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Abstract

Sepsis, caused by blood stream infection, is a very serious health condition that
requires immediate treatment using antibiotics to increase the chances for patient
survival. A high prevalence of antibiotic resistance among infected patients requires
strong and toxic antibiotics to ensure effective treatment. A rapid diagnostic device
for detection of antibiotic resistance genes in pathogens in patient blood would enable
an early change to accurate and less toxic antibiotics. Although there is a pressing
need for such devices, rapid diagnostic tests for sepsis do not yet exist.

In this thesis, novel advances in microfabrication and lab-on-a-chip devices are
presented. The overall goal is to develop microfluidics and lab-on-a-chip systems for
rapid sepsis diagnostics. To approach this goal, novel manufacturing techniques for
microfluidics systems and novel lab-on-a-chip devices for sample preparation have
been developed.

Two key problems for analysis of blood stream infection samples are that low
concentrations of bacteria are typically present in the blood, and that separation of
bacteria from blood cells is difficult. To ensure that a sufficient amount of bacteria is
extracted, large sample volumes need to be processed, and bacteria need to be isolated
with high efficiency. In this thesis, a particle filter based on inertial microfluidics
enabling high processing flow rates and integration with up- and downstream processes
is presented.

Another important function for diagnostic lab-on-a-chip devices is DNA amplifi-
cation using polymerase chain reaction (PCR). A common source of failure for PCR-
on-chip is the formation of bubbles during the analysis. In this thesis, a PCR-on-chip
system with active degassing enabling fast bubble removal through a semipermeable
membrane is presented.

Several novel microfabrication methods were developed. Novel fabrication tech-
niques using the polymer PDMS that enable manufacturing of complex lab-on-a-chip
devices containing 3D fluidic networks and fragile structures are presented. Also,
a mechanism leading to increased accuracy in photopatterning in thiol-enes, which
enables rapid prototyping of microfluidic devices, is described. Finally, a novel flexible
and gas-tight polymer formulation for microfabrication is presented: rubbery OSTE+.

Together, the described achievements lead to improved manufacturing methods
and performances of lab-on-a-chip devices, and may facilitate future development of
diagnostic devices.

Mikael Hillmering, jmkarl@kth.se , Micro and Nanosystems, School of Electrical
Engineering, KTH Royal Institute of Technology, Stockholm, Sweden
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Sammanfattning

Sepsis, orsakad av t.ex. blodförgiftning, är ett mycket allvarligt hälsotillstånd som
kräver omedelbar behandling med antibiotika för att öka patientens chans till över-
levnad. På grund av den höga förekomsten av antibiotikaresistens hos bakterier i
patienter används giftigare läkemedel för att säkerställa effektiv behandling. Om det
fanns ett diagnostiskt verktyg för att snabbt kunna detektera gener för antibiotikare-
sistens hos patogener i blodet, skulle behandlingen snabbare kunna övergå till mildare
och mer specifika antibiotika.

Denna avhandling presenterar nya framsteg inom mikrofabrikation och mikrochip
för provanalys, s.k. lab-on-a-chip. Det övergripande målet för arbetet är att utveckla
mikrofluidik och lab-on-a-chip-system för snabb diagnostik av sepsis och blodförgift-
ning. För att komma närmare en lösning presenteras här nya tillverkningstekniker för
mikrofluidik-system, samt nya lab-on-a-chip-komponenter för provberedning.

En patient med blodförgiftning har ofta mycket låga koncentrationer av patogener
såsom bakterier i blodet. För att säkerställa att en tillräcklig mängd bakterier följer
med i ett prov måste idag provvolymer på >1 ml bearbetas, vilket är svårt att genom-
föra på kort tid med dagens metoder inom microfluidik. En annan komplicerande
faktor är att bakterier och blodceller har ungefär samma storlek. Detta försvårar
separation av bakterier från blod och kräver högupplösta metoder för separation. I
denna avhandling presenteras ett partikelfilter som baseras på höga flödeshastigheter
i ett tredimensionellt fluidiknätverk, som kan integreras med andra processer på ett
lab-on-a-chip.

En annan viktig delfunktion för ett lab-on-a-chip för sepsis-diagnostik är att från
några få kopior bakterie-DNA få fram miljontals kopior av antibiotikaresistensgener
som sedan kan detekteras, s.k. amplifiering av DNA. I denna avhandling användes
polymerase chain reaction (PCR). Ett vanligt problem i mikrofluidik, särskilt PCR,
är att uppvärmning leder till att gasbubblor bildas. För att lösa detta problem
presenteras i denna avhandling ett avgasningssystem, som suger ut bubblor ur PCR-
kammaren genom ett semipermeabelt membran.

I avhandlingen presenteras också flera nya metoder för mikrofabrikation. Kom-
plexa mikrostrukturer innehållande tredimensionella fluidiknätverk och sköra struk-
turer, såsom membranet som används för bubbelborttagning, är svåra att framställa.
För att möjliggöra tillförlitlig tillverkning av sådana strukturer har nya tillverkn-
ingstekniker utveklats för en standardpolymer inom akademin: PDMS. Dessutom
har nya tekniker och material utvecklats för mikrofabrikation och chiptillverkning
i en ny polymer-plattform som är speciellt utvecklad för lab-on-a-chip: OSTE. En



mekanism som leder till förbättrad fotomönstring av OSTE beskrivs, vilken ledde
till utvecklingen av en snabb metod för prototyptillverkning av mikrofluidiksystem i
OSTE. Slutligen presenteras en ny formulering av OSTE som leder till ett gummiartat
och gastätt material för mikrofabrikation.

Resultaten som presenteras i denna avhandling har lett till förbättrade tillverkn-
ingsmetoder och lab-on-a-chip-system, som tillsammans har möjligheten att förenkla
framställningen av nya verktyg och metoder för medicinsk diagnostisk.



“Being a scientist means living on the borderline between your
competence and your incompetence. If you always feel competent, you
aren’t doing your job.”

- Carlos Bustamante, UC-Berkeley

“One of the great things about books is sometimes there are some
fantastic pictures.”

- George W. Bush
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Chapter 1

Introduction

1.1 Objectives of this thesis
The work summarized in this thesis has been part of an EU project, Intopsens, which
aimed at developing a rapid diagnostic device for sepsis and blood stream infections.
The overall goal of this thesis is to improve lab-on-a-chip technology for diagnostics.
More specifically, the two main objectives are:

• Development of sample preparation devices for clinical diagnostics.
Lab-on-a-chip technology has the potential to enable rapid diagnostics for sep-
sis and blood stream infection, but requires development of novel devices for
bacteria isolation from blood and reliable DNA amplification.

• Development of novel microfabrication techniques using polymers.
Improvements of microfabrication techniques to produce lab-on-a-chip devices
in polymers will enable robust and cost-efficient manufacturing techniques of
novel and more advanced devices suitable for clinical diagnostics.

1.2 Summary of contributions
In pursuit of the objectives of this thesis, several contributions of novel manufac-
turing methods and lab-on-a-chip components were made (Figure 1.1). The main
contributions from the papers presented can be summarized as follows:

• Improvements in PDMS manufacturing to enable fragile layers, 3D
fluidic networks and vertical membrane microvalves.
Novel methods to produce fragile structures in chip- and wafer-sized polymer
layers were developed (Papers 1 and 2 ). A method enabling fragile structures
in combination with 3D fluidic networks was developed (Paper 1 ). A method
for microstructuring on two sides of a layer, facilitating alignment and enabling
monolithic 3D fluidic layers and vertical membrane microvalves was developed
(Paper 3 ). These manufacturing methods are presented in Chapter 3 and the
microvalves in Section 5.3.
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• Development of thiol-ene polymer formulations for improved pho-
topatterning and rubbery properties.
A mechanism leading to improved patterning using photolithography in off-
stoichiometry thiol-enes was described (Paper 4 ). The mechanism was used
to develop a full protocol for rapid manufacturing of microfluidic chips (Paper
5 ). Also, a novel rubbery OSTE+ material with low sample absorption and
gas permeability properties, enabling manufacturing of gas-tight pneumatic
valves was developed (Paper 6 ). These manufacturing methods and material
developments are presented in Chapter 4.

• The introduction of a microfluidic method enabling particle filtration
with high throughput.
A method for efficient particle filtration at high flow rates was developed (Paper
7 ). The filter is based on inertial focusing in parallel microchannels connected
by 3D fluidic networks, making the device suitable for integration into LOC
devices. The filtration principle is described in Section 5.1.

• A microsystem with fast removal of gas bubbles from microchannels
enabling bubble-free PCR-on-chip with low water loss.
The first solution for degassing of liquids in microfluidic systems that also
function at elevated temperatures with low water loss was developed (Paper
8 ). The method is described in Section 5.2.

1.3 Structure of the thesis
Chapter 1 gives an introduction to the objectives, novelty claims and the general
structure of the thesis. Chapter 2 gives the background to the work performed, with
a presentation of the clinical need for sepsis and blood stream infection diagnostics,
the technologies used and the research project in which the work summarized in this
thesis was performed. In Chapter 3, improvements in manufacturing of microchips
using a standard academic manufacturing polymer, PDMS, are presented. In Chapter
4, novel techniques and materials for microfabrication and chip manufacturing using
a novel polymers platform specifically developed for lab-on-a-chip technology, OSTE,
are presented. In Chapter 5, novel techniques and lab-on-a-chip components are
presented, including a particle filtration system based on inertial focusing, a DNA
amplification system with bubble removal, vertical membrane microvalves, and ends
with a section about integration of components to form a lab-on-a-chip. Chapter 6
contains the conclusions of the thesis.
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Chapter 2

Background: Lab-on-a-chip for sepsis
diagnostics

In this chapter, a background to the work presented in this thesis is given. In Section
2.1, the clinical need the research aims to solve is described. In Sections 2.2-2.3,
background to microfluidics and lab-on-a-chip technology is presented. In Section
2.4, the strategies chosen by the consortium of the research project Intopsens are
described, which constituted the starting point of the work presented in Chapters
3-5. In Section 2.5, a background to rapid prototyping of microfluidic systems using
polymers is introduced.

2.1 The clinical need for improved sepsis diagnostics
Consider the following scenario: A patient arrives at a hospital with low blood pressure
and fever, and shows signs of dizziness and confusion. After examination, a doctor
draws the conclusion that the patient has systemic inflammatory response syndrome
(SIRS), a whole-body inflammatory state which can be caused by an infection, such
as blood stream infection (BSI).

BSI means that pathogens such as bacteria, viruses or fungi have entered the blood
stream. If BSI or some other infection is suspected to be the cause of SIRS, the patient
is diagnosed with sepsis, which is a serious threat to human health. In fact, every hour
approximately 1000 people die from sepsis worldwide [1] and approximately 135’000
people in Europe per year [2].

The doctor suspects that the patient has sepsis, takes blood samples and immedi-
ately starts intravenous antibiotic therapy of the patient. Since it is unknown which
antibiotic will be efficient, a statistically favored choice is made, so-called empiric
therapy, typically involving broad-spectrum antibiotics. Unfortunately, this treatment
is affected by one of the most serious threats to human health of our time [3]: antibiotic
resistance.

In 2012, methicillin-resistant Staphylococcus aureus (MRSA), which by the expres-
sion of the gene mecA is resistant to the most commonly used class of antibiotics [4],
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beta-lactams, was found in >50 % of invasive isolates (blood or cerebrospinal fluid
samples) in some European countries [5]. As infectious pathogens become more
resistant to the antibiotics used today, the empiric therapy of patients is adjusted
towards more toxic compounds to ensure effective treatment. An example is the
reintroduction in some countries of the antibiotic colistin as a standard therapeutic [6],
which used to be regarded as a last-resort treatment due to its toxicity for the patient.

Another drawback of using broad-spectrum antibiotics is that the balance of
bacteria in the normal flora is disrupted and antibiotic resistant bacteria are given the
opportunity to colonize, giving the user a reduced chance of survival if these bacteria
cause an infection. However, the grave condition of sepsis calls for treatment using
whatever works, to reduce the risk of having the patient enter the life-threatening
states of severe sepsis, septic shock or multiple organ dysfunction syndrome (MODS).
The survival rate among patients drops dramatically, from 80 % to 10 %, during
the first 24 hours from showing the first signs of septic shock, making it critical to
minimize the delay in finding effective antibiotics [7].

The blood samples from the patient are sent to a microbiological analysis lab for
culturing and antibiotic susceptibility tests, to see which antibiotics the pathogens are
not resistant against.

The blood samples consist of 2-3 culture sets, each with a volume of 20-30 ml for
aerobic and anaerobic growth, with higher volumes associated with higher detection
rate [8]. In successful cases, there will be a positive answer of antibiotic suscepti-
bility within 48-96 hours [9], but the overall positivity of cultures may be as low as
30-40 % [8].

In the meantime, the patient is declared having severe sepsis by showing signs of
organ dysfunctions, and is moved to the intensive care unit (ICU) to keep vital organs
functioning and to enable regulation of blood pressure while the infection is treated.
After the standard delay of three days [9], the culturing and antibiotic susceptibility
tests get positive and antibiotic de-escalation can be done.

De-escalation means moving from broad-spectrum treatment to a streamlined
antibiotic therapy, reduced concentrations, or discontinuation, which shortens unnec-
essary antibiotic exposure and reduce the use of wrong antibiotics. Also, de-escalation
has been associated with reduced mortality rates among patients with sepsis, which
can be partly explained by the use of less toxic antibiotics and increased use of targeted
and active agents [9].

Although sepsis is one of the leading causes of death in ICUs in the developed world
[10], our patient is lucky and responds well to the treatment. Apart from some resistant
bacteria in his body and some side effects of the strong antibiotics, he recovers well
and leaves the hospital.

The struggles and challenges related to antibiotic resistance and de-escalation
for sepsis patients are currently of high importance and there is an urgent need for
immediate actions. It is known that antibiotics are heavily overused [11], which has
quickly led us towards a global challenge. In April 2014, the WHO warned that
the world is “headed for a post-antibiotic era”, in which pneumonia will be highly
dangerous, surgeries will have increased mortality rates, and diarrhea can become
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fatal [3]. The spreading rate of antibiotic resistance genes has to be reduced and new
effective alternatives are needed. In addition, to circumvent the intricate problems of
resistance, we need to learn how to minimize its development and change our routines
accordingly. For this, the world needs new diagnostic tools that can rapidly give us
detailed information on antibiotic susceptibility.

2.1.1 Rapid diagnostics and point-of-care devices

Point-of-care (POC) devices are tools that give test results close to the patient, for
example home tests or rapid devices that facilitate diagnostics during a doctor’s visit.
A rapid, accurate and specific POC device for sepsis has the potential to greatly
reduce the delay to accurate antibiotic treatments, and thereby lead to large cost
savings, reduced patient length of stays in hospitals and increase survival rates. With
a POC for sepsis, the story would take a different turn:

Now, imagine another patient entering the hospital. The doctor suspects the patient
suffers from SIRS and takes a blood sample. A machine is standing on a nearby desk,
into which the doctor puts a small device and adds some of the blood. Within a few
minutes, the device indicates that the patient has blood stream infection and gives
information about which specific antibiotics will be efficient against the infectious
pathogens.

A diagnostic test that give information about antibiotic suscpetibility prior the
first dose would need to be finished within a few minutes. The second dose will be
given after up to 6 hours later, which is a more realistic target for the development of
a first rapid diagnostic test. However, if the test is to be analysed in a hospital lab,
the logistics of sampling and analysis requires such a test to be finished within 1-2
hours.

Today, no POC for sepsis diagnostics exist, and much development is still needed
to enable such a system. There are many challenges, such as that the bacteria load
is often below 10 colony forming units (CFU) per ml for adults [8], many antibiotic
resistance genes have to be detected simultaneously and a short procedure turn-around
time is needed. For sepsis diagnostics, the need for rapid results is currently much
greater than portability or the fact that the analysis is performed in a doctor’s office.
Therefore, a laboratory process that is a rapid alternative to culturing would be a
great improvement, even if it does not result in a POC device. Alternative laboratory
tests for BSI that omit the need for culturing exist. These tests are all nucleic acid
tests (NAT) and based on DNA amplification using polymerase chain reaction (PCR):
SepsiTest (Molzym), VYOO (SIRS-Lab), LightCycler SeptiFast (Roche Diagnostics),
Plex-ID (Abbot), BioSeeq (Smith detection) and MagicPlex Sepsis Test (SeeGene).
However, these methods suffer from drawbacks such as limited resistance gene detec-
tion, laborious work, low sensitivity, high cost and long analysis times [8]. What is
needed for sepsis diagnostics is a rapid, multiplex, sensitive, automated method that
is easy to use.
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2.2 Introduction to microfluidics
Microfluidics is the field of science and technology of systems for processing or manip-
ulation of fluids utilizing miniaturization effects in channels with dimensions on the
micrometer scale. Since volume (length^3) decreases faster than surface (length^2)
during downscaling (reduced length), surface effects such as surface tension become
dominating over volume and mass effects such as gravity at the small scale. Also,
the surface to volume ratio increases at the small scale, which leads to significant
liquid-surface interactions, which causes effects such as capillary filling.

Another characteristic of microfluidics is that liquid travelling in a microchannel
at low flow rates behaves as laminar flow, in contrast to turbulent flow that occurs
at high flow rates or large dimensions. The characteristic of the flow is given by the
Reynolds number (Re), which quantifies the ratio of inertial to viscous forces [12]:

Re = ρūDh

μ
(2.1)

where ρ is the density,ū mean flow velocity, µ is the dynamic viscosity of the liquid
and Dhis the hydraulic diameter (4 x area/wetted perimeter) of the cross-section.
The flow goes from turbulent to laminar at Re < 2300 and is always fully laminar
at Re < 15 [13], depending on channel length and cross-section. Kinetic energy
is reduced by viscous losses, which gives the flow a deterministic and predictable
behavior that is possible to describe as “layered”. Similar behavior can be observed
at the large scale in slowly moving viscous liquids, such as glaciers or syrup. This
predictable behavior is a great benefit for particle manipulation. However, mixing of
two laminar flowing liquids is difficult using other effects than diffusion of molecules
across flow streams. Certain microfluidic designs enable stretching and folding of
layers or parallel lamination using 3D fluidics to reduce the distance required for
quick mixing by diffusion [14]. The microfluidic flows used for the components of the
diagnostic devices presented in Sections 5.2-3 take place at low Reynolds numbers
(Re<1) and laminar flow, but in Section 5.1 is utilized an intermediate flow regime
(1≤Re≤100) in which inertia effects become important.

The volumetric flow Q that is obtained from a pressure drop ∆p in a certain
channel depend on the hydraulic resistance Rhyd of the channel, as described by the
Hagen-Poiseuille law:

∆p = RhydQ = 1
Chyd

Q (2.2)

in which Chyd is the hydraulic conductance. The hydraulic resistance can be used to
predict and control merging or splitting of flow streams into fractions (Section 4.3).
For microchannels, the following expressions for Rhyd at Poiseuille flow (pressure-
driven flow with parabolic flow profile) in straight channels [15] are useful:

Rhyd, circle = 8µL

πr4 (2.3)

Rhyd, square = 12µL

a3b (1 − 0.63a/b) (2.4)
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in which L is channel length, r channel radius, a the short and b the long side wall
of a rectangular cross-section. From the above expressions, it is clear that the cross-
section size greatly affects the flow through a channel. A small channel diameter
leads to a large hydraulic resistance, such that very small channels require extremely
high pressure levels to push liquid through. A challenge in microfluidics is to design
components such as valves that allow liquid to pass with the use of reasonable liquid
pressure levels and at the same time function efficiently, for example leak-tight closing
of valves (Section 5.3).

2.3 Introduction to lab-on-a-chip technology
A lab-on-a-chip (LOC) is a device containing one or several components used to
perform an analysis or a sequence of reactions that traditionally are performed in a
laboratory. Miniaturization and integration of these components into functional LOC
devices is accomplished using microfabrication and microsystem/MEMS technology,
but typically requires insight into many other disciplines, such as bioengineering,
medicine, chemistry and physics, depending on the application. Among the benefits
of using microfluidics and LOC devices for medical diagnostics are:

• Integration of components leads to a process that can be automated and that
has a high reproducibility.

• The analysis can be performed in a shorter time.

• Lower sample volumes and less expensive reagents are required.

• Heat transfer can be fast, which is of interest for the thermocycling steps of
PCR used for DNA amplification.

• The analysis can be performed in parallel and on chips with a small footprint.

• Integration may lead to small size and portability, which is important for many
POC devices.

LOC devices come in as many forms as there are developers, though a common
approach is to make a disposable one-time-use product for the sample handling. Most
commercial tests based on microfluidics used today are passive quick-tests, based on
capillary filling, such as the pregnancy test strip. More complex systems developed
for challenging diagnostic analyses are mainly found in academia today. The more
steps that are required for the analysis, the more challenging the device is to produce,
since it is difficult to integrate multiple components, there are more sources of errors
for the analysis and more complicated liquid handling procedures are required.

Some LOC systems require a matching machine, into which the disposable chip
is loaded, for liquid handling on the LOC and readout of the result. In academia,
home-built setups are normally used. For commercialization, an instrument has to
be developed according to the specific LOC device and demands on machine size for
portability or space available by the end user. An interesting approach is to utilize
the instruments the end users already have access to and develop a LOC accordingly,
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such as the device adapted for a standard lab centrifuge by Kloke et al. [16] (Figure
2.1.).

Figure 2.1. Left: A silicon-based lab-on-a-chip for white blood cell DNA purification
[17]. (Reprinted with permission from Elsevier.) Middle: A microchemostat for bacteria
monitoring [18]. (Reprinted with permission from AAAS.) Right: A LOC adapted for
a common lab centrifuge, enabling different steps in the protocol by temperature and
rotational speed control [16]. (Reproduced with permission from The Royal Society of
Chemistry.)

2.4 Development of a lab-on-a-chip for sepsis
diagnostics

The work presented in this thesis was performed as part of the EU FP7 research
project Intopsens. The objective of Intopsens was to develop a rapid diagnostic
test for sepsis and BSI by improving LOC technology and photonic sensors. For
sepsis diagnostics, a LOC device has the potential to greatly reduce the time to
result of antibiotic susceptibility analyses compared to blood culturing. The reason is
that microfluidic methods can enable extraction of the few bacteria that are already
present in the blood, which can be processed and detected using sensors. The work
presented in this thesis aimed at developing microfluidics and LOC devices for sample
preparation and to produce an integrated LOC device, containing sample preparation
components and the sensors.

The chosen strategy for analysis of patient blood samples in Intopsens can be
divided into sample preparation and detection process steps:

1. Bacteria isolation from whole blood

2. DNA extraction and purification
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3. Amplification of resistance genes from bacteria

4. Detection of resistance genes

2.4.1 Bacteria isolation from whole blood
Isolating bacteria is especially challenging since blood is a complex medium containing
lots of cells from which the bacteria have to be isolated. The bacterial load can be
as low as 0.1-10 CFU/ml blood in a patient with sepsis, and to acquire statistical
relevance, blood samples of at least 3 ml but up to 10 ml have to be processed [8].
A 3 ml blood sample contains about 16 billion blood cells [19], and to isolate only
a few bacteria is much like finding a needle in a haystack. A complicating factor
is that the size of bacteria (1-3 µm) is roughly the same as the red blood cells (6-9
x 2 µm, disc shaped) and platelets (2-4 µm) [20]. This puts high demands on size-
based separation methods. Moreover, cell debris is known to inhibit PCR [21], which
requires that cell-disrupting shear forces are avoided.

The large blood sample volume required hinders the use of paper filters, since the
filter area needed to prevent clogging is typically very large. Instead, some microfluidic
methods for blood cell separation utilize external force fields, e.g. acoustophoretic
(sound waves) [22], dielectrophoretic (electric field) [23], optical [24] and magnetic
[25] forces. Other techniques utilize microfluidic effects for particle separation [26],
mostly size-based filters such as deterministic lateral displacement [27] or pinch flow
fractionation [28].

Microfluidic methods for blood cell separation typically require dilution of the
blood sample to decrease viscosity. However, microfluidic devices typically suffer from
low maximum throughput of liquid, and often enables flow rates in the range of 0.1-
100 µl/min. 3 ml is a too large volume to result in reasonable process times for many
LOC applications, and dilution of this liquid even further leads to few microfluidic
alternatives. The microfluidic method that enables particle filtration with the highest
flow rate is inertial focusing, which was chosen in the Intopsens project (Section
5.1).

2.4.2 DNA extraction and purification
DNA can be extracted from bacteria via for example chemical or mechanical cell lysis.
One method to purify DNA is by adhesion of charged DNA to hydroxyl groups on
silica, using chaotropic salts for charging and deionized water for subsequent elution.
Such protocols can be included into LOC systems [17,29]. However, DNA extraction
and purification process steps are out of the scope of this thesis and will not be further
discussed herein.

2.4.3 Amplification of resistance genes from bacteria
For the Intopsens device, the amount of DNA isolated after the purification step
was not expected to be sufficient for direct readout of the antibiotic resistance genes
on a sensor. Therefore, a DNA amplification step was used. There are many methods
for DNA amplification, but the most commonly used is PCR. A drawback of PCR
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compared to alternative isothermal methods is the requirement for thermocycling, but
PCR is more mature and reliable [30] and was therefore chosen as the amplification
method in the Intopsens device. Other benefits important for sepsis diagnostics are
that PCR results in exponential amplification and can be multiplexed, i.e. enable
amplification of several resistance genes in the same cycling chamber.

A challenge for PCR-on-chip is to ensure that the PCR sample stays in the
microchip during the thermocycling and is not pushed away by expanding gas bubbles.
Bubble formation is a well-known problem in microfluidics, not least as a result of
outgassing in heated microfluidic systems. Henry’s law describes the solubility Cgas
in a liquid of a certain gas at a pressure pgas above a certain liquid at a certain
temperature:

Cgas in liquid = kHpgas above liquid (2.5)

in which the Henry’s law constant kH decreases with increasing temperature. Higher
temperature therefore leads to reduced solubility, which is the cause for outgassing in
heated microsystems.

Gas bubbles are not a common problem in commercial PCR systems, where the
tubes used are tightly sealed. LOC systems depend on valves to seal the chamber from
channels. Also, the many corners in microfluidic chips favor bubble formation [31].
Bubble formation is also a threat to gene detection using biosensors in microchannels.
Therefore, a bubble removal system based on active degassing through a semiperme-
able membrane was developed (Section 5.2).

2.4.4 Detection of resistance genes
The last step of the diagnostic protocol is to detect amplified resistance genes, which
in this project was done using DNA arrays. A DNA array consists of a predefined
2D array of spots, each containing unique single-stranded DNA (ssDNA) molecules
complementary to a target gene with a known sequence and position in the array.
Target DNA will hybridize to certain spots and readout of the position, and thereby
detection of resistance genes present in the sample, can be accomplished using various
techniques. To enable hybridization, the target gene product has to be ssDNA, which
can be achieved by asymmetric PCR, with amplification of only one of the DNA
strands, or by heat denaturation of double-stranded DNA (dsDNA) (Section 5.2).
Within the Intopsens project, two different detection principles were investigated:
photonic sensors based on ring resonators and photonic crystals, and a camera for
colorimetric detection of an enzymatic reaction. The photonic [32, 33] and camera
sensors (Mobidiag Oy, Fi) were developed for DNA sensing by other partners and will
not be further presented.

2.4.5 Instrumentation
In the Intopsens project a machine controlled via software to enable PCR thermo-
cycling, liquid pumping and valve pressure control was developed (Figure 2.2). A
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late version also contained a high-resolution camera for imaging of the sensor array.
The development of this instrument is not part of this thesis and will not be further
discussed herein.

Rotary pump

Chip slot and 

Peltier heater

Pneumatic 

valve controls

Protocol 

control via 

software

Figure 2.2. The instrument developed for the lab-on-a-chip device in Intopsens.
(Photograph: Niklas Sandström)

2.5 Rapid prototyping of lab-on-a-chip devices

Rapid prototyping is the process used in research and development to manufacture
test devices. The development of LOC devices in academia require such methods to
rapidly produce microstructured devices, to perform experiments, draw conclusions
and re-design devices. The re-design cycle should be kept short, if possible with
few critical yield-reducing steps, to enable many redesign cycles without too much
associated costs. However, LOC systems typically require micromachining and back-
end processes such as surface modifications, which put high demands on the process.
To date, there is no generic solution that fits all types of LOC applications. Instead,
prototyping methods and materials have to be chosen for each specific application.
Among the most commonly used rapid prototyping methods for LOC devices can
be mentioned micromolding, hot embossing, milling, 3D-printing, photo- and stere-
olithography, all of which have benefits and drawbacks. Thermoplastics are standard
materials for microfluidic systems in industry, due to material stability and the
availability of inexpensive large-volume production methods such as injection molding.
However, rapid prototyping in academia is to date very often performed using planar
replica molding of thermosets, such as silicone, due to ease of use and low costs
associated with the process instrumentation. Ideally, a successful LOC device is
developed using processes that enable large-scale production, or can be transferred to
scalable methods (such as thermoplastic production methods) without the need for
too much device redevelopment.
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2.5.1 Requirements on the prototyping process for the Intopsens
device

The approach for the sepsis diagnostic device chosen in Intopsens leads to the
following list of requirements and desired properties of the material and the LOC
manufacturing processes:

1. Elastomeric material properties to enable leak-tight pneumatic valving.

2. Bonding of layers that result in leak-free fluidic channels.

3. Enable 3D fluidic networks for microchannel valving and particle extraction
from a particle filter based on inertial focusing.

4. Materials and bonds that withstand the DNA denaturing temperature of 96 žC
used in the PCR thermocycling protocol.

5. Enable monitoring during experiments as well as for imaging of colorimetric
detection by material transparency.

6. Enable integration of LOC components into a complete device.

7. Stable outer material for easy handling of the microchip.

8. Enable the inclusion of a bubble removal system using a semi-permeable mem-
brane.

9. Enable rapid redesign cycles, with few manufacturing steps, all with high yield.

10. Allow scalability of the prototyping method, including fabrication processes,
surface modifications and material properties, to enable transfer of the prototype
to industrial use.

11. Enable biocompatible bonding for encapsulation of a DNA array.

12. Surface and material properties with minimal unwanted interactions with the
analysis.

So far, there is no “one-material” solution that fulfils all the requirements in the list.
The alternative to use a single material is to find a method for seamless integration
of different materials or to keep LOC devices as separate chips.

2.5.2 Material choices for microstructuring: PDMS and OSTE
The silicone rubber poly(dimethylsiloxane) (PDMS) is the most commonly used ma-
terial for rapid prototyping of microfluidic systems in academia and there are many
reasons for this. Among the benefits of PDMS are that it is optically transparent, ther-
mally stable, non-toxic to biological materials, and easy to pattern with micro- and
nanosized structures by casting and curing on a mold [34, 35]. Also, the elastomeric
properties of PDMS enables good contacting to surfaces, for layer bonding or seal-
tight interfaces with connectors. Moreover, certain components for LOC devices, such
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as pneumatic valves and pumps [36], require elastomeric properties. Furthermore,
adhesive-free covalent bonding of PDMS to itself, glass and silicon is achieved using
plasma treatment prior contacting.

Since PDMS fulfils at least steps 1-6 in the requirement list above, it was chosen as
the initial approach in Intopsens. Requirement 7 can be solved using heterogeneous
integration, at the cost of process simplicity. Of special interest for the work presented
in this thesis are the exceptional gas permeability properties of PDMS, which were
utilized for a gas bubble removal method (Section 5.2), thus fulfilling requirement 8. In
Chapter 3, novel PDMS fabrication techniques developed to enable the manufacturing
of membranes used for the degassing method are described, with the potential to at
least partly fulfil requirements 9 and 10.

Unfortunately, PDMS manufacturing has several drawbacks [37]. PDMS molding
is regarded as being a fast method for prototyping. However, the method still requires
a mold for patterning, which is often produced in a cleanroom, thus prolonging the
redesign cycle time. A specific problem for the Intopsens device was that that
a thermally stable bond to PDMS is achieved via plasma bonding, which is not
compatible with DNA arrays. Also, PDMS leaks out uncured monomer rings [38]
that may deposit onto sensor surfaces and reduce sensitivity or totally block the
surface. Moreover, PDMS absorbs molecules, which can lead to loss of sample [37].
Furthermore, the high gas permeability of PDMS allows gas to enter microchannels
and form bubbles [31], which can prevent liquid flow.

To find solutions to these problems, a second material approach was pursued in
the Intopsens project. The polymers used were based on off-stoichiometry thiol-
enes (OSTE), which is a materials platform developed at KTH specifically for the
needs of LOC. In recent years, OSTE has been constantly improved to now fulfil all
requirements in the list above, except for the bubble removal method. Chapter 4
presents novel manufacturing and material concepts that improve rapid prototyping
using OSTE.

2.6 Summary
There is an urgent need for rapid diagnostics for sepsis and blood stream infections.
Strong and toxic antibiotics are being used to ensure effective treatment of patients,
but since they are harmful to patients, a rapid change to specific therapeutics is
wanted. The work described in this thesis is part of a FP7 EU project, Intopsens,
which aimed at developing a rapid device for sepsis and blood stream infection diag-
nostics based on lab-on-a-chip technology. Chosen strategies for sample preparation
units in the project included inertial microfluidics for bacteria isolation from whole
blood and PCR-on-chip for DNA amplification. The polymers PDMS and OSTE
were chosen in the research project for the development of the microfluidic systems.
The work presented in this thesis aimed at developing manufacturing methods and
systems for these sample preparation strategies, which are presented in Chapters 3-5.
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Chapter 3

Novel methods enabling fragile
structures and 3D microfluidics in PDMS

In this chapter, novel fabrication techniques using the polymer PDMS are introduced.
In Section 2.1, limitations of previously shown PDMS manufacturing methods are
described. To solve these problems, four novel manufacturing techniques that enable
easy manufacturing of thin and fragile PDMS structures containing 3D fluidics are
introduced and described in Section 2.2. The methods (presented in Papers 1-3 )
were developed to enable the manufacturing of devices for inertial focusing, bubble
removal, and vertical membrane microvalves (Chapter 5).

3.1 Introduction to rapid prototyping of complex
structures using PDMS fabrication

3.1.1 Multilevel structures with 3D fluidics
Many PDMS-based microfluidic systems used in life science applications in academia
are produced as very simple structures with replica molded channels bonded to a glass
slide and employ punched-out holes as fluidic ports [34]. More advanced structures
require 3D fluidic networks that allow channels to be vertical and cross over each
other. 3D fluidics enables the formation of commonly used structures such as valves,
pumps or mixers.

There are many approaches on how to produce multilevel fluidic structures in
PDMS [39–51]. The most common way is to utilize traditional planar molding with
subsequent stacking of layers to achieve 3D fluidics. Many are based on a molding
method in which PDMS layers are polymerized between a microstructured mold and a
top plate that ensures layer flatness [40,49,51]. Such methods allow a second layer to
be bonded with good contact to the top surface to form a multilevel device containing
a 3D fluidic network. The two greatest challenges with multilayered structures are to
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produce through-holes to connect channels in different layers and to achieve adequate
alignment of the layers.

The most common method to produce holes is by manual hole-punching using a
tool, but this is not a good method to produce multiple, densely spaced small holes.
The inclusion of protruding posts in the mold to form holes could greatly enhance
the resolution of holes [39]. However, the difficulty of removing all PDMS from in
between the top plate and the post prior polymerization results in the formation
of a thin polymerized PDMS squeeze-film blocking the hole (Figure 3.1). Previously
described methods to remove the film include the use of large mold-damaging clamping
forces [40] and impractical procedures to remove the PDMS from the posts using gas
blowing prior to curing [46] or ripping open holes after curing by aligning, bonding
and tearing off a PDMS structure [50].

During multilayer assembly, layers are aligned and bonded to form 3D struc-
tures [40]. This alignment step is mostly performed manually, leading to limitations
on resolution with a misalignment of <100 µm, depending on the experimenter’s
experience [40, 52, 53]. Another limiting factor for the alignment resolution is that
layer stacking often includes a surface modification step of PDMS using plasma
treatment to enable bonding of the layers [34]. The surface modification only lasts a
few minutes, due to movement of PDMS chains, leaking of monomer rings from within
the bulk PDMS and deposition of dust particles on the PDMS surface. Therefore, fast
alignment and contacting of the structures is required to enable successful bonding,
something that adds to the complexity of obtaining adequate alignment resolution.
Expensive tools for alignment and assembly help [53], but require rapid processing
to enable successful bonding. Also, successful bonding of PDMS occurs directly at
the first contact with the destination surface, so good position control and low strain
levels are needed to obtain a wrinkle- and fold-free bond between the layers, something
which is especially difficult for thin films.

A method to avoid the alignment step for multilayer assembly is by using double-
sided molding [47,54]. In these previously described methods, two molds are pressed
together to form a PDMS layer with microstructures on two sides in a single cur-
ing step. However, these processes require tools for alignment of the molds and a
combination of soft molds and high clamping force [47] or expensive dry-etch using
cleanroom equipment [54] to open holes.

3.1.2 Fabrication of fragile layers
The inclusion of thin membranes in PDMS structures enables the formation of devices
with components for gas permeation [55, 56], separation of liquids [57] or actuators
such as valves [36]. In the work presented in this thesis, PDMS membranes were
needed for the degassing system for bubble removal in PCR (Section 5.2).

Manufacturing of fragile structures such as membranes requires mild treatments
to avoid deformations and ruptures. After curing of a PDMS layer on a mold, removal
of the layer can cause strain and rupture in fragile structures, due to adhesion of the
PDMS to the mold surface. Thangawng et al. managed to release a 500 nm thin
PDMS membrane with an area of 0.4 mm2 from a Teflon-coated surface [58], but
such a low energy surface coating was not sufficient for the production of membranes
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one order of magnitude thicker but an area two orders of magnitude larger needed for
the degassing system.

Membranes and other thin layers require protection during transfer, handling and
bonding to avoid folding and wrinkling of films. To solve this problem, temporary
carriers are sometimes used to protect PDMS layers during demolding and transfer
[43,51]. In such a process, the PDMS top surface is bonded to a carrier while resting
on the mold. The PDMS/carrier is thereafter peeled off from the mold, the PDMS
layer is transferred to a destination surface and the carrier is removed from the PDMS
(Figure 3.1). A drawback of this method is that the adhesion of PDMS has to be
weakest to the mold, intermediate to the carrier and strongest to the destination
substrate, and each step requires the formation and breaking of relatively strong
bonds to the PDMS. The large force required to detach the carrier from the PDMS
after transfer causes strain and damage to fragile structures.

A stiff top plate used to ensure a flat top surface during the molding process can
be utilized as a carrier [49]. However, stiff carriers in combination with stiff molds
and destination surfaces results in a small peeling angle and a large force is required
to separate them [59]. The large force typically results in damage to not only the
PDMS structures but also the plates, which is especially problematic for expensive
wafer-sized molds. Flexible carrier films facilitate demolding by peeling, but fragile
PDMS membranes are still strained and ruptured during the release from such films.

To summarize, there is a need for a method that enables manufacturing of PDMS
multilayer devices containing fragile structures and 3D fluidics. The method should
result in low levels of strain induced during demolding, transfer and carrier release,
enable formation of small and densely spaced through-holes and result in adequate
alignment and successful bonding, free of wrinkles and folds.

3.2 Novel poly(vinyl alcohol)-based microfabrication
methods

3.2.1 PVA as sacrificial material
A well-known approach to achieve low-stress release of fragile structures in microma-
chining and MEMS technology is the use of sacrificial layers and etchants [60]. To be
able to apply this approach in PDMS fabrication, it is crucial to find materials and
etchants that do not etch or swell PDMS. The polymer poly(vinyl alcohol) (PVA)
is an excellent choice for fabrication using PDMS, since it is biocompatible [61] and
dissolves only in highly polar solvents such as water, while being resistant to other
solvents [62]. PVA is a highly hydrophilic polymer with the structure (CH2CH(OH))n,
having increased water solubility with decreasing molecular weight and increasing
hydrolysis degree [62].

PVA film is an inexpensive material that when used as a carrier provides a quick
and easy method for the production of fragile membranes, as demonstrated in Paper
1. The 60 µm thick film used can be laminated to a microscope glass slide when
heated to 80 °C. The stiff glass plate ensures a flat top surface in the molding process
and is easily delaminated from the PVA film after the curing step. The PDMS sticks
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Figure 3.1. Common problems in traditional PDMS manufacturing methods solved
with methods presented in Section 3.2.

to the PVA film and the layers can be easily peeled off from the mold. The PVA film
is soft but not elastic, which ensures strain-free transfer of the membrane. Traditional
methods for plasma treatment, manual alignment and bonding to a destination surface
are then performed. After bonding of the PDMS to the destination substrate, the
PVA carrier can be released from the membrane using water and either “wet peeling”
or dissolution of the film to delaminate the carrier without inducing strain to the
membrane (Figure 3.2).

Another form of PVA for microfabrication is obtained by dissolving PVA in water,
which can be used as a coating agent, forming thin films of PVA by the evaporation
of water (Figure 3.2). The PVA can be used to coat for example carriers (Paper 1 )
or molds (Papers 2 and 3 ) to act as a sacrificial layer. With the addition of water,
the PVA layer dissolves and release is achieved. When micromolds are coated with
PVA film, a reduced molding resolution is expected from the addition of PVA to the
structure surfaces. The PVA deposition recipe described in Paper 3 resulted in a film
thickness up to 85 nm, which should be taken into account when using the method
for sub-micron patterning.
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Figure 3.2. The two forms of PVA used (Papers 1-3, 7-8). Left: PVA film used as
a protective carrier. Right: Liquid PVA in water as a coating agent on carriers and
molds.

3.2.2 Floatation transfer

Release of PDMS structures from a PVA-coated mold can be achieved using ultrason-
ication in a water bath. The cavitation occurring during sonication leads to bubble
formation between the PDMS and the mold [?], which after release of the PDMS
from the mold leads to floatation transfer of the PDMS, as described in Paper 2. The
layer is transported to the water surface and can be floated onto a carrier (Paper 3 )
or a bottom plate for assembly of microfluidic systems (Paper 2 ). Alignment can be
accomplished automatically via guidance of the water container walls, with manual
fine adjustment of the alignment while resting on a thin water film. The method
prevents folding of layers in the water bath and results in wrinkle-free contacting to
the destination surface, which is an improvement compared to dry transfer processes
and makes floatation a highly suitable method for transfer and multilayer assembly
of large, fragile layers.

H2O

Destination substrate

2 mm

SU-8
Silicon

PVA
Cured PDMS

Air bubbles by sonication

Membrane separating PCR chamber from low-pressure chamber

Sensor chamber

Valves

Fluidics in PDMS bottom layerFluidics in PDMS top layer

Figure 3.3. Above: PDMS release from PVA during ultrasonication and transfer using
floatation. Below: Wafer-sized transfer result (left) and close-up on two-layered chip
structure on wafer (right).
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3.2.3 Local polymerization inhibition for 3D fluidics
Another feature of PVA is that it is compatible with a method for creating through-
holes for 3D microfluidic networks that was recently developed at KTH [49]. The
method utilizes a surface coating containing tertiary amines that binds to the PDMS
polymerization catalyst platinum (Pt) during the curing process. In this method,
PDMS is casted onto a mold with protruding structures, and a cover plate with the
amines is pressed against the mold. Between the plate and the protruding structures,
where squeeze-films of PDMS normally form and block the through-holes, the surface
coating prevents polymerization of PDMS by depleting the film from Pt. Adjacent
thicker PDMS regions also lose Pt atoms to the amines, but diffusion of Pt from the
surrounding bulk enables polymerization of PDMS. The inhibited PDMS follows the
top plate when it is removed after the curing, which leads to the opening of through-
holes. The process is diffusion-limited and enables holes with diameters down to
30 µm, as shown in Paper 3.

To enable the formation of both thin membranes and through-holes, the stiff glass
plate used by Carlborg et al. [49] was replaced by a flexible polycarbonate (PC) carrier
coated with PVA, as described in Paper 1. When the PVA is treated with tertiary
amines, the inhibition effect gets so strong that thin PDMS layers such as membranes
cannot polymerize, and that the PDMS surface in contact with the inhibition plate
becomes sticky and is difficult to bond to other surfaces. Dilution of the amines
with competing groups that bind to the PVA surface, but do not inhibit PDMS
polymerization, enables tuning of the amine surface concentration to find a cut-off
thickness level that allow wanted thin layers to be formed and unwanted squeeze-films
to remain unpolymerized. The method enabled simultaneous formation of through-
holes in a PDMS layer and polymerization and release of large-area membranes
(Figure 3.4). The resulting layers had top surfaces very much like native PDMS and
formed strong bonds to various materials, including glass and PDMS, using plasma
bonding.

3.2.4 Double-sided molding
The PVA coating functionalized with tertiary amines described in the previous section
was used in Paper 3 on two pairing mold halves to enable the production of multilevel
devices containing 3D fluidic networks and fragile layers using double-sided molding.
The use of guiding structures in the form of three pins and a frame on pairing
mold halves enables structure alignment prior to PDMS polymerization and thereby
solves the issue with difficult alignment and bonding of separately produced layers for
multilayer assembly. After curing, the PDMS is released from the two molds using a
water bath and ultrasonication. During the release, inhibited PDMS is washed away
and through-holes are formed. The PDMS is thereafter transferred via floatation to
a destination surface or fished out on a carrier for subsequent bonding. The resulting
structures are monolithic multilevel PDMS structures with channels on two sides
that may contain both fragile membranes and 3D fluidics. Sealing of the channels is
achieved via bonding to other layers, such as bottom plates or lids containing ports
to the outside world, to form a LOC device. This method was also used to produce
vertical membrane microvalves (Section 5.3).
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Figure 3.4. Successful PDMS structures manufactured using a carrier with a coating
of PVA and amines.

3.3 Summary and outlook

In this chapter, four techniques that solve several problems and limitations associated
with previously described microfabrication methods using PDMS were introduced.
The novel methods involve the polymer poly(vinyl alcohol) to enable the production
of fragile structures as well as multilevel devices with 3D microfluidic networks in
PDMS. An overview of the methods is presented in Table 3.1.

Table 3.1. Overview of four novel techniques for PDMS manufacturing presented in
this thesis.

Method
Fragile
struc-
tures

3D fluidics
Sizes:
chip /
wafer

Alignment
to other
layers

PDMS
process
time

Described
in

1. PVA film as
carrier Yes No Yes / yes Fully manual < 1 h Paper 1

2. PVA coating
on mold and
floatation
transfer

Yes No Yes / yes

Automatic
pre-alignment,
manual fine
adjustment

<4 h,
reduced

release time
for reduced
substrate

size

Paper 2

3. PVA/amine
coating on
carrier

Yes

Yes,
formation of
interlayer

through-holes

Yes / yes,
with low
yield

Fully manual <2 h Paper 1

4. Double-sided
molding using
PVA/amine
coating

Yes

Yes,
formation of
3D fluidic
networks

Yes / yes Structure
guided

<4 h, results
in multilayer

device
Paper 3
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As shown in this chapter, PVA is a versatile tool for the manufacturing of complex
LOC structures and has the potential to become a standard material for PDMS fab-
rication. The introduced procedures for demolding, transfer, through-hole formation
and alignment can all replace manual handling steps. Also, the described methods
are compatible with wafer-sized substrates and therefore have the potential to enable
automatic procedures for up-scaled production of complex PDMS microstructures.
Future work should aim at combining the above described methods with back-end
processes and integration of other materials, for further improvements of lab-on-a-
chip device manufacturing.
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Figure 3.5. The double-sided molding method (top) and a microfluidic chip fabricated
using the described double-sided molding method (bottom).
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Chapter 4

Novel microfabrication concepts using
off-stoichiometry thiol-ene (OSTE)

There is a lack of materials for LOC devices that enable easy and fast prototyping
for academia and at the same time are suited for scalability and commercialization
of products. This problem led to the development of a materials platform specifically
developed for the needs of LOC devices at KTH: off-stoichiometry thiol-ene (OSTE).
Apart from having the potential to bridge the gap between academia and industry,
OSTE has several benefits over PDMS that are of interest for the manufacturing of a
LOC device for sepsis diagnostics.

In this chapter, novel fabrication procedures and material formulations using
OSTE are presented. In Section 4.1, an introduction to OSTE materials is given.
In Section 4.2, a mechanism that enables photopatterning of OSTE (Paper 4 ) and
rapid prototyping of microfluidic chips (Paper 5 ) is presented. In Section 4.3, a novel
flexible material formulation is introduced: rubbery OSTE+ (Paper 6 ).

4.1 Introduction to off-stoichiometry thiol-enes (OSTE)
The field of thiol-ene chemistry has recently gained interest for the fabrication of
LOC devices. Thiol-ene is based on the bond-forming reaction between a thiol and a
carbon-carbon double bond (‘ene’ groups) of an alkene, which is sometimes described
as a close-to-ideal “click” reaction [?, 63]. With the use of photoinitiation, thiol-
enes form alternating polymer networks from monomer pairs containing thiol and ene
groups via a radical-mediated step growth mechanism.

Thiol-ene formulations are traditionally mixed in a 1:1 stoichiometry, meaning
that an equal number of thiol and ene groups are used, which enables full conversion
of monomers into a copolymer during polymerization. In contrast, a formulation that
is mixed in off-stoichiometry results in a polymer with excess groups remaining unre-
acted after maximum conversion of the mixture. In 2011, Carlborg et al. presented
a concept using off-stoichiometry thiol-enes (OSTE) for the manufacturing of LOC
applications [64]. They showed that off-stoichiometric mixtures of monomers at high
ratios results in residual groups that can be used for surface modifications [64, 65],
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low-temperature bonding enabling biocompatible encapsulation of protein and DNA
arrays [66] and possibility for tuning of mechanical properties of the resulting polymer
in a very wide range [64], from rubbery to hard plastic.

Further development of the OSTE polymers has led to a ternary material system
consisting of thiol-ene-epoxy (OSTE+), which was introduced to address some of
the limitations of OSTE [67, 68]. The inclusion of epoxy monomers has resulted in
materials with increased glass transition temperature (Tg) [69], thus increasing the
temperature at which the polymer turns soft and rubbery. Preliminary results show
a Tg well above 100 °C in a material that also exhibits a 20-fold reduction of leaking
of uncured material compared to PDMS [67, 70]. Also, a formulation resulting in
room-temperature bonding that withstands >5 bar of air pressure at 100 °C has been
shown [71], making thiol-ene-epoxy a materials platform which has the potential to
solve the issues of PCR thermocycling compatibility, deposition of leaking monomers
on sensors and leak-tight thermostable bonds. The polymer is a dual cure system,
meaning that the polymerization is performed in two separate reactions using two
different initiators. The first reaction can involve photopatterning (Section 4.2) and
results in a soft, surface active layer that can be functionalized. After contacting with
a second layer, the second reaction is initiated, which results in strong bonding of
the layers and increased stiffness [71,72], making the chip easy to handle without the
need for bonding to stiff lids made from, for example, glass.

SH SH SH SH

x[ R1-(SH)m ] + y[ R2-(       )n ]
xm = yn

xm > yn

xm < yn

UV initiation
S

SH

SH

SH R1+

Thiol monomer Ene monomer Thiol-ene dimer

SH

SH

SH

SH R2R1 R2
“click”

Thiol excess groups

No excess groups

Alkene excess groups

Figure 4.1. The thiol-ene reaction and change of the thiol-ene polymer with
stoichiometry.
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4.2 Novel methods using photolithography and OSTE

4.2.1 A depletion mechanism in photopatterning of thiol-enes
Patterning using photolithography in polymers is an important process for micro-
fabrication. The thiol-ene reaction can be photoinitiated, but stoichiometric thiol-
ene is well-known to have poor photopatterning capabilities. The reason is that
reactive groups diffuse into non-exposed regions, which leads to a broadening of the
pattern. Although the addition of polymerization inhibitors reduces broadening in
thiol-ene [73], it results in a material that leaks of molecules. In Paper 4, a self-limiting
effect caused by local depletion of one monomer found in off-stoichiometry thiol-
enes is shown, which enables more accurate pattern transfer in photolithography. A
comparison between photopatterning in a stoichiometric and a 60 % off-stoichiometric
mixture of thiol-enes shows a significant difference between the two, with a large
reduction of pattern broadening in the off-stoichiometric case (Figure 4.2).

50 µm 50 µm

Transparent hole in photomask (ø=70 µm)

ø 50 µm

400 µm

Stoichiometric thiol-ene O�-stoichiometric thiol-ene (OSTE)

Figure 4.2. Left: Pillars with broadening (stoichiometric thiol-ene) and no broadening
(OSTE with 60 % thiol excess) after 20 s. UV exposure and development using SU-8
developer. Rigth: High aspect ratio (1:8) pillars in OSTE.

In Paper 4, a proposed model of a polymerization mechanism gives an explanation
to these unexpected results (Figure 4.3). Polymerization of stoichiometric thiol-ene
leads to a polymer with high degree of cross-linking. An increasing level of off-
stoichiometry leads to a decreasing level of cross-linking, since the deficient monomer
becomes depleted, which prevents the formation of an alternating network. In pho-
topatterning, stoichiometric formulations cause network formation propagation into
unexposed regions by diffusion of reactive groups. In off-stoichiometric formulations,
polymerization is prevented in unexposed regions by local changes of the stoichiometry
and a depletion effect (Figure 4.3).

A unique feature of this mechanism is that it enables photopatterning of high-
aspect ratio structures. The negative photoresist SU-8 is a great choice to obtain
photopatterned structures with high-aspect ratios >20 [74]. Pattern broadening is
kept low since the SU-8 is almost solid during exposure, since the polymer precursor
is almost solid and kept in liquid form for spin-on processing by large amounts of
solvents. Unlike SU-8, OSTE is solvent-free and therefore not restricted to planar
spin-on geometries. High-aspect ratio pillars in OSTE (1:8) (Figure 4.2) and, more
recently, thiol-ene-epoxy formulations (1:10) [72] have been shown.
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4.2.2 Rapid prototyping of OSTE microfluidic chips using
photolithography

Many microstructuring methods for rapid prototyping rely on the use of molds.
The manufacturing of molds is typically done using expensive and time-consuming
cleanroom processing. Although a mold can be used many times, mold production is
a bottleneck for the prototyping redesign turn-around time. Mold-free methods exist,
such as 3D-printing and stereolithography, though these methods suffer from limited
material choices and low scalability [75], and lack stable back-end processes, such as
surface modifications and bonding.

The self-limiting photopatterning effect described in the previous section enables
a rapid, mold-free prototyping method for LOC devices in OSTE. A protocol for the
production of microfluidic chips using photolithography directly on OSTE is presented
in Paper 5. Processing using the described monomers and development protocols
resulted in well-developed, highly transparent microchips (Figure 4.4). Also, a method
for rapid surface modification of the channels was presented. Photopatterning and
grafting of molecules onto unreacted surface groups on the channel walls enables the
formation of hydrophilic and hydrophobic channels in the same microchip (Figure
4.4).

4.2.3 Rubbery OSTE+ for lab-on-a-chip

Much of the popularity of PDMS as a prototyping material is due to its elastomeric
properties. The swelling of PDMS by solvents [76] has led to the development of
elastomeric materials with improved solvent resistance, with gas permeable [77] and
gas-blocking [78] properties. However, biocompatible bonding and surface patterning
are not achieved using these methods.

In Paper 6, a flexible thiol-ene-epoxy material, rubbery OSTE+, is presented. The
properties of the ternary thiol-ene-epoxy polymer can be tuned via the choice of epoxy
molecule and the number of reactive groups on allyl (the ‘ene’ group used) and thiol
monomer molecules. The inclusion of a flexible epoxy molecule and reduced number of
cross-links between the monomers results in rubbery OSTE+. The material enables
the positive features of thiol-ene-epoxy formulations, e.g. rapid fabrication proce-
dures and biocompatible bonding, while having flexibility similar to PDMS. Also, the
material has >90 % lower water permeability and a greatly reduced absorption of
molecules into microchannel walls as compared to PDMS (Figure 4.5).

Rubbery OSTE+ can be used for the production of pneumatic valves, based
on pneumatic actuation of a membrane to squeeze a channel closed, according to
a well-established concept [36] (Section 5.3). Rubbery OSTE+ prevents gas to be
pressed through the actuation membrane and form bubbles, which is a drawback
of valves produced in PDMS. In valve experiments, similar actuation properties were
observed for PDMS and rubbery OSTE+, with the difference that the 60 µm actuator
membranes burst in PDMS at a pressure of 300 kPa while the rubbery OSTE+
membranes remained intact.
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4.3 Summary and outlook
In this chapter, developments of off-stoichiometry thiol-ene (OSTE) for LOC manufac-
turing were presented. A self-limiting and stoichiometry-controlled effect, leading to
increased pattern transfer accuracy in thiol-enes, was presented. The photopatterning
mechanism was used to develop a fast, scalable and mold-free rapid prototyping
method for microfluidic chips. A complete protocol for microstructuring, assembly
and surface modifications of the microfluidic chips was presented.

The increased accuracy of pattern transfer in photolithography could potentially
be used for high-resolution patterning. Also, the resulting gradients in cross-linking,
refractive index and free surface groups, are interesting for future studies in self-
assembly, photonic applications and surface chemistry. Photolithography has more
recently been used in thiol-ene-epoxy formulations, which has enabled the formation of
stiff microchips with photopatterned structures [68,71,72,79]. Further investigations
of this method should include nanolithography, photonics applications and studies of
surface group gradients for bio-interactions.

Also, a rubbery OSTE+ polymer with similar flexibility to PDMS but with several
benefits including low permeability and molecule absorption was presented. Future
work should include further investigations of rubbery OSTE+ as a prototyping ma-
terial for lab-on-a-chip devices and to investigate its compatibility with fabrication
methods such as photolithography and surface modifications. If successful, the mate-
rial has great potential to replace PDMS as the standard flexible material for rapid
prototyping in many applications.
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Figure 4.3. A simplified version of the proposed model of the mechanism behind
improved photopatterning accuracy for increasing off-stoichiometry in thiol-enes.
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Figure 4.4. Microfluidic structures in OSTE polymer produced using photopatterning.

100 kPa 200 kPa0 kPa

PDMS Rubbery OSTE+

100 µm
30 min 
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Empty 
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Figure 4.5. Absorbtion of molecules of the polymer ”rubbery OSTE+” as compared
to PDMS (left) and a 200 x 200 µm large pneumatic valve produced in rubbery OSTE+
(right).
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Chapter 5

Novel lab-on-a-chip systems for sepsis
diagnostics

In this chapter, novel microfluidic systems and components for sample preparation
for diagnostic devices are presented. In Section 5.1, a high flow particle filter based
on inertial focusing is introduced (Paper 7 ). In Section 5.2, a device for degassing
of microfluidic systems at high temperature that enables bubble-free PCR-on-chip is
shown (Paper 8 ). In Section 5.3, leak-tight vertical membrane valves are presented
(Paper 3 ). Finally, in Section 5.4, microfluidic packages for integration of PCR and
DNA arrays into LOC devices are shown.

5.1 Inertial microfluidics for sample preparation

5.1.1 Introduction to focusing of particles using inertial
microfluidics

In microfluidic applications, flow regimes with low Reynolds numbers, Re <�<1 (called
Stokes flow), in which fluid momentum is ignored and motion equations are time-
reversible [12], are mostly used. In a regime of Re ~1-100, fluid momentum is
significant, but the flow is typically still laminar [13]. In this regime, particles
experience lift forces induced by flow velocity gradients across the particle surfaces,
and can be handled via microfluidic effects using the predictable nature of laminar
flow.

The direction of the lift force on the particle depends on the flow velocity profile.
In Paper 7, Poiseuille flow, i.e. pressure-driven flow, is used. When laminar, Poiseuille
flow has a parabolic velocity profile, with the highest flow rate in the middle of the
channel. The flow rate decreases quadratically towards the channel wall, where it
reaches zero according to the non-slip condition [12] (Figure 5.1). A neutrally-buoyant
particle that has been accelerated with a liquid and travels with Poiseuille flow through
a channel experiences a flow rate that, relative the particle, is larger on the side
of the particle that faces the wall than the side facing the channel center [80, 81].
This difference causes a lower pressure on the wall side and the induction of a shear
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gradient lift force, which pushes the particle towards the wall of the microchannel.
Flow streams affected by a particle far away from the walls lead to the formation
of a symmetric wake pattern on the downstream side of the particle. Close to the
wall, this symmetry is disturbed and the particle is pushed out from the wall by a
wall-induced lift force [80–83]. The two shear- and wall-induced lift forces dominate
the lateral migration of particles and will for certain conditions balance each other to
form focal positions in the channel cross-sections to which particles align [84].

The arrangement of the focal positions depends on the channel cross-sectional
shape, the Reynolds number, and the sizes of the particles in relation to the channel
cross-sectional dimensions. In a circular channel, particles align to a circular pattern
at about one fifth of the channel diameter away from the wall [85], and moves closer
to the wall with increasing Re [80]. In microfluidics, square channels cross-sections
are most common, since these are easy to manufacture. In a square channel, particles
move towards a specific distance from the channel walls, where the described lift forces
balance each other. Thereafter, the particles migrate towards four focal positions
situated at the centers of the channel sides [84, 86](Figure 5.1 B), possibly due to
a weaker rotational-induced lift force [87]. The use of a low aspect ratio (AR)
of the microchannel (height<�<width) leads to that the two focal positions on the
shorter channel sides become unstable, forcing the particles to migrate towards the
two remaining focal positions on the long sides of the channel (Figure 5.1 B) [88–90].
When particles position themselves in the center of the channel, they can be extracted
with the middle flow stream (Paper 7 ).

5.1.2 Challenges with inertial microfluidics for sepsis diagnostics
A complicating factor for inertial focusing for sepsis diagnostics is that the limited
throughput of previously shown inertial focusing systems leads to long process times
for the large sample volume required for statistical relevance (Section 2.4). The al-
ready large blood sample volume needs to be diluted, since the high cell concentrations
in undiluted whole blood lead to interactions between cells, which causes unwanted
changes of the focal positions [91, 92]. To obtaing stable focusing positions, blood
samples are typically diluted 20-200 times [84,93,94], resulting in increasing stability
for decreasing cell concentration [95]. A whole blood volume of 3 ml leads to a total
volume of between 60-600 ml of diluted blood, which takes 0.5-5 hours for a flow rate
of 2 ml/min [96]. An approach to increase throughput without risking cell rupture by
high flow rates [97] is by parallelization of channels for inertial focusing [94]. However,
to enable successful integration of the system into a LOC device, particles need to be
extracted from a single outlet for downstream processing.

5.1.3 High flow filtration using inertial focusing and 3D fluidics
In Paper 7, a microfluidic chip with parallel, straight microchannels for size-based
filtration using inertial focusing is presented. 3D fluidic networks enables routing of
flow streams containing focused particles from several parallel microfluidic channels to
a single outlet, potentially for use as an “in-line” filter for integration with downstream
processes. Low-aspect ratio channels were used to focus particles in two positions in
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Figure 5.1. a) Balancing of shear-induced and wall-induced lift forces. b) Lateral
shifts of focal positions due to cross-sectional shape (middle figures), particle diameter
by channel hydraulic diameter (a/Dh) (bottom left) and Re (bottom right) (Paper 7 ).
In previously shown work using high aspect ratio channels, flow streams containing
particles were extracted near each side wall, resulting in two separate streams from
each channel. In Paper 7, middle streams containing particles were routed from several
parallel channels via 3D fluidics to a common outlet for extraction.

the center of the channels. The middle flow stream was extracted into a second
fluidic level, which enabled particles to be guided to a single outlet, thus separating
the focused particles from the side streams of the liquid. Such devices were fabricated
from two PDMS layers, using a flexible carrier with a PVA/amine coating for 3D
fluidics (Section 2.2). These devices were used for filtration of 10 µm particles from
a suspension containing 2 and 10 µm particles. The resulting filtration efficiency was
97 % and 95 % in devices with 4 and 16 parallel channels, resulting in total flow rates
of 0.8 ml/min and 3.2 ml/min, respectively (Figure 5.2).
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Figure 5.2. Filtration of 10 µm particles using inertial focusing in parallel channels.
Left: Focused particles are extracted with the central flow stream into a second PDMS
layer and to a common outlet for particles in all channels, while other flow streams
go on the side. Right: Amount of particles extracted through each of the two outlets,
showing >95 % accuracy using devices with 4 and 16 parallel microchannels.

5.1.4 Summary and outlook
In this section, particle filtration using inertial focusing in a device suited for integra-
tion with LOC devices was presented. 3D fluidics enabled extraction of particles from
at least 16 parallel channels from the same outlet, resulting in a total volumetric flow
rate of 3.2 ml/min and a filtration efficiency of 95 % for filtration of 10 µm from 2
µm particles.

More work is required to enable bacteria isolation from sepsis blood samples within
30 minutes. Reduced process time can be achieved by increasing the number of
parallel channels. Such a system could for example be produced via double-sided
molding, to avoid difficult alignment (Section 3.2). Increased resolution for separation
of bacteria from blood cells could be accomplished via for example migration-based
separation using aspect ratio modulation [98]. Another approach could be to use
curved channels such as spirals, in which a cross-sectional Dean flow leads to increased
lateral separation of focal positions for different particle sizes, which may enable an
increased resolution for separation of particles [96]. However, parallelization of spirals
requires more intricate designs to avoid large chip footprint areas.

Future studies should include tests with blood samples containing bacteria. This
will lead to increased understanding of the problem, for example whether the bacteria
are free-floating or attached to other cells [8], and development of bacteria isolation
devices using more realistic conditions. Biological particles such as cells are not round
and do not behave as round particles commonly used in inertial focusing experiments.
However, studies of shape dependence show promising results for separation [99] and
separation of cells and bacteria from blood has been shown [93–95,98,100], indicating
that inertial microfluidics may be a solution for bacteria isolation for blood stream
infection samples.
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5.2 DNA amplification using PCR with bubble removal

5.2.1 Introduction to PCR-on-chip
Since its commercialization in the late 1980’s, PCR has replaced cloning of vector/host
systems as the standard method for gene amplification. PCR is a technique based
on the enzyme DNA polymerase, which enables that a few DNA strands can give
rise to billions of copies by exponential amplification in vitro. Short strands of DNA
called primers are carefully designed to match a starting sequence on the target gene
to be amplified, the template, to which they bind and are prolonged into copies by
polymerase [101]. During PCR, the temperature is ramped between steps to achieve
denaturation (Paper 8 : 96 ◦C, separation of dsDNA into two ssDNA), annealing
(Paper 8 : 55 ◦C, adhesion of DNA primers to ssDNA), and elongation (Paper 8 :
72 ◦C, a process when DNA polymerase add bases to prolong the primers into DNA
copies), which is cycled 30-40 times.

The inclusion of a PCR reactor into a LOC device has the potential to enable
sensitive diagnostics of infectious diseases. DNA amplification using PCR-on-chip
devices has been shown in numerous variations, e.g. droplet PCR, continuous flow
PCR, convection-driven PCR, and stationary PCR reaction chambers, as used in
Paper 8 [30, 102]. There are some requirements and challenges for the development
of a successful PCR-on-chip for sepsis diagnostics:

• A microfluidic system that withstands thermocycling.

• Good temperature control and high thermal conductivity of the materials be-
tween the temperature controller and the PCR sample.

• Multiplex amplification should be possible, for amplification of several of the
most common antibiotic resistance genes.

• Optimization of thermocycling protocol, buffers and enzymes.

• A setup for thermocycling, based on strategies such as temperature ramping of
the PCR sample, flow between zones of different temperatures, or convection-
driven flow.

• If detection is based on hybridization to a DNA microarray, a strategy to obtain
ssDNA is required.

• A method to remove bubbles that form in the PCR chamber, due to air trapping
and outgassing in the PCR liquid during increased temperature.

• Enable integration of the PCR into a LOC.

New developers of on-chip PCR may read about many successful PCR systems and get
frustrated when they experience problems such as low thermocycling speed, inhibition
of the PCR, perhaps due inhibiting chemicals or loss of proteins and DNA to surfaces,
or that the PCR sample is pushed out of the heating chamber by the formation of gas
bubbles. In Paper 8, thermocycling was achieved using a Peltier element and a heat
sink, controlled via software. Also, surfaces were assumed to be coated with bovine
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serum albumin (BSA), a protein used in the PCR buffer, which would reduce loss of
polymerase and DNA molecules to the surfaces by blocking them.

Much effort was put into developing a method for bubble removal. The high
temperatures used in a PCR chamber leads to fast outgassing, which requires a
fast bubble removal system to prevent the sample to be pressed out of the chamber
by expanding gas pockets [31]. Many methods for bubble removal have previously
been described, as reviewed in Paper 8. Hydrophobic layers with open pores are
successful for non-heated systems [?,103,104], but result in large water loss at elevated
temperature. Surface treatments to obtain smooth surfaces [31] and pressurization
of the liquid [105, 106] have reduced bubble formation and outgassing in heated
microsystems, but do not fully solve the problem. In integrated LOC devices, bubbles
form at edges and corners, and pressurization demands tight sealing of chambers. For
such systems, removal of the bubbles is a more reliable strategy than trying to suppress
bubble formation. No previously shown system enables fast bubble removal suitable
for PCR, which was therefore developed (Paper 8 ).

5.2.2 Molecular transport through PDMS membranes
For the bubble removal system presented in Paper 8, the gas permeability of PDMS
was utilized. It is well known that PDMS enables gas exchange in cell experiments,
with the drawback that it allows water to escape, thus leading to unwanted osmolarity
changes for the cells [37]. For PCR-on-chip, the large water loss can cause large salinity
changes and even total removal of liquid during PCR.

Molecule transport through PDMS and other non-porous rubbery materials occurs
through sorption of molecules into the polymer, and diffusion of the species through
the membrane [107]. The product of the diffusion and sorption coefficients is the
permeability P, which is quantified by the flow N per pressure drop for a certain
temperature and molecular species, according to:

P = Nd

AΔp
(5.1)

where A is the membrane area, d membrane thickness and ∆p the partial pressure
drop of the permeate across the membrane [107]. For the debubbling system, it is
crucial to have high gas permeability, to enable fast bubble removal during outgassing,
as well as high selectivity, i.e. the relative difference of permeability, of air gases over
water to avoid water loss. However, it is difficult to find polymers that provide high
permeability for a gas as well as having high selectivity [108,109].

PDMS is highly permeable to many gases and vapors due to its high free volume
and was chosen for the work presented in Paper 8. Normally, sorption of gases
typically increases with increased molecular size, whereas diffusion decreases with
the molecular size [107]. However, even though water is a smaller molecule than the
two most abundant gases in air, nitrogen (N2) and oxygen (O2), water has excellent
sorption capabilities and is one of the fastest permeating molecules through PDMS
(Table 3.1). Sorption of non-polar gases with low molecular weight, such as O2 and
N2, in PDMS can be described as gas-liquid sorption, which follows Henry’s law.
However, water sorption in PDMS is a more complicated process, leading to non-
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linear sorption in microcavities and clustering of molecules [110–117]. The effect of
water clusters leading to significantly reduced diffusion of molecules at high water
concentrations, which effectively reduces gas transport and thus prevent air bubble
extraction from a water-filled chamber, has also been discussed [110–115].

A hydrophobic coating on a membrane can reduce water transport effectively
while retaining gas transport, by blocking sorption sites for water such as oxygen
atoms [118]. One such coating material, poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-
dioxole-co-tetrafluoroethylene], commercialized under the name "Teflon AF" (Teflon
Amorphous Fluoropolymer), is a glassy copolymer that has been used to reduce water
transport [118] and gain selectivity between gas components [119] while maintaining
high permeability for some molecules. Two products exist, Teflon AF 1600 and 2400,
of which Teflon AF 1600 has lower free volume and thus lower liquid transport of the
two existing products [120].

Table 5.1. Values of permeability (Barrer) for water and air gases through PDMS (at
40 ◦C) [113] and Teflon AF 1600 (temperature unknown) [121].

Gas/vapor PDMS Teflon AF 1600
H2O 23 000 1142
N2 280 130
O2 600 340

5.2.3 Gas bubble removal through PDMS/Teflon membranes
during PCR

A bubble removal device based on a thin PDMS membrane with a coating of Teflon AF
1600 is presented in Paper 8. Thin PDMS membranes were produced using PVA film
(Section 3.2), which thereafter were spin-coated with Teflon AF. The PDMS/Teflon
AF membranes showed a distinct decrease of water permeability for each layer of
Teflon AF that was added to the membrane, whereas air permeability remained, thus
resulting in a three-fold increase of selectivity (Figure 5.3).

Although air has lower permeability than water through these membranes, the
low density of air compared to liquid water leads to a much higher volumetric flow
rate of air during degassing. In microfluidic chambers containing fresh sample liquid,
gas bubbles formed quickly when the liquid was heated up to the DNA denaturing
temperature, resulting in that the liquid sample was pushed out from the chamber.
When degassing was started, the sample was sucked back into the microchamber
(Figure 5.4).

The bubble removal system was used for PCR-on-chip, using a PCR protocol
and the thermocycler instrument developed within the Intopsens project. The
microchips consisted of three chambers, to enable experiments in triplicate. The
chambers were filled with a buffer containing DNA templates and PCR reagents,
including nucleotides, buffer, enzymes and several different primers to enable the
amplification of the antibiotic resistance gene mecA and the S. aureus-specific gene
nuc to identify and distinguish methicillin-sensitive S. aureus (MSSA), methicillin-
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Figure 5.4. Left: Bubble removal with the degassing system used for PCR-on-chip.
Right: Rate of bubble removal using a pressure drop of 50 kPa in the degassing system.

resistant S. aureus (MRSA) and methicillin-resistant coagulase-negative staphylococci
(MRCoNS).

Successful amplification of the mecA and nuc genes was achieved, which was
detected using DNA arrays, a camera, and the Prove-itTMSepsis detection protocol
from Mobidiag Oy. Heat denaturation of the dsDNA led to the formation of ssDNA,
which enabled hybridization of the DNA to the probes on the array. Prior to the PCR,
the primers were biotinylated, which resulted in that the hybridized DNA strands on
the array expose biotin markers to the liquid above the array. The biotin enables
binding to streptavidin-labeled horse radish peroxidase (HRP), which is an enzyme
that is added in a solution on top of the array. After a washing step, HRP is only
situated at the successfully hybridized target genes. The addition of a chromogenic
leads to a color change by the reaction with HRP, leading to the formation of dark
spots at the sites with successful hybridization that are detected with a camera.
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5.2.4 Summary and outlook
In this section, the first system enabling fast and reliable bubble extraction for heated
microfluidic systems was presented. A microfluidic system with active degassing
through a semipermeable membrane enabled fast bubble removal. An uncoated
PDMS membrane led to large water loss, but the addition of Teflon AF coatings
greatly reduced water transport through the membrane. PDMS is a good base
material since it has large free volume for gas transport, while water sorption can
be reduced using Teflon AF. The degassing system was used for on-chip PCR, which
enabled successful, bubble-free DNA amplification, which was verified by the detection
of MRSA-specific genes on a DNA array.

Although promising results were presented in Paper 8, more experiments using
the degassing with different Teflon coatings should be performed, in order to opti-
mize the conditions for sensitive PCR-on-chip protocols. Also, future work should
include investigation of the compatibility of the degassing system and its impact on
performance on other lab-on-a-chip components that suffer from bubble formation,
for example biosensors in microfluidic systems. Moreover, it is of high interest to
develop methods for integration of the degassing membrane in systems based on other
materials, especially OSTE, as discussed in Section 5.4.



44 5.3. LEAK-TIGHT PNEUMATIC MICROVALVES

5.3 Leak-tight pneumatic microvalves

5.3.1 Introduction to pneumatic microvalves

Pneumatic elastomeric membrane microvalves are fundamental building blocks in
many lab-on-a-chip devices. Actuation of such valves is based on the deformation
of the membrane separating the control and fluidic channel by a cross-membrane
pressure difference. However, restrictions to the mechanical deformability of the
membrane at its edges cause leakage. In planar microchannels, this leakage is pre-
vented with the use of rounded channels [36]. Rounded channels are often achieved
using molding on reflowed positive resist, as in Paper 6, but it is difficult to produce
channel heights >20 µm using this method. This limitation leads to that pneumatic
valves typically have low hydraulic conductance in their open states and constitute
bottlenecks in microfluidic networks.

Valve designs enabling increased hydraulic conductance are vertical membrane
microvalves. Although vertical membranes have been used for flow rate tuning [122–
124], particle trapping [125] and focusing of optical lenses [126], leak-tight valving has
never been achieved using this principle.

5.3.2 Leak-tight vertical membrane microvalves

The first leak-tight vertical membrane microvalves are presented in Paper 3. Com-
pared to traditional in plane membrane microvalves, the closing pressure is on the
same order of magnitude while the fluid conductance in open state is three orders
of magnitude higher of the described valves. The vertical membrane microvalves are
produced using the double-sided molding process (Section 3.2), which enables a high
degree of freedom in designing the cross-sectional shape of vertical channel sections.
Two cross-sectional designs were tested for valving: bell-shapes and circle segment
shapes (Figure 5.5). From actuation experiments, it was observed that both valve
designs enabled leak-tight sealing. The circle-valve provided slightly higher hydraulic
conductance, whereas the bell-valves sealed at a lower actuation pressure.

5.3.3 Summary and outlook

In this section, the first leak-tight vertical membrane microvalves were presented.
The valves have a hydraulic conductance of three orders of magnitude higher than
previously shown and are therefore suitable for microfluidic applications using high
flow rates.

Future work should include further optimization of the cross-sections and testing
the valves with high flow devices, such as the inertial microfluidics particle filter.
Producing the valves using rubbery OSTE+ should lead to gas-tight valves and could
possibly facilitate the fabrication, if photopatterning of the material is achievable.
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Figure 5.5. The principle (top) and performance (bottom) of novel pneumatically
actuated vertical membrane microvalves.

5.4 Integration of microfluidic components into a
lab-on-a-chip

5.4.1 Introduction to integration
The possibility to integrate components into a functional LOC device adds a lot of
value to the field by enabling automation, fast analysis and a high level of usability.
For sepsis diagnostics, also non-integrated solutions could reduce the delay in antibi-
otic susceptibility tests used today. However, integration is needed to reduce analysis
time, avoid manual handling, and reduce the risks of cross-contaminations and sample
loss.

Successful LOC integration means that separate components are well integrated
and can perform a specific analysis protocol. The layout of the integrated chip will
depend on the protocol sequence, the component structures, and requirements for
chip interfacing and fluid control via pumping and valving. Integration requires that
the components are adapted for connecting to up- and downstream processes, such
as the particle filter and on-chip PCR devices presented in Sections 5.1-5.2, to avoid
further development of components. The integrated design often requires methods
and components for liquid manipulation by pumping, mixing and valving.

5.4.2 Integration of on-chip PCR with a DNA array for gene
detection

The first microfluidic channel network for the integrated LOC device was produced in
the material PDMS. The fluidic design for integration of the PCR and the biosensors
into one device was based on the following analysis protocol:

1. The DNA sample is loaded into the PCR chamber.

2. The PCR chamber is closed off by valves and PCR is performed.
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3. Valves are opened and a hybridization buffer is introduced and mixed with the
PCR product in a 1:3 ratio.

4. The mixture is flushed past the sensor array to let DNA hybridize to the array.
Reagents and washing liquids are flushed past the sensor array and detection
is performed in real-time (photonic sensors) or after (colorimetric readout) the
experiment.

The required liquid handling on the microchip according to this protocol led to a
preliminary chip layout of the fluidics and lab-on-a-chip components (Figure 5.5).
Pressure control for pneumatic valves, the degassing system and liquid pumping is
accomplished using small rotary pumps on the instrument (Figure 2.2). The loading
of the DNA sample into the PCR chamber is achieved by evacuating the air from the
PCR chamber using the degassing system. After the PCR, the hybridization buffer is
introduced at a fluidic port and is split in two fractions: a third of the flow presses the
PCR product out of the PCR chamber towards the sensor chamber. When the PCR
product leaves the PCR chamber, it enters a microchannel where it merges with the
remaining two thirds of the buffer flow. Mixing of the liquids is achieved by parallel
diffusion while travelling towards the sensor chamber. The mixing ratio 1:3 (PCR
product:hybridization mixture) was set by tuning of the hydraulic resistances of the
two paths.

Valving of the channels was done using previously shown pneumatic microvalves
[36]. Unfortunately, these valves have two orders of magnitude higher hydraulic
resistance than the microchannels, which leads to prolonged analysis time. Also, the
valves strongly influence the balancing of the hydraulic resistances used for tuning of
the mixing ratios. Such tuning should be done by changing the channel lengths, not
cross-sections, to achieve robust balancing, since hydraulic resistance scales linearly
with channel length and to the fourth power with channel cross-section (Section 2.2).
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Figure 5.6. The microchip layout used for on-chip PCR and packaging of biosensors.

5.4.3 Packaging of lab-on-a-chip devices
The microfluidic layers were assembled with the DNA arrays and other materials to
form a microchip. Two similar packages were developed, for the photonic sensor
chip and the colorimetric DNA array, respectively. The assemblies consists of a
bottom copper chip holder, a silicon plate for the PCR chamber bottom, a DNA array,
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two PDMS fluidics layers, and a top polycarbonate lid containing a sample loading
well and interfaces for gas and fluidic connections. The PDMS layers were plasma
bonded onto the bottom silicon plate and the DNA array using plasma bonding.
The stiff plastic lid was silanized and bonded onto the PDMS using plasma bonding.
The assembly was then placed and adhered onto a copper holder with recesses for
the silicon and DNA array, into which the silicon piece was adhered using thermal
conductive paste. In the photonic sensor package, the silicon chip was adhered to the
copper recess using thermal conductive paste. In the colorimetric package, a glass
piece with the DNA array was placed into a pre-molded PDMS recess, to which it
bonded using plasma activation.

Photonic sensor chip for DNA 

detection (not yet integrated)

DNA array on glass for

colorimetric readout

Figure 5.7. Packages for lab-on-a-chip devices with PCR chambers, microvalves,
mixers and two variants of DNA arrays: a photonic sensor chip (above) and a glass
chip for colorimetric readout (below).

5.4.4 Summary and outlook

In this section, the fabrication process of a LOC device containing a PCR chamber,
degassing structures, a sensor chamber and mixing and valving capabilities was de-
scribed. Also, the assembly process of the fluidic package into a LOC device was
described. At the time of writing, the integrated chips were not yet tested with PCR
and hybridization experiments.

In future work, the vertical membrane valves described in Section 5.3 should be
included in the integrated package, to improve balancing of hydraulic resistances for
mixing and reduce the analysis time. Finally, when bacterial extraction is successful,
an integrated system for all important process steps (bacteria isolation, cell lysis,
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DNA extraction, DNA purification, PCR and detection) for blood stream infection
analysis should be developed.

An unsolved challenge is to find an integration solution that meets all requirements
in the list in Section 2.5, since PDMS is required for bubble removal and OSTE for
biocompatible bonding to the DNA array. However, a design using a stiff bottom
OSTE+ layer with a printed DNA array, a rubbery OSTE+ layer for valving, a PDMS
layer for degassing, and a stiff lid of OSTE+ containing microchannels and interfaces
would reduce the number of assembly steps and materials required for the device and
should be investigated. The potential to use irradiation for both micropatterning
and assembly of OSTE-based microchips could lead to further simplification of the
packaging and manufacturing process.
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Chapter 6

Conclusions

There is a strong clinical need for rapid detection of antibiotic resistance genes in
bacteria found in samples from patients with blood stream infection. Information
about antibiotic susceptibility will lead to proper de-escalation of the strong ther-
apeutics used today, which will improve patient treatment and save lives. In this
thesis, advances in microfabrication and lab-on-a-chip technologies were presented.
These advances are crucial steps towards realization of diagnostic devices for bacteria
gene detection.

An important step towards rapid sepsis diagnostics is to find alternative solu-
tions to detecting antibiotic susceptibility, besides the time-consuming culturing of
pathogens. Microfluidics and lab-on-a-chip technology have the potential to avoid
culturing by isolating bacteria already present in the blood and performing analysis
on these. In this thesis, a system based on inertial microfluidics was presented,
which enables high flow particle filtration using parallelization. In a device with
16 parallel microchannels connected to the same in- and outlets by 3D microfluidics,
95 % filtration efficiency was accomplished at a flow rate of >3 ml/min for filtration
of 10 µm from 2 µm sized particles. The possibility for integrating the system with
downstream processes and to achieve high flow rates by parallelization, are important
steps towards a bacteria isolation system for detection of blood stream infection.

Another important component for rapid diagnostics is the use of PCR to achieve
DNA amplification. A common cause of failure for PCR-on-chip is formation of
bubbles due to outgassing at high temperatures. In this thesis, the first degassing
method with low water loss that is fast enough to enable bubble-free PCR was
presented. The system utilizes active degassing of PCR-on-chip through a semi-
permeable membrane, consisting of a thin layer of PDMS with a thin Teflon AF
coating. Since gas bubbles are problematic for most microfluidic systems, this method
can enable improved performance of many existing, and future, lab-on-a-chip systems.

To manufacture the particle filter and the degassing system, novel PDMS manufac-
turing methods were developed. The parallelization used for the particle filter required
a 3D fluidic network to connect the channels and enable extraction of particles. The
degassing system required both a thin, fragile membrane and 3D fluidics to function,
which was not possible to achieve using previously shown fabrication methods. These
structures were enabled by the introduction of the water-dissolvable polymer PVA
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as a sacrificial carrier for low-strain release, which was modified with amine groups
to enable the formation of through-holes. A fabrication method using a PVA mold
coating and release in a water bath enabled floatation transfer, which is the first
scalable method enabling mild transfer and assembly of thin wafer-sized layers of
PDMS. These methods were combined with a double-sided molding technique to
enable the formation of 3D fluidic networks and fragile structures in monolithic
structures of PDMS, thus avoiding difficult manual assembly steps of previously shown
methods. The method enabled the production of the first leak-tight vertical membrane
microvalves, having three orders of magnitude higher hydraulic conductance than
traditional planar valves. The introduced PDMS fabrication methods can facilitate
the manufacturing of complex PDMS structures in both academia and in industrial,
up-scaled production.

The novel lab-on-a-chip material platform OSTE was used as a second prototyping
material. In this thesis, a mechanism that enables increasing patterning accuracy with
increasing off-stoichiometry in photopatterning of thiol-ene polymers was presented.
The mechanism leads to improved photolithography and gradients of cross-linking,
available surface groups, refractive index and more. The mechanism was used to
enable a method for rapid prototyping of microfluidic chips. Photopatterning in
OSTE enabled fast, scalable, and mold-free manufacturing of microfluidic chips,
which enabled wetting control in microchannels by a protocol for surface modifi-
cation. Also, a novel rubbery OSTE material was presented, which was formed by
including a flexible epoxy monomer into OSTE and reducing the number of cross-
links between monomers. This material is gas-tight, has greatly reduced absorption
of small molecules compared to PDMS and shares the benefits of fast prototyping,
easy assembly and surface modifications with the OSTE material platform.

Future work should be focused on developing more sensitive methods and increased
performance of particle filtering and DNA amplification. Also, integration of devices
for bacteria isolation and DNA extraction, purification, amplification and sensing
should be performed for the development of a lab-on-a-chip device for sepsis and blood
stream infection diagnostics. The achievements and improvements in microfabrication
and lab-on-a-chip technology described in this thesis are important advances towards
improved diagnostic devices, and will facilitate further research and development of
rapid sepsis and blood stream infection diagnostics.
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Summary of appended papers

Paper 1: Fabrication and transfer of fragile 3D PDMS microstructures
In this article, we introduce the water-dissolvable polymer PVA as a material enabling
fabrication of fragile structures. The use of PVA as a protective carrier enables
demolding, transfer and carrier release of thin PDMS membranes. PVA film and a
PVA coating agent are evaluated for the production of fragile layers and the compat-
ibility with a previously shown method to produce through-holes using aminosilane
for local polymerization inhibition. We found that the PVA film is a fast and reliable
method for membrane manufacturing, and that the PVA coating enables simultaneous
formation of through-holes and thin membranes.

Paper 2: Low-stress transfer bonding using floatation
We introduce the concept of floatation to achieve mild transfer conditions for large,
fragile sheets. PVA is used as a coating material, which dissolves during ultrasonica-
tion in water a water bath. The PDMS layer floats to the surface of the water bath and
is transferred to a destination surface while in the water. Guidance by the container
walls leads to rough alignment, which can be adjustment manually while the PDMS
layer rests on a water film on the destination surface. The process results in wrinkle-
free contacting of large, thin sheets of PDMS. Using this method, we transferred 4
inch wafer sized thin PDMS layers to a destination silicon wafer and accomplished
multilayer stacking with a misalignment ≤40 µm and bonding using silane.

Paper 3: Leak-tight vertical membrane microvalves in PDMS enabled by
a novel 3D manufacturing process
We introduce the first leak-tight vertical membrane microvalves, having a hydraulic
conductance three orders of magnitude larger than traditional in-plane valves. The
valves are produced by a fabrication method that enables the formation of monolithic
PDMS layers containing fragile structures and microchannels on two sides, connected
by through-holes, in one molding step. Double-sided molding using two micromolds
coated with silanized PVA enables low-stress water release, transfer using floatation
and the formation of through holes. Alignment is done using guiding structures prior
polymerization, resulting in a misalignment of ≤25 µm, thus avoiding a low-yield
alignment step in traditional PDMS manufacturing.
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Paper 4: Off-stoichiometry improves photopatterning of thiol-enes through
diffusion-induced monomer depletion
Here we introduce the new findings of a mechanism that arise during photopatterning
of thiol-ene polymers. Using Raman microscopy, we investigated how the cross-linking
behavior changed with stoichiometry and found that a depletion process occurring at
the border leads to more accurate patterning with increasing off-stoichiometry.

Paper 5: Rapid mold-free manufacturing of microfluidic devices with ro-
bust and spatially directed surface modifications
Here we introduce a method for rapid manufacturing using photolithography directly
on OSTE polymer, complete with protocols for structure development and surface
modifications. The method enables high-resolution patterning of layers that are as-
sembled and form bonds withstanding up to 4 bar of gas pressure. The result is highly
transparent microchips containing both hydrophilic and hydrophobic microchannels.

Paper 6: Low gas permeable and non-absorbent rubbery OSTE+ for
pneumatic microvalves
In this peer-reviewed conference proceedings paper, we introduce a novel material
based on thiol-ene. A rubbery epoxy component was introduced to form a thiol-ene
with flexibility comparable to PDMS. The material was found to have low absorbance
of small molecules and enabled the formation of gas-tight pneumatic valves, thus
solving a problem found in PDMS-based valves.

Paper 7: Inertial microfluidics in parallel channels for high-throughput
applications
Here we present a system enabling upscaling of inertial focusing in parallel channels.
The method is based on 3D fluidics and enables filtration and extraction of particles
to an isolated output, which is suitable for integration with downstream processes.
We filtered 10 µm from 2 µm particles with a filtration efficiency of 95 % at a flow
rate of 3.2 ml/s using systems with 16 parallel channels.

Paper 8: Active liquid degassing in microfluidic systems
In this paper we introduce the first device to enable efficient bubble removal for
heated microfluidic systems. We used active degassing through a semipermeable
PDMS/Teflon AF membrane to enable bubble removal while preventing water losses.
Compatibility of the degassing system with PCR-on-chip is shown, using a PCR
protocol for amplification of MRSA-specific genes, which was detected on a DNA
array.
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