polyurethane-
polymer matrix which is casted onto a 125 µm thick PEN foil. Upon reaction
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with amines, a color change from yellow to blue occurs in the dye layer causing an
absorbance change in the OTFT. As discrete amounts of gas is difficult to handle,
and the sensor dye also is responsive to different pH, different color nuances ranging
from yellow through green to blue were generated by exposure of the sensor dye
foil to different aqueous solutions of different pH. Figure4.15 shows the resulting
response in the OTFT.

Figure 4.15: The dynamic response of the sensor output for different pH levels.
The light source is repeatedly turned on for 40 seconds and off for 100 seconds

Different pH resulting in different color changes in the dye-sensor layer causes
changes in the light emitted from the EL element inciding on the OTFT. The
change in light affects the current flowing in the OTFT IDEs. Absorbance based
measurements brings the advantage of fabricating the light source and detector in
parallell on the same substrate, by simply folding them around the sensor foil. This
illustrates one of the advantages of fabrication on flexible substrates as it allows
for effective assembly. Further the use of a PSA foil to join the different elements
allows for integration without considering solvent and temperature compatiblity of
the multilayer structure. Further, the implementation of a solution based TIPS-
Pentacene organic semiconductor with controlled crystallization by self organiza-
tion [250] allows for inkjet printing of the semiconductor instead evaporation which
is conventionally used to arrive on homogenous TIPS layers.

Summary: In summary, we have developed a multi-functional operational diag-
nostic lab-on-foil analysis system integrating electrical and optical devices by poly-
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tronic means. The polymer-opto-electronic module is completely integrated on a
foil substrate, where an electroluminescent light source has been hetero-integrated
together with an organic thin-film OTFT, working as a photodetector. The module
demonstrates the capabilities of polytronics in functional integration for low-cost
manufacturing

Paper VI: The development of an integrated absorbance measurement device for
DNA analysis.

In paper VI, the absorbance measurement module was further optimized to en-
able a module of extremely low cost. For this, the light source was replaced by an
external LED and an integrated detector was enabled using only one screen printing
step and one µ-dispensing step. Here, the OTFT concept was replaced by a simpler
working light dependent resistor detector (LDR). A microfluidic DNA hybridization
assay was developed using beads as a non-bleachable label and integrated in the
absorbance measurement module. Figure 4.16, shows a schematic of the device.

Figure 4.16: Schematic diagram (left) showing the cross-section of system consist-
ing of a permanent part and a foil based disposable part, and (right) the principle of
operation of the stack for absorbance based measurement is shown. The DNA probe
immobilized on the bottom PEN foil is hybridized to a biotinylated target DNA and
streptavidin coated magnetic beads are added to bind to the DNA target. The light
(autofluorescence of PEN foil) is absorbed by the beads and the transmitted light is
quantified by the detection layer

The LDR is based on a solution deposited amorphous OSC consisting of a co-
polymer of triarylamine and a fused aromatic species. As reported by Zhang et al.
and confirmed by our previous results, this material retains the excellent stability
properties of aryl amine polymers when exposed to ambient environmental condi-
tions in the co-polymer, while increasing charge carrier mobility. [251, 252] This is
a major advantage of this OSC as no passivation or encapsulation layer is needed.
Further, no complex fabrication protocol to control crystallization, which influences
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the electrical properties, is required.

The microfluidic bead-based DNA hybridization assay was developed using the
polyTpolyC DNA immobilization protocol developed by Sun et. al which is highly
compatible with R2R processing due to the few number of process steps involved.
[248] Streptavidin coated beads are incubated on the printed DNA microarrays after
hybridization with biotinylated targets. Figure 4.17 shows the resulting microflu-
idic arrays after bead trapping and the corresponding intensity profiles as extracted
by ImageJ.

Figure 4.17: Microscope images of the spots where paramagnetic beads were
trapped on the surface, wherein sample types A1, A2 and A3 were hybridized with
1 µM biotinylated target, B1, B2 and B3 were hybridized with 50 nM and C1, C2
and C3 with 2,5 nM. b) The results of the intensity analysis of the images in a

The amount of beads is decreasing with decreasing DNA target concentration
as a direct consequence of decreasing amount of biotin molecules in the spots to
bind the beads. The visual observation is also confirmed in the extracted image
intensities (Figure 4.17b). This shows that the bead-based readout can be used to
quantify the amount of targets hybridized on the immobilized DNA microarrays.

Finally, integrated measurement using the detection layer in combination with the
fluidic layer was enabled by placing the foil-stack on top of an LED with a spectral
max of 365 nm, targeted to the optical sensitivity of the detection layer. Figure
4.18 shows the electrical output of the detector layer under exposure to the nine
different fluidic layers. The LED was switched on for a 60 s time period followed
by an off time period of 120 s.

The detection layer can clearly discriminate between the different bead concen-
trations and the difference in between target concentration is significant.

Summary: In summary, we have developed an integrated device capable of detect-
ing DNA hybridization event via absorbance measurement. The LDR composed by
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Figure 4.18: The average current response of the sensor to the three different
concentrations (1 µM, 50 nM and 2,5 nM). The sensor is reproducibly able to
distinguish the different concentrations.

the amorphous semiconductor and screen printed carbon fingers can sense optical
differences in the microfluidic channel due to differences in hybridization events. As
a proof of principle, the integrated device successfully distinguished between match
and mismatch DNA hybridization and the differences in target DNA concentrations.
Using a roll-to-roll fabrication concept and exploiting the inherent characteristics
of the substrates themselves for multiple purposes, significantly reduces the manu-
facturing cost, and hence making it suitable for low cost applications. The system
could be applied for different assays leading to changes in optical transmittance such
as isothermal amplification (LAMP, RCA), other binding assays using physical par-
ticles as markers or cell cultivation assays. For a selective Amine sensing System,
the cross reactivity with pH in aqueous Solutions would have to be eliminated.





Chapter 5

Conclusion and outlook

This thesis has explored the combination between flexible electronics and Lab-on-
Chip technology in order to advance the LoC field towards systems with increased
functionality at maintained low fabrication cost. The work is focused on NAT as
it holds advantages such as earlier and more accurate detection compared to com-
mon standard diagnostic technologies such as immunology. These features could
positively impact global health in applications such as infectious disease in terms
of more effective treatment of patients, reduced antibiotic consumption in health
care and more effective infectious disease control and prevention . To enable this,
the health care worker needs to be provided with the diagnostic result faster and
cheaper in the form of PoC diagnostics . For this to be realized, NAT need to be
de-coupled from the centralized laboratory to enable in-field testing. Out of the
NAT protocol steps, this thesis has developed microfluidic systems for DNA de-
tection and amplification using non-conventional LoC material such as PEN, PET
and double-sided PSA foils. The design of the systems have been targeted to be
compatible with R2R manufacturing to enable low fabrication cost.
A microfluidic system for detection of multiresistancy and subtyping of Staphylo-
coccus Aureus was demonstrated. Integrated in a sample-to-answer system, the
detection method could, at the point of care, inform the health care worker not
only about multiresistancy, but also recommend choice of antibiotic treatment and
reveal the origin of the bacteria for health care management purposes. The µPCR
module demonstrated that precise thermal control which often is seen as a draw
back for the PCR, hence is avoided in microfluidic low-cost applications, can be
achieved in a microfluidic module of low cost. The semi-transparent design of the
heater allows for the use of a relatively cheap fluorescence detector. Integrated with
sample preparation, the system could enable real-time PCR in a field-application
but could also be integrated with the melting curve analysis module for Staph.
Aureus detection.
Finally, organic electronics was merged with chemically reactive sensor dyes and a
bead-based microfluidic DNA hybridization assay enabling detection modules for
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optical absorbance. The advantage is the elimination of bulky optical components
such as lenses and filters and the miniaturization opens up for multiplexing of highly
parallelized assays. Successful quantitative analysis was enabled of different con-
centrations hybridized DNA targets but the detection module could also be applied
for other assays such as LAMP, RCA or cell cultivation assays. The module could
also be further advanced by integration of fluorescence measurement capability.

The result of this thesis demonstrates the potential of using a foil-based R2R ap-
proach for enabling complex NAT at high fabrication throughput. The systems
developed in this thesis proves that advanced molecular diagnostic assays can be
miniaturized using flexible foils and PSA tapes. However, to enable true point-
of-care solutions, the critical steps of sample preparation need to be integrated
with the developed systems for clinical impact. The chosen approach of R2R fab-
rication and PSA foils opens up for integration of for example commercial filters
and valving mechanisms could for example be enables using dissolvable films as
previously described. The choice of laser cutting or die cutting of PSA films for
microfluidic structuring however limits the microfluidics to sizes of about 100 µm in
width. Further handling of complex microfluidic networks for example large mean-
ders are difficult and free standing structures such as micro pillars are not possible.
This could however potentially be solved by combining the technology with resin
moulding or screen- or ink jet printing previously described for such elements.



Acknowledgement

This thesis spans over microfabrication, molecular biology, electronics and mea-
surement technology. With my background in microsystem technology and a bit of
biochemistry, the work presented here would not have been possible without input,
help, guidance and influences from many people from various fields to whom I am
very grateful. I would like to express my sincere gratitude towards the people who
has been involved in this work.

First of all I would like to thank my supervisors, Christoph Kutter at the Frauhofer
EMFT in Munich and Aman Russom at KTH for opening up for the collabora-
tion between Fraunhofer EMFT and KTH, enabling this thesis. Christoph, thank
you for supporting this work and for trusting me in exploring the topic at Fraun-
hofer EMFT, for constructive feedback and inspiring discussions. Your eye to the
commercial side of our research is very inspiring. Aman, none of this would have
happened had you not seen the potential in foil-technologies for microfluidics appli-
cations. Thank you for taking on a long-distance supervisor task between Stockholm
and Munich. Your energy and enthusiasm for the topic and firm persuasion that
our research is making a difference is truly inspiring. I also want to thank Karlheiz
Bock, my supervisor during my early years at Fraunhofer EMFT. Thanks also to
the late Gerhard Klink, my group manager during many years for the supporting
and encouraging spirit and for sharing his extensive knowledge in flexible electron-
ics. Thanks also to the Fraunhofer TALENTA program for supporting financing
during the last phase of my PhD.

My sincere thanks goes to the colleagues with whom I have worked closest with
through the years, Sergey Zelenin and Harisha Ramachandraiah at KTH and Ron-
nie Bose at Fraunhofer EMFT. Sergey, thank you for the constructive discussions
regarding our projects and for getting me a bit up to speed with molecular biol-
ogy. Your expertise has been invaluable. Harisha, it has always been a pleasure
to hang out with you when I come to work in Stockholm and to brainstorm about
novel projects and research ideas. Also, I am very grateful for that you helped me
through the whole thesis printing process. Thanks you for those late nights with
the thesis manuscript. Ronnie, thanks for being a good friend and colleague. I have
really enjoyed sharing office with you during all those years and the scientific work

61



62 CHAPTER 5. CONCLUSION AND OUTLOOK

that we have done together generating a couple of nice devices and publications.
Looking forward to more of that!

I would also like to thank my colleagues at Fraunhofer EMFT, in particular the
Flexible Systems department for providing a nice working atmosphere. In particu-
lar my thanks goes to Dieter Bollman and Sonia Marin for always being able to slip
in some foil laser structuring in your agendas when I have needed them. Thanks
to Martin König for R2R manufacturing of the copper heater roll and to Dieter
Hemmetzberger and Detlef Bonfert for help with electronic measurements. Thanks
to Sebastian Kiebler, Johannes Häfner, and Christoph Jenke for investing time in
repairing the DNA printer when it broke. Thanks also to Martin Alberti and and
Erwin Yacoub. Biologists and chemists are a rare species at an electronics insti-
tute so it has been good to having you around for problem solving in biochemistry.
Thanks also to all the students who have worked with me through the years; To-
bias Hammerle, Stephanie Bauer, Susanne Bolzmacher, Tawanchai Schmitz, Amit
Pandita and Andrej Seb.

Amin Kazemzadeh at KTH and my brother Johan Ohlander gave constructive
feedback on the thesis manuscript. Thanks you! Johan, your input from an epi-
demiologist point of view on the introduction was very helpful and educating. My
thanks also goes to Flavia Huygens at University of Queensland, Brisbane Australia
for input on the genetics part of my the thesis and for being a great source to learn
about clinical issues in infectious disease microbiology.

I have some very good friends whom I want to thank. When you for example
suddenly realize that you actually have moved abroad and feel like the loneliest
person on earth it’s good to know that you guys are around no matter the geo-
graphical distance; Thank you Gizela, Sara, Johanna, Anna, Åsa, Helena and Cilla
back home in Sweden for being there through the years. Thanks also to the friends
I have made in Munich. In particular Mariela, Katia, Katrin and Ibrahim and
Haruka. Mariela and Katia, you were my first friends in Munich and had I not
been so fortunate to meet you during my first months in Munich I don’t think I
would have lasted long here. With the rest of you adding in, Munich has turned
into a nice place to live. My thanks also goes to Josie for tuning in from San Diego!

Finally I want to thank my family for simply being the best. Mamma, pappa,
and Johan thank you for your unconditional support and for always believing in
me and last but not least; thank you Martin for your love and encouragements for
your understanding through the last year of learning for exams and writing this
thesis on weekends and holidays.

Again, thank you all!

Munich, April, 2017



63

Anna Ohlander





Bibliography

[1] M. E. J. Woolhouse and S. Gowtage-Sequeria, Emerging infectious diseases,
2005, 11, 1842–1847

[2] C. Dye, Philosophical transactions of the Royal Society of London. Series B,
Biological sciences, 2014, 369, 20130426.

[3] WHO, A safer future- global public health security in the 21st century, 2007.

[4] Z. A. Bhutta, J. Sommerfeld, Z. S. Lassi, R. A. Salam and J. K. Das, Infectious
diseases of poverty, 2014, 3, 21.

[5] K. Hofstraat and W. H. van Brakel, International health, 2016, 8 Suppl 1, i53-70

[6] A. Courtwright and A. Turner, Public Health Reports, 2010, 125, 34–42.

[7] C. D. Mathers and D. Loncar, World Health Organization

[8] J. V. Remais, G. Zeng, G. Li, L. Tian and M. M. Engel-
gau,International journal of epidemiology, 2013, 42, 221–227,
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3600620/pdf/dys135.pdf.

[9] I. C. Bygbjerg, Science (New York, N.Y.), 2012, 337, 1499–1500, http://health-
equity.pitt.edu/3994/1/Double_Burden_of_Noncommunicable_and_Infectious_Diseases.pdf.

[10] European center for disease control and prevention, 2010,
http://ecdc.europa.eu/en/publications/Publications/11_SUR_Annual_Epidemiological_Report_on_Communicable_Diseases_in7_Europe.pdf.

[11] B. Allegranzi, S. B. Nejad, G. Garcia Castillejos, C. Kilpatrick, E. Kelley and
E. Mathai, Report on the Burden of Endemic Health Care-Associated Infection
Worldwide 9493, WHO, 2011.

[12] R. Kock, A. Mellmann, F. Schaumburg, A. W. Friedrich, F. Kipp
and K. Becker, Deutsches Arzteblatt international, 2011, 108, 761–767,
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3230165/pdf/Dtsch_Arztebl_Int-
108-0761.pdf.

65



66 BIBLIOGRAPHY

[13] C. Hubner, N.-O. Hubner, K. Hopert, S. Maletzki and S. Flessa, European
journal of clinical microbiology & infectious diseases : official publication of the
European Society of Clinical Microbiology, 2014, 33, 1817–1822.

[14] WHO, Socio-economic impact of infectious disease, 2015.

[15] M. R. Keogh-Brown and R. D. Smith, Health policy (Amsterdam, Nether-
lands), 2008, 88, 110–120

[16] E. Lindgren, Y. Andersson, J. E. Suk, B. Sudre and J. C. Semenza, Science
(New York, N.Y.), 2012, 336, 418–419.

[17] Center for Disease Control and Prevention, US, Definition by.

[18] K. E. Jones, N. G. Patel, M. A. Levy, A. Storeygard, D. Balk, J. L. Gittleman
and P. Daszak, Nature, 2008, 451, 990–993.

[19] WHO, WHO- antimicrobial report, 2014.

[20] U.S. Centers for Disease Control and Prevention, 2013,
http://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf.

[21] L. Saker, K. Lee, B. Canito, A. Gilmore and D. Campbell-Lendrum,
http://www.who.int/tdr/publications/documents/seb_topic3.pdf.

[22] X. Wu, Y. Lu, S. Zhou, L. Chen and B. Xu, Environment international, 2016,
86, 14–23.

[23] G. Wang, R. B. Minnis, J. L. Belant and C. L. Wax, BMC infectious diseases,
2010, 10, 38.

[24] F. Keesing, L. K. Belden, P. Daszak, A. Dobson, C. D. Harvell, R. D. Holt,
P. Hudson, A. Jolles, K. E. Jones, C. E. Mitchell, S. S. Myers, T. Bogich and
R. S. Ostfeld, Nature, 2010, 468, 647–652.

[25] P. T. J. Johnson, D. L. Preston, J. T. Hoverman and K. L. D.
Richgels,Nature, 2013, 494, 230–233.

[26] F. S. Dawood et. al, The Lancet, 2012, 12, 687–695.

[27] L. Simonsen, P. Spreeuwenberg, R. Lustig, R. J. Taylor, D. M. Fleming,
M. Kroneman, M. D. van Kerkhove, A. W. Mounts and W. J. Paget, PLoS
medicine, 2013, 10, e1001558

[28] R. Burger, EHEC O104:H4 IN GERMANY 2011: Large outbreak of bloody
diarrhea and haemolytic ureamic syndrome by shiga toxin-producing E.Coli via
contaminated food.

[29] WHO, 2007, http://apps.who.int/iris/bitstream/10665/43883/1/9789241580410_eng.pdf.



BIBLIOGRAPHY 67

[30] M. C. Freeman, M. E. Stocks, O. Cumming, A. Jeandron, J. P. T. Higgins,
J. Wolf, A. Pruss-Ustun, S. Bonjour, P. R. Hunter, L. Fewtrell and V. Curtis,
Tropical medicine & international health : TM & IH, 2014, 19, 906–916.

[31] WHO, Weekly epidemiological record, 2016, 91, 33–52.

[32] Alexander Fleming, 1945,
https://www.nobelprize.org/nobel/prizes/medicine/laureates/1945/fleming-
lecture.pdf.

[33] J. Davies and D. Davies, Microbiology and molecular biology reviews :
MMBR, 2010, 74, 417–433.

[34] C. Lee Ventola, Pharmacy and Therapeutics, 2015, 40, 277–283.

[35] L. L. Silver, Clinical microbiology reviews, 2011, 24, 71–109.

[36] G. D. Wright, Chemistry & biology, 2012, 19, 3–10.

[37] L. Bissonnette and M. G. Bergeron, JPM, 2012, 2, 50–70.

[38] A. Kumar, D. Roberts, K. E. Wood, B. Light, J. E. Parrillovv, S. Sharma,
R. Suppes, D. Feinstein, S. Zanotti, L. Taiberg, D. Gurka, A. Kumar and M.
Cheang, Critical care medicine, 2006, 34, 1589–1596.

[39] M. Wassenberg, J. Kluytmans, S. Erdkamp, R. Bosboom, A. Buiting, E. van
Elzakker, W. Melchers, S. Thijsen, A. Troelstra, C. Vandenbroucke-Grauls, C.
Visser, A. Voss, P. Wolffs, M. Wulf, T. van Zwet, A. de Wit and M. Bonten
Critical care (London, England), 2012, 16, R22,

[40] A. M. Caliendo, D. N. Gilbert, C. C. Ginocchio, K. E. Hanson, L. May, T.
C. Quinn, F. C. Tenover, D. Alland, A. J. Blaschke, R. A. Bonomo, K. C.
Carroll, M. J. Ferraro, L. R. Hirschhorn, W. P. Joseph, T. Karchmer, A.
T. MacIntyre, L. B. Reller and A. F. Jackson, Clinical infectious diseases : an
official publication of the Infectious Diseases Society of America, 2013, 57 Suppl
3, S139-70

[41] M. E. Klepser, A. J. Adams and D. G. Klepser, Health security, 2015, 13,
166–173.

[42] E. Denes, J. Prouzergue, S. Ducroix-Roubertou, C. Aupetit and P. Weinbreck,
European journal of clinical microbiology & infectious diseases : official publi-
cation of the European Society of Clinical Microbiology, 2012, 31, 3079–3083.

[43] J. I. Hawker, S. Smith, G. E. Smith, R. Morbey, A. P. Johnson, D. M. Fleming,
L. Shallcross and A. C. Hayward, The Journal of antimicrobial chemotherapy,
2014, 69, 3423–3430



68 BIBLIOGRAPHY

[44] Y. Huang, R. Chen, T. Wu, X. Wei and A. Guo,The British journal of general
practice : the journal of the Royal College of General Practitioners, 2013, 63,
e787-94

[45] N. T. T. Do, N. T. D. Ta, N. T. H. Tran, H. M. Than, B. T. N. Vu, L. B.
Hoang, H. R. van Doorn, D. T. V. Vu, J. W. L. Cals, A. Chandna, Y. Lubell,
B. Nadjm, G. Thwaites, M. Wolbers, K. V. Nguyen and H. F. L. Wertheim,The
Lancet Global Health, 2016, 4, e633-e641

[46] M. C. Minnaard, A. C. van de Pol, R. M. Hopstaken, S. van Delft, B. D. L.
Broekhuizen, T. J. M. Verheij and N. J. de Wit, Family practice, 2016, 33,
408–413

[47] H. Yebyo, A. A. Medhanyie, M. Spigt and R. Hopstaken, NPJ primary care
respiratory medicine, 2016, 26, 15076.

[48] H. Kettler and White, K. and Hawkes S., Mapping the landscape of diagnostic
for sexually transmitted infections, WHO.

[49] J. Tate and G. Ward, Clin Biochem Rev Vol 25 May 2004 105, 2004, 25

[50] World Health Organization

[51] M. A. Dimaio, I. T. Pereira, T. I. George and N. Banaei, Journal of Clinical
Microbiology, 2012, 50, 2877–2880

[52] S. D. Blacksell, Journal of biomedicine & biotechnology, 2012, 2012, 151967.

[53] K. R. Steingart, L. L. Flores, N. Dendukuri, I. Schiller, S. Laal, A. Ramsay,
P. C. Hopewell and M. Pai, PLoS medicine, 2011, 8, e1001062

[54] K. R. Steingart, A. Ramsay, D. W. Dowdy and M. Pai, Indian J Med Res.,
2012, 135, 695–702.

[55] M. Picardeau, E. Bertherat, M. Jancloes, A. N. Skouloudis, K. Durski and R.
A. Hartskeerl, Diagnostic microbiology and infectious disease, 2014, 78, 1–8

[56] M. Boelaert, K. Verdonck, J. Menten, T. Suny-
oto, J. van Griensven, F. Chappuis and S. Rijal, The
Cochrane database of systematic reviews, 2014, CD009135,
http://onlinelibrary.wiley.com/store/10.1002/14651858.CD009135.pub2/asset/CD009135.pdf?v=1&t=iyst939x&s=2a78c0e9e717a4d7c795c1961a879946be568cb9.

[57] WHO, The use of antriretroviral drugs for treating and preventing HIV infec-
tions, WHO, 2016.

[58] A. E. Kip, M. Balasegaram, J. H. Beijnen, J. H. M. Schellens, P. J. de Vries
and T. P. C. Dorlo, Antimicrobial Agents and Chemotherapy, 2015, 59, 1–14,
http://aac.asm.org/content/59/1/1.full.pdf.



BIBLIOGRAPHY 69

[59] L. F. Lisboa, A. Asberg, D. Kumar, X. Pang, A. Hartmann, J. K. Preiksaitis,
M. D. Pescovitz, H. Rollag, A. G. Jardine and A. Humar, Transplantation,
2011, 91, 231–236.v

[60] Medknow Publications, Current practices in labo-
ratory monitoring of HIV infection, available at:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3284091/, accessed 7 Febru-
ary 2017.

[61] M.-J. Pinazo, M.-C. Thomas, J. Bustamante, I. C. d. Almeida, M.-
C. Lopez and J. Gascon, Memorias do Instituto Oswaldo Cruz, 2015,
110, 422–432, http://www.scielo.br/pdf/mioc/v110n3/0074-0276-mioc-0074-
02760140435.pdf.

[62] A. J. Sabat, A. Budimir, D. Nashev, Sá-Leão, R., van Dijl, J. M., F. Laurent,
H. Grundmann and A. W. Friedrich, Eurosurveillance, Volume 18, Issue 4, 24
January 2013, 2013, 18, 1–15.

[63] W. Ruppitsch, Die Bodenkultur: Journal of Land
Management, Food and Environment, 2016, 67,
https://www.degruyter.com/downloadpdf/j/boku.2016.67.issue-4/boku-2016-
0017/boku-2016-0017.pdf.

[64] C.-H. Changchien, S.-W. Chen, Y.-Y. Chen and C. Chu, BMC infectious
diseases, 2016, 16, 276

[65] S. G. Jenkins and A. N. Schuetz, Mayo Clinic proceedings, 2012, 87, 290–308

[66] S. Smith, D. Mager, A. Perebikovsky, E. Shamloo, D. Kinahan, R. Mishra,
S. Torres Delgado, H. Kido, S. Saha, J. Ducrée, M. Madou, K. Land and J.
Korvink, Micromachines, 2016, 7, 22.

[67] S. Suzuki, T. Horinouchi and C. Furusawa, Nature communications, 2014, 5,
5792.

[68] A. S. Daar, H. Thorsteinsdottir, D. K. Martin, A. C. Smith, S. Nast and P. A.
Singer, Nature genetics, 2002, 32, 229–232.

[69] WHO, Use of high burden country lists for TB by WHO in the post-2015 era,
WHO, 2015.

[70] H. Albert, R. R. Nathavitharana, C. Isaacs, M. Pai, C. M. Denkinger
and C. C. Boehme, The European respiratory journal, 2016, 48,
516–525, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4967565/pdf/ERJ-
00543-2016.pdf.

[71] Linus Pauling, Harvey A. Itano and S. J. Singer and Ibert C. Wells, Science,
1949, 110, 543–548.



70 BIBLIOGRAPHY

[72] Randall K. Saiki, Stephen Scharf, Fred Faloona, Kary B. Mullis, Glenn T. Horn
and Henry A. Erlich and Norman Arnheim., Science, 1985, 230, 1350–1354.

[73] NCBI - Genome List, https://www.ncbi.nlm.nih.gov/genome/browse/#

[74] D. E. Lebonah, A. Dileep, K. Chandrasekhar, S. Sreevani, B. Sreedevi and J.
Pramoda Kumari, Advances in Biology, 2014, 2014, 1–9.

[75] J. Lv, S. Wu, Y. Zhang, Y. Chen, C. Feng, X. Yuan, G. Jia, J. Deng,
C. Wang, Q. Wang, L. Mei and X. Lin, Parasites & vectors, 2014, 7,
93, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3945964/pdf/1756-3305-
7-93.pdf.

[76] A. J. Jeffreys, V. Wilson and S. L. Thein, Nature, 1985, 314, 67–73.

[77] J. AJ and e. al, Individual-specific ’fingerprints’ of human DNA. PubMed -
NCBI, available at: https://www.ncbi.nlm.nih.gov/pubmed/2989708, accessed
11 February 2017.

[78] M. Land, L. Hauser, S.-R. Jun, I. Nookaew, M. R. Leuze, T.-H. Ahn, T.
Karpinets, O. Lund, G. Kora, T. Wassenaar, S. Poudel and D. W. Ussery,
Functional & integrative genomics, 2015, 15, 141–161.

[79] M. C. J. Maiden, J. A. Bygraves, E. Feil, G. Morelli, J. E. Russell,
R. Urwin, Q. Zhang, J. Zhou, K. Zurth, D. A. Caugant, I. M. Feavers,
M. Achtman and B. G. Spratt, Proc. Nati. Acad. Sci. USA, 1998, 95,
http://www.pnas.org/content/95/6/3140.short?rss=1&ssource=mfc.

[80] D. Medini, D. Serruto, J. Parkhill, D. A. Relman, C. Donati, R. Moxon,
S. Falkow and R. Rappuoli, Nature reviews. Microbiology, 2008, 6, 419–430,
http://www.nature.com/nrmicro/journal/v6/n6/pdf/nrmicro1901.pdf.

[81] Ravi Sachidanandam, David Weissman, Steven C. Schmidt and Jerzy M.
Kakol,NATURE © 2001 Macmillan Magazines Ltd | VOL 409 | 15 FEBRU-
ARY 2001, 2001, 409, 928–933.

[82] J. Craig Venter, Mark D. Adams, Eugene W. Myers and Peter W. Li Richard
J. Mural,Science, 2001, 291, 1304–1351.

[83] L. J. Bierut, A. Agrawal, K. K. Bucholz, K. F. Doheny, C. Laurie, E. Pugh, S.
Fisher, L. Fox, W. Howells, S. Bertelsen, A. L. Hinrichs, L. Almasy, N. Breslau,
R. C. Culverhouse, D. M. Dick, H. J. Edenberg, T. Foroud, R. A. Grucza, D.
Hatsukami, V. Hesselbrock, E. O. Johnson, J. Kramer, R. F. Krueger, S. Ku-
perman, M. Lynskey, K. Mann, R. J. Neuman, M. M. Nothen, J. I. Nurnberger,
B. Porjesz, M. Ridinger, N. L. Saccone, S. F. Saccone, M. A. Schuckit, J. A.
Tischfield, J. C. Wang, M. Rietschel, A. M. Goate and J. P. Rice, Proceedings
of the National Academy of Sciences, 2010, 107, 5082–5087.



BIBLIOGRAPHY 71

[84] S. Sanna, A. U. Jackson, R. Nagaraja, C. J. Willer, W.-M. Chen, L. L. Bonny-
castle, H. Shen, N. Timpson, G. Lettre, G. Usala, P. S. Chines, H. M. Stringham,
L. J. Scott, M. Dei, S. Lai, G. Albai, L. Crisponi, S. Naitza, K. F. Doheny, E.
W. Pugh, Y. Ben-Shlomo, S. Ebrahim, D. A. Lawlor, R. N. Bergman, R. M.
Watanabe, M. Uda, J. Tuomilehto, J. Coresh, J. N. Hirschhorn, A. R. Shuldiner,
D. Schlessinger, F. S. Collins, G. D. Smith, E. Boerwinkle, A. Cao, M. Boehnke,
G. R. Abecasis and K. L. Mohlke, Nat Genet, 2008, 40, 198–203.

[85] P. Sklar, J. W. Smoller, J. Fan, M. A. R. Ferreira, R. H. Perlis, K. Chambert,
V. L. Nimgaonkar, M. B. McQueen, S. V. Faraone, A. Kirby, P. I. W. de
Bakker, M. N. Ogdie, M. E. Thase, G. S. Sachs, K. Todd-Brown, S. B. Gabriel,
C. Sougnez, C. Gates, B. Blumenstiel, M. Defelice, K. G. Ardlie, J. Franklin,
W. J. Muir, K. A. McGhee, D. J. MacIntyre, A. McLean, M. VanBeck, A.
McQuillin, N. J. Bass, M. Robinson, J. Lawrence, A. Anjorin, D. Curtis, E. M.
Scolnick, M. J. Daly, D. H. Blackwood, H. M. Gurling and S. M. Purcell, Mol
Psychiatry, 2008, 13, 558–569.

[86] M. Kayser, F. Liu, A. C. J. Janssens, F. Rivadeneira, O. Lao, K. van Duijn,
M. Vermeulen, P. Arp, M. M. Jhamai, W. F. van IJcken, J. T. den Dunnen,
S. Heath, D. Zelenika, D. D. Despriet, C. C. Klaver, J. R. Vingerling, P. T. de
Jong, A. Hofman, Y. S. Aulchenko, A. G. Uitterlinden, B. A. Oostra and C. M.
van Duijn, The American Journal of Human Genetics, 2008, 82, 411–423.

[87] D. W. Lin, L. M. FitzGerald, R. Fu, E. M. Kwon, S. L. Zheng, S. Kolb, F.
Wiklund, P. Stattin, W. B. Isaacs, J. Xu, E. A. Ostrander, Z. Feng, H. Gronberg
and J. L. Stanford,Cancer Epidemiology Biomarkers & Prevention, 2011, 20,
1928–1936.

[88] R. Daniels, S. K. Volkman, D. A. Milner, N. Mahesh, D. E. Neafsey, D. J.
Park, D. Rosen, E. Angelino, P. C. Sabeti, D. F. Wirth and R. C. Wiegand,
Malar J, 2008, 7, 223, http://www.malariajournal.com/content/pdf/1475-2875-
7-223.pdf.

[89] M. L. Baniecki, A. L. Faust, S. F. Schaffner, D. J. Park, K. Galinsky, R.
F. Daniels, E. Hamilton, M. U. Ferreira, N. D. Karunaweera, D. Serre, P. A.
Zimmerman, J. M. Sa, T. E. Wellems, L. Musset, E. Legrand, A. Melnikov,
D. E. Neafsey, S. K. Volkman, D. F. Wirth and P. C. Sabeti, PLoS neglected
tropical diseases, 2015, 9, e0003539.

[90] F. Huygens, J. Inman-Bamber, G. R. Nimmo, W. Munckhof, J. Schooneveldt,
B. Harrison, J. A. McMahon and P. M. Giffard, Journal of Clinical Microbiology,
2006, 44, 3712–3719.

[91] A. J. Stephens, F. Huygens, J. Inman-Bamber, E. P. Price, G. R. Nimmo, J.
Schooneveldt, W. Munckhof and P. M. Giffard, Journal of medical microbiology,
2006, 55, 43–51.



72 BIBLIOGRAPHY

[92] G. A. Robertson, V. Thiruvenkataswamy, H. Shilling, E. P. Price, F. Huygens,
F. A. Henskens and P. M. Giffard, Journal of medical microbiology, 2004, 53,
35–45

[93] E. P. Price, V. Thiruvenkataswamy, L. Mickan, L. Unicomb, R. E. Rios, F.
Huygens and P. M. Giffard, Journal of medical microbiology, 2006, 55, 1061/

[94] E. Honsa, T. Fricke, A. J. Stephens, D. Ko, F. Kong, G. L. Gilbert, F. Huygens
and P. M. Giffard, BMC microbiology, 2008, 8, 140.

[95] M. S. Sheludchenko, F. Huygens and M. H. Hargreaves, Applied and Environ-
mental Microbiology, 2010, 76, 4337–4345

[96] F. Coll, R. McNerney, J. A. Guerra-Assuncao, J. R. Glynn, J. Perdigao, M.
Viveiros, I. Portugal, A. Pain, N. Martin and T. G. Clark, Nature communica-
tions, 2014, 5, 4812

[97] B. LOPEZ, D. AGUILAR, H. OROZCO, M. BURGER, C. ESPITIA, V. RI-
TACCO, L. BARRERA, K. KREMER, R. HERNANDEZ-PANDO, K. HUY-
GEN and D. van SOOLINGEN, Clin Exp Immunol, 2003, 133, 30–37.

[98] C. B. Ford, R. R. Shah, M. K. Maeda, S. Gagneux, M. B. Murray, T. Cohen,
J. C. Johnston, J. Gardy, M. Lipsitch and S. M. Fortune, Nature genetics, 2013,
45, 784–790.

[99] W. G. Pitt, M. Alizadeh, G. A. Husseini, D. S. McClellan, C. M. Buchanan,
C. G. Bledsoe, R. A. Robison, R. Blanco, B. L. Roeder, M. Melville and A. K.
Hunter, Biotechnology progress, 2016, 32, 823–839

[100] M. Shehadul Islam, A. Aryasomayajula and P. Selvaganapathy, Microma-
chines, 2017, 8, 83.

[101] A. Rogacs, L. A. Marshall and J. G. Santiago, Journal of chromatography. A,
2014, 1335, 105–120

[102] Randall K. Saiki, Stephen Scharf, Fred Faloona, Kary B. Mullis, Glenn T.
Horn, Henry A. Erlich and Norman Arnheim., Science, 1985, 230, 1350–1354.

[103] Jeffrey S. Chamberlain, Richard A.Gibbs, Joel E.Ranierl, Phi Nga Nguyen
and C.Thomas Caskey, Nucleic Acids Research, 1988, 16, 11141–11156

[104] Kary B. Mullis and Fred A. Faloona, Methods in Enzymology, 1987, 155,
335–350

[105] L. Garibyan and N. Avashia, The Journal of investigative dermatology, 2013,
133, e6

[106] R. Higuchi, G. Dollinger and P. S. Walsh and R. Griffith, Biotechnology, 1992,
10, 413–417



BIBLIOGRAPHY 73

[107] M. J. Espy, J. R. Uhl, L. M. Sloan, S. P. Buckwalter, M. F. Jones, E. A. Vetter,
J. D. C. Yao, N. L. Wengenack, J. E. Rosenblatt, F. R. Cockerill and and T.
F. Smith, CLINICAL MICROBIOLOGY REVIEWS, Jan. 2006, p. 165–256,
2006, 165–256

[108] Tsugunori Notomi, Hiroto Okayama, Harumi Masubuchi, Toshihiro
Yonekawa, Kelko Watanabe, Nobuyuki Amino and Tetsu Hase, Nucleic Acids
Research, 2000, 28, e63

[109] K. Nagamine, T. Hase and T. Notomi, Molecular and Cellular Probes, 2002,
16, 223–229,

[110] M. Parida, S. Sannarangaiah, P. K. Dash, P. V. L. Rao and K. Morita, Reviews
in medical virology, 2008, 18, 407–421

[111] B. L. Petrone, B. J. Wolff, A. A. DeLaney, M. H. Diaz and J. M. Winchell,
Journal of Clinical Microbiology, 2015, 53, 2970–2976

[112] D. Lee, E. J. Kim, P. E. Kilgore, S. A. Kim, H. Takahashi, M. Ohnishi, D.
D. Anh, B. Q. Dong, J. S. Kim, J. Tomono, S. Miyamoto, T. Notomi, D. W.
Kim and M. Seki, PLoS ONE, 2015, 10, e0122922

[113] C. Schrader, A. Schielke, L. Ellerbroek and R. Johne, Journal of applied
microbiology, 2012, 113, 1014–1026

[114] K. Hayashida, K. Kajino, L. Hachaambwa, B. Namangala and C. Sugimoto,
PLoS neglected tropical diseases, 2015, 9, e0003578.

[115] FIND, https://www.finddx.org/malaria/malaria-projects/

[116] A. FIRE and S-Q. XU, Proc. Natl. Acad. Sci. USA, 1995, 92, 4641–4645.

[117] F. B. Dean, J. R. Nelson, T. L. Giesler and R. S. Lasken, Genome Research,
2001, 11, 1095–1099.

[118] M. M. Ali, F. Li, Z. Zhang, K. Zhang, D.-K. Kang, J. A. Ankrum, X. C. Le
and W. Zhao, Chemical Society reviews, 2014, 43, 3324–3341.

[119] M. Nilsson, H. Malmgren, M. Samiotaki, M. Kwiatkowski, B. Chowdhary and
U. Landegren, Science, 1994, 265, 2085–2088

[120] A. Mezger, C. Ohrmalm, D. Herthnek, J. Blomberg and M. Nilsson, PLoS
ONE, 2014, 9, e111874

[121] X. Chen, B. Wang, W. Yang, F. Kong, C. Li, Z. Sun, P. Jelfs and G. L.
Gilbert, Journal of Clinical Microbiology, 2014, 52, 1540–1548

[122] O. Piepenburg, C. H. Williams, D. L. Stemple and N. A. Armes, PLoS biology,
2006, 4, e204,



74 BIBLIOGRAPHY

[123] A. Abd El Wahed, P. Patel, O. Faye, S. Thaloengsok, D. Heidenreich, P.
Matangkasombut, K. Manopwisedjaroen, A. Sakuntabhai, A. A. Sall, F. T.
Hufert and M. Weidmann, PLoS ONE, 2015, 10, e0129682

[124] M. Yang, Y. Ke, X. Wang, H. Ren, W. Liu, H. Lu, W. Zhang, S. Liu, G.
Chang, S. Tian, L. Wang, L. Huang, C. Liu, R. Yang and Z. Chen, Scientific
reports, 2016, 6, 26943

[125] Z. A. Crannell, B. Rohrman and R. Richards-Kortum, PLoS ONE, 2014, 9,
e112146,

[126] N. Sharma, S. Hoshika, D. Hutter, K. M. Bradley and S. A. Benner, Chem-
biochem : a European journal of chemical biology, 2014, 15, 2268–2274

[127] D. Emerson, L. Agulto, H. Liu and L. Liu,BioScience, 2008, 58, 925

[128] BY P. DOTY, J. MARMUR, J. EIGNER and C. SCHILDKRAUT,Proc Natl
Acad Sci U S A. Jun 1969; 63(2): 378–383, 1960, 46, 461–467

[129] A. Sassolas, B. D. Leca-Bouvier and L. J. Blum, Chemical reviews, 2008, 108,
109–139

[130] Ann-Christine Syvänen, NATURE REVIEWS | GENETICS, 2001, 930–942

[131] K.M. Ririe, R.P. Rasmussen and C.T. Wittwer, Analytical Biochemistry,
1997, 245, 154–160

[132] Jonathan A. Prince, Lars Feuk, W. Mathias Howell, Magnus Jobs, Tesfai
Emahazion, Kaj Blennow and Anthony J. Brookes, Genome Research, 2001,
11, 152–162

[133] W. Mathias Howell, Magnus Jobs, Ulf Gyllensten and Anthony J. Brookes,
NATURE BIOTECHNOLOGY VOL 17 JANUARY 1999, 1999, 17, 87–88.

[134] L. Strömqvist Meuzelaar, K. Hopkins, E. Liebana and A. J. Brookes, The
Journal of Molecular Diagnostics, 2007, 9, 30–41.

[135] Mohan N. Kuppuswamy, Joseph W. Hoffman, Carol K.
Kasper, Silvia G. Spitzer, Stephanie L. Groce and S. Paul
Bajaj, Proc. Nati. Acad. Sci. USA, 1991, 88, 1143–1147,
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC50973/pdf/pnas01054-
0068.pdf

[136] A.-C. Syvänen, K. Aalto-Setälä, L. Harju, K. Kontula and H. Söderlund,
Genomics, 1990, 8, 684–692

[137] N. Nakamura, K. Ito, M. Takahashi, K. Hashimoto, M. Kawamoto, M. Ya-
manaka, A. Taniguchi, N. Kamatani and N. Gemma,Analytical chemistry, 2007,
79, 9484–9493



BIBLIOGRAPHY 75

[138] Ulf Landegren, Robert Kaiser and Jane Sanders and Leroy Hood, Science,
1988, 241, 1077–1080.

[139] Victor Lyamichev, Andrea L. Mast, Jeff G. Hall, James R. Prudent, Michael
W. Kaiser, Tsetska Takova, Robert W. Kwiatkowski, Tamara J. Sander, Monika
de Arruda, David A. Arco and Bruce P. Neri and Mary Ann D. Brow, NATURE
BIOTECHNOLOGY VOL 17 JANUARY 1999, 1999, 17, 292–296.

[140] F. SANGER, S. NICKLEN and A. R. COULSON, Proc. Nati. Acad. Sci.
USA, 1977, 74, 5463–5467.

[141] F. Sanger and A. R. Coulson, Journal of Molecular Biology, 1975, 94, 441–448

[142] A. M. Maxam and W. Gilbert, 1977, 74, 560–564

[143] J. M. Heather and B. Chain, Genomics, 2016, 107, 1–8

[144] M. L. Metzker, Nature reviews. Genetics, 2010, 11, 31–46

[145] A. McCarthy, Chemistry & biology, 2010, 17, 675–676

[146] S. Mitsuhashi, K. Kryukov, S. Nakagawa, J. S. Takeuchi, Y. Shiraishi, K.
Asano and T. Imanishi, A portable system for metagenomic analyses using
nanopore-based sequencer and laptop computers can realize rapid on-site de-
termination of bacterial compositions, 2017

[147] A. Manz and Graber,N. and Widmer,H. M., Sensors and Actuators, 1990,
B1, 244–248.

[148] S. C. Terry, J. H. Jerman and J. B. Angell, IEEE Trans. Electron Devices,
1979, 26, 1880–1886

[149] D. Harrison, P. G. Glavina and A. Manz,Sensors and Actuators B: Chemical,
1993, 10, 107–116

[150] M. Yang, R. Pal and M. A. Burns, J. Micromech. Microeng., 2005, 15,
221–230,

[151] N. Crews, C. Wittwer and B. Gale, Biomedical microdevices, 2008, 10,
187–195

[152] J. J. Gooding and S. Ciampi, Chemical Society reviews, 2011, 40, 2704–2718,

[153] T. B. Christensen, C. M. Pedersen, K. G. Gröndahl, T. G. Jensen, A.
Sekulovic, D. D. Bang and A. Wolff, J. Micromech. Microeng., 2007, 17,
1527–1532

[154] R. Kodzius, K. Xiao, J. Wu, X. Yi, X. Gong, I. G. Foulds and W. Wen,
Sensors and Actuators B: Chemical, 2012, 161, 349–358



76 BIBLIOGRAPHY

[155] S. Taylor, Nucleic Acids Research, 2003, 31, 87e-87

[156] S. Halldorsson, E. Lucumi, R. Gomez-Sjoberg and R. M. T. Fleming, Biosen-
sors & bioelectronics, 2015, 63, 218–231

[157] K. T. L. Trinh, H. Zhang, D.-J. Kang, S.-H. Kahng, B. D. Tall and N. Y.
Lee, International neurourology journal, 2016, 20, S38-48

[158] J. M. Karlsson, T. Haraldsson, S. Laakso, A. Virtanen, M. Maki, G. Ronan
and W. van der Wijngaart, TRANSDUCERS 2011 - 2011 16th International
Solid-State Sensors, Actuators and Microsystems Conference, pp. 2215–2218.

[159] J. D. Wang, N. J. Douville, S. Takayama and M. ElSayed,Annals of biomedical
engineering, 2012, 40, 1862–1873

[160] M. W. Toepke and D. J. Beebe,Lab on a chip, 2006, 6, 1484–1486

[161] J. Zhou, A. V. Ellis and N. H. Voelcker, ELECTROPHORESIS, 2010, 31,
2–16

[162] M. Kitsara and J. Ducrée, J. Micromech. Microeng., 2013, 23, 33001

[163] V. Jokinen, P. Suvanto and S. Franssila, Biomicrofluidics, 2012, 6,
16501–1650110

[164] A. W. Martinez, S. T. Phillips, M. J. Butte and G. M. Whitesides, Angew.
Chem. Int. Ed., 2007, 46, 1318–1320

[165] A. W. Martinez, S. T. Phillips, E. Carrilho, S. W. 3. Thomas, H. Sindi and
G. M. Whitesides, Analytical chemistry, 2008, 80, 3699–3707

[166] J. P. Comer, Anal. Chem., 1956, 28, 1748–1750

[167] P. J. Bracher, M. Gupta and G. M. Whitesides, J. Mater. Chem., 2010, 20,
5117

[168] Q. Cao, M. Mahalanabis, J. Chang, B. Carey, C. Hsieh, A. Stanley, C. A.
Odell, P. Mitchell, J. Feldman, N. R. Pollock, C. M. Klapperich and M. Wanunu,
PLoS ONE, 2012, 7, e33176.

[169] P. Abgrall and A.-M. Gué, J. Micromech. Microeng., 2007, 17, R15-R49

[170] C. Iliescu, H. Taylor, M. Avram, J. Miao and S. Franssila, Biomicrofluidics,
2012, 6

[171] M. A. Schmidt, Proc. IEEE, 1998, 86, 1575–1585



BIBLIOGRAPHY 77

[172] M. A. Northrup, C. Gonzalez, D. Hadley, R. F. Hills, P. Landre, S. Lehew,
R. Saw, J. J. Sninsky and R. Watson, A MEMS-based miniature DNA analysis
system, ed. M. A. Northrup, C. Gonzalez, D. Hadley, R. F. Hills, P. Landre,
S. Lehew, R. Saiki, J. J. Sninsky and Watson, R. and Watson, R. Jr., 1995,
pp. 764–767.

[173] P. Neuzil, J. Pipper and T. M. Hsieh, Mol. BioSyst., 2006, 2, 292

[174] C. J. Easley, J. M. Karlinsey, J. M. Bienvenue, L. A. Legendre, M. G. Roper,
S. H. Feldman, M. A. Hughes, E. L. Hewlett, T. J. Merkel, J. P. Ferrance and
J. P. Landers, Proceedings of the National Academy of Sciences of the United
States of America, 2006, 103, 19272–19277

[175] E. CJ and e. al, Extrinsic Fabry-Perot interferometry for noncontact temper-
ature control of nanoliter-volume enzymatic reactions in glass microchips.

[176] J. Friend and L. Yeo, Biomicrofluidics, 2010, 4

[177] Xia, Y. and Whitesides, G. M., Angew. Chem. Int. Ed., 1998, 550–575

[178] C. Neils, Z. Tyree, B. Finlayson and A. Folch, Lab on a chip, 2004, 4, 342–350

[179] C. L. Hansen, E. Skordalakes, J. M. Berger and S. R. Quake, Proceedings of
the National Academy of Sciences of the United States of America, 2002, 99,
16531–16536

[180] H. Wu, T. W. Odom, D. T. Chiu and G. M. Whitesides,Journal of the Amer-
ican Chemical Society, 2003, 125, 554–559,

[181] A. Perl, D. N. Reinhoudt and J. Huskens, Adv. Mater., 2009, 21, 2257–2268.

[182] B. Samel, P. Griss and G. Stemme, J. Microelectromech. Syst., 2007, 16,
50–57,

[183] Q. Zhang, J.-J. Xu, Y. Liu and H.-Y. Chen, Lab on a chip, 2008, 8, 352–357,
.

[184] S. K. Jha, R. Chand, D. Han, Y.-C. Jang, G.-S. Ra, J. S. Kim, B.-H. Nahm
and Y.-S. Kim, Lab Chip, 2012, 12, 4455

[185] C. F. Carlborg, T. Haraldsson, K. Oberg, M. Malkoch and
W. van der Wijngaart, Lab on a chip, 2011, 11, 3136–3147,
http://pubs.rsc.org/en/content/articlepdf/2011/lc/c1lc20388f

[186] M. Karlsson, http://www.mercenelabs.com/wp-
content/uploads/2012/11/OSTE-high-aspect-ratio-lithography.pdf

[187] C.-W. Tsao,Micromachines, 2016, 7, 225



78 BIBLIOGRAPHY

[188] R. Truckenmüller, P. Henzi, D. Herrmann, V. Saile and W. K. Schom-
burg,Microsystem Technologies, 2004, 10, 372–374

[189] C. W. Tsao, L. Hromada, J. Liu, P. Kumar and D. L. DeVoe, Lab on a chip,
2007, 7, 499–505.

[190] H. Yu, Z. Z. Chong, S. B. Tor, E. Liu and N. H. Loh, RSC Adv, 2015, 5,
8377–8388, http://pubs.rsc.org/en/content/articlepdf/2015/ra/c4ra12771d

[191] D. Ogonczyk, J. Wegrzyn, P. Jankowski, B. Dabrowski and P. Garstecki, Lab
on a chip, 2010, 10, 1324–1327

[192] J. Do, S. Lee, J. Han, J. Kai, C.-C. Hong, C. Gao, J. H. Nevin,
G. Beaucage and C. H. Ahn, Lab on a chip, 2008, 8, 2113–2120,
http://pubs.rsc.org/en/content/articlepdf/2008/lc/b811169c

[193] L. Riegger, O. Strohmeier, B. Faltin, R. Zengerle and P. Koltay, J. Micromech.
Microeng., 2010, 20, 87003

[194] J. Kentsch, S. Breisch and M. Stelzle, J. Micromech. Microeng., 2006, 16,
802–807

[195] R. Arayanarakool, S. Le Gac and A. van den Berg, Lab on a chip, 2010, 10,
2115–2121

[196] S. Satyanarayana, R. N. Karnik and A. Majumdar, J. Microelectromech. Syst.,
2005, 14, 392–399

[197] S. Lai, X. Cao and L. J. Lee, Analytical chemistry, 2004, 76, 1175–1183

[198] Y. Temiz, R. D. Lovchik, G. V. Kaigala and E. Delamarche, Microelectronic
Engineering, 2015, 132, 156–175

[199] M. Bu, I. R. Perch-Nielsen, K. S. Sørensen, J. Skov, Y. Sun, D. Duong Bang,
M. E. Pedersen, M. F. Hansen and A. Wolff, J. Micromech. Microeng., 2013,
23, 74002

[200] C. Hurth, J. Yang, M. Barrett, C. Brooks, A. Nordquist, S. Smith and F.
Zenhausern, Biomedical microdevices, 2014, 16, 905–914

[201] N. Pak, D. C. Saunders, C. R. Phaneuf and C. R. Forest, Biomedical mi-
crodevices, 2012, 14, 427–433

[202] S. H. Lee, S.-W. Kim, J. Y. Kang and C. H. Ahn, Lab on a chip, 2008, 8,
2121–2127,

[203] A. Sposito, V. Hoang and D. L. DeVoe, Lab on a chip, 2016, 16, 3524–3531

[204] N. Wongkaew, P. He, V. Kurth, W. Surareungchai and A. J. Baeumner,
Analytical and bioanalytical chemistry, 2013, 405, 5965–5974.



BIBLIOGRAPHY 79

[205] K. Kistrup, C. E. Poulsen, M. F. Hansen and A. Wolff, Lab on a chip, 2015,
15, 1998–2001.

[206] M. Matteucci, A. Heiskanen, K. Zor, J. Emneus and R. Taboryski, Sensors
(Basel, Switzerland), 2016, 16.

[207] D. Le Roux, B. E. Root, J. A. Hickey, O. N. Scott, A. Tsuei, J. Li, D. J. Saul,
L. Chassagne, J. P. Landers and P. de Mazancourt, Lab on a chip, 2014, 14,
4415–4425

[208] M. Focke, D. Kosse, C. Müller, H. Reinecke, R. Zengerle and F. von Stetten,
Lab Chip, 2010, 10, 1365

[209] S. Wang, M. A. Lifson, F. Inci, L.-G. Liang, Y.-F. Sheng and U. Demirci,
Expert review of molecular diagnostics, 2016, 16, 449–459

[210] F. C. Krebs, T. Tromholt and M. Jorgensen, Nanoscale, 2010, 2, 873–886

[211] R. R. Søndergaard, M. Hösel and F. C. Krebs, J. Polym. Sci. B Polym. Phys.,
2013, 51, 16–34.

[212] T. Hassinen, T. Ruotsalainen, P. Laakso, R. Penttilä and H. G. Sandberg,
Thin Solid Films, 2014, 571, 212–217

[213] N. Klejwa, R. G. Hennessy, J.-W. Chen and R. T. Howe, in TRANSDUCERS
2011 - 2011 16th International Solid-State Sensors, Actuators and Microsystems
Conference, pp. 699–702

[214] G. Jenkins, Y. Wang, Y. L. Xie, Q. Wu, W. Huang, L. Wang and X. Yang,
Microfluid Nanofluid, 2015, 19, 251–261

[215] H. Kang, H. Park, Y. Park, M. Jung, B. C. Kim, G. Wallace and G. Cho,
Scientific reports, 2014, 4, 5387

[216] S. Park, M. Vosguerichian and Z. Bao, Nanoscale, 2013, 5, 1727–1752

[217] Z. Wang, M. Shaygan, M. Otto, D. Schall and D. Neumaier, Nanoscale, 2016,
8, 7683–7687

[218] Y. Xia, J. Si and Z. Li, Biosensors & bioelectronics, 2016, 77, 774–789

[219] X. Wang, C. Liedert, R. Liedert and I. Papautsky, Lab on a chip, 2016, 16,
1821–1830, .

[220] R. Liedert, L. K. Amundsen, A. Hokkanen, M. Maki, A. Aittakorpi, M. Paka-
nen, J. R. Scherer, R. A. Mathies, M. Kurkinen, S. Uusitalo, L. Hakalahti, T.
K. Nevanen, H. Siitari and H. Soderlund, Lab on a chip, 2012, 12, 333–339

[221] B. Feyssa, C. Liedert, L. Kivimaki, L.-S. Johansson, H. Jantunen, L.
Hakalahti and K. Kourentzi, PLoS ONE, 2013, 8, e68918



80 BIBLIOGRAPHY

[222] M. Focke, F. Stumpf, B. Faltin, P. Reith, D. Bamarni, S. Wadle, C. Muller,
H. Reinecke, J. Schrenzel, P. Francois, D. Mark, G. Roth, R. Zengerle and F.
von Stetten, Lab on a chip, 2010, 10, 2519–2526

[223] G. Czilwik, T. Messinger, O. Strohmeier, S. Wadle, F. von Stetten, N. Paust,
G. Roth, R. Zengerle, P. Saarinen, J. Niittymaki, K. McAllister, O. Sheils, J.
O’Leary and D. Mark, Lab on a chip, 2015, 15, 3749–3759

[224] M. Amasia, M. Cozzens and M. J. Madou, Sensors and Actuators B: Chem-
ical, 2012, 161, 1191–1197

[225] A. W. Martinez, S. T. Phillips and G. M. Whitesides, Proceedings of the
National Academy of Sciences of the United States of America, 2008, 105,
19606–19611, https://.

[226] K. N. Han, J.-S. Choi and J. Kwon, Scientific reports, 2016, 6, 25710

[227] S. Cosson, L. G. Aeberli, N. Brandenberg and M. P. Lutolf, Lab Chip, 2015,
15, 72–76, http://pubs.rsc.org/en/content/articlepdf/2015/LC/C4LC00848K

[228] A. El Hasni, S. Pfirrmann, A. Kolander, E. Yacoub-George, M. König, C. Lan-
desberger, A. Voigt, G. Grützner and U. Schnakenberg, Microfluid Nanofluid,
2017, 21, 933

[229] G. Jia, J. Siegrist, C. Deng, J. V. Zoval, G. Stewart, R. Peytavi, A. Huletsky,
M. G. Bergeron and M. J. Madou, Colloids and Surfaces B: Biointerfaces, 2007,
58, 52–60

[230] R. Gorkin III, C. E. Nwankire, J. Gaughran, X. Zhang, G. G. Donohoe, M.
Rook, R. O’Kennedy and J. Ducrée, Lab Chip, 2012, 12, 2894

[231] G. Lenk, G. Stemme, and N. Roxhed, 2015 28th IEEE International Confer-
ence on Micro Electro Mechanical Systems (MEMS). 18 - 22 Jan. 2015, Estoril,
Portugal, IEEE, Piscataway, NJ, 2015.

[232] A. Boustheen, F. G. A. Homburg, M. G. A. M. Somhorst and A. Dietzel,
Microfluid Nanofluid, 2011, 11, 663–673.

[233] Silja Senkbeil, Johanna Aho, Leif Yde, Lars R Lindvold, Jan
F Stensborg, Jukka Rantanen, Josiane P Lafleur and Jörg P
Kutter,http://iopscience.iop.org/article/10.1088/0960-1317/26/7/075014/pdf

[234] J. Lee, J. Y. Kim, J. H. Choi, J. G. Ok and M. K. Kwak, ACS Omega, 2017,
2, 1097–1103, http://pubs.acs.org/doi/pdf/10.1021/acsomega.7b00070

[235] X. Wang, D. Nilsson and P. Norberg, BIOCHIMICA ET BIOPHYSICA
ACTA, 2013, 1830, 4398–4401



BIBLIOGRAPHY 81

[236] R. Amin, S. Knowlton, A. Hart, B. Yenilmez, F. Ghaderinezhad, S. Katebifar,
M. Messina, A. Khademhosseini and S. Tasoglu, Biofabrication, 2016, 8, 22001,
http://iopscience.iop.org/article/10.1088/1758-5090/8/2/022001/pdf

[237] N. M. Rodriguez, W. S. Wong, L. Liu, R. Dewar
and C. M. Klapperich, Lab Chip, 2016, 16, 753–763,
http://pubs.rsc.org/en/content/articlepdf/2016/lc/c5lc01392e

[238] C. M. Silveira, T. Monteiro and M. G. Almeida, Biosensors, 2016, 6,
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5192371/pdf/biosensors-06-
00051.pdf

[239] X. Li, K. Scida and R. M. Crooks, Analytical chemistry, 2015, 87, 9009–9015

[240] S. Petralia, R. Verardo, E. Klaric, S. Cavallaro, E. Alessi and C. Schneider,
Sensors and Actuators B: Chemical, 2013, 187, 99–105

[241] J. J. L. Tan, M. Capozzoli, M. Sato, W. Watthanaworawit, C. L. Ling, M.
Mauduit, B. Malleret, A.-C. Gruner, R. Tan, F. H. Nosten, G. Snounou, L.
Renia and L. F. P. Ng, PLoS neglected tropical diseases, 2014, 8, e3043.

[242] N. S. G. K. Devaraju and M. A. Unger, Lab on a chip, 2012, 12, 4809–4815.

[243] A. S. Johnson, B. T. Mehl and R. S. Martin, Analytical methods : advancing
methods and applications, 2015, 7, 884–893.

[244] Cepheid, http://plato.acadiau.ca/isme/Symposium27/mcmillan.PDF

[245] Microfluidic ChipShop, microfluidic ChipShop; Lab-on-a-Chip Catalogue,
2016

[246] A. Russom, S. Haasl, A. J. Brookes, H. Andersson and G. Stemme, Anal.
Chem., 2006, 78, 2220–2225

[247] D. F. C. M. B. E. D. L. Pirri G1, Anal Chem, 2004, 1352

[248] Y. Sun, I. Perch-Nielsen, M. Dufva, D. Sabourin, D. D. Bang, J. Høgberg and
A. Wolff, Anal Bioanal Chem, 2012, 402, 741–748

[249] G. Czilwik, I. Schwarz, M. Keller, S. Wadle, S. Zehnle, F. von Stetten,
D. Mark, R. Zengerle and N. Paust, Lab on a chip, 2015, 15, 1084–1091,
http://pubs.rsc.org/en/content/articlepdf/2015/LC/C4LC01115E

[250] J. Lim, W. Lee, D. Kwak and K. Cho, Langmuir : the ACS journal of surfaces
and colloids, 2009, 25, 5404–5410.

[251] W. Zhang, J. Smith, R. Hamilton, M. Heeney, J. Kirkpatrick, K. Song, S. E.
Watkins, T. Anthopoulos and I. McCulloch, Journal of the American Chemical
Society, 2009, 131, 10814–10815.



82 BIBLIOGRAPHY

[252] I. Bose, K. Tetzner, K. Borner and K. Bock, Microelectronics Reliability,
2014, 54, 1643–1647



Paper Reprints

83


	Contents
	List of Publications
	List of Abbreviations
	Introduction to infectious disease
	The global burden
	Emerging and re-emerging threats
	Control and prevention

	Point-of-Care diagnostics
	Immunochromatographic strips
	Nucleic-acid based POC

	Summary

	Molecular diagnostics
	Identifying a microbe – genetic diagnostic markers
	Single Nucleotide Polymorphisms (SNPs)

	Sample preparation
	DNA amplification
	PCR (Polymerase Chain Reaction)
	Isothermal amplification

	SNP-scoring and target detection
	Hybridization based – DNA Microarrays
	Enzymatic detection methods
	Sequencing

	Summary

	Lab-on-Chip (LOC)
	Substrate materials
	Silicon and glass
	Polymers
	Paper

	Fabrication
	MEMS-based processes
	Moulding
	Foils and layer-by-layer approaches 
	Commercial systems

	Summary

	Present Investigation
	Multiplexed detection platform for SNP analysis (paper I-III)
	DNA amplification in thin film devices (paper IV)
	Integration of optical detection in lab-on-foil devices (paper V and VI)

	Conclusion and outlook
	Acknowledgement
	Bibliography
	Paper Reprints

