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Abstract

The air we breathe is the concern of all of us but nevertheless we only
know very little about airborne particles, and especially which biological
microorganisms they contain. Today, we live in densely populated societies
with a growing number of people, making us particularly vulnerable to air
transmission of pathogens. With the recent appearance of highly pathogenic
types of avian influenza in southeast Asia and the seasonal outbreaks of
gastroenteritis caused by the extremely contagious norovirus, the need for
portable, sensitive and rapid instruments for on-site detection and monitoring
of airborne pathogens is apparent.

Unfortunately, the integration incompatibility between state-of-the-art
air sampling techniques and laboratory based analysis methods makes
instruments for in-the-field rapid detection of airborne particles an unresolved
challenge.

This thesis aims at addressing this challenge by the development of novel
manufacturing, integration and sampling techniques to enable the use of label-
free biosensors for rapid and sensitive analysis of airborne particles at the
point-of-care or in the field.

The first part of the thesis introduces a novel reaction injection molding
technique for the fabrication of high quality microfluidic cartridges. In
addition, electrically controlled liquid aspiration and dispensing is presented,
based on the use of a thermally actuated polymer composite integrated with
microfluidic cartridges.

The second part of the thesis demonstrates three different approaches of
biosensor integration with microfluidic cartridges, with a focus on simplifying
the design and integration to enable disposable use of the cartridges.

The third part to the thesis presents a novel air sampling technique
based on electrophoretic transport of airborne particles directly to microfluidic
cartridges. This technique is enabled by the development of a novel
microstructured component for integrated air-liquid interfacing. In addition,
a method for liquid sample mixing with magnetic microbeads prior to
downstream biosensing is demonstrated.

In the fourth part of the thesis, three different applications for airborne
particle biosensing are introduced and preliminary experimental results are
presented.

Niklas Sandström, niklas. sandstrom@ ee. kth. se
Department of Micro and Nanosystems, School of Electrical Engineering
KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden
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Sammanfattning

Vi är alla måna om en bra luftkvalité men trots det vet vi förvånansvärt
lite om vilka partiklar som luften innehåller och speciellt vilka biologiska
mikroorganismer som finns på dessa partiklar. Vi lever idag i tätt befolkade
samhällen med en stadigt växande befolkning, vilket gör oss extra sårbara
för luftburen smitta. Med de senaste årens uppkomst av högpatogena typer
av fågelinfluensa i sydostasien och de årligen kommande utbrotten av vinter-
kräksjuka så har behovet av snabba, känsliga och portabla analysinstrument
för detektion och övervakning av luftburna patogener blivit uppenbart.

Tyvärr så är nuvarande tekniker för insamling av luftprover och laborato-
riebaserad analys inte kompatibla för att kunna integreras till ett instrument
som möjliggör fältbaserad och snabb detektion av luftburna partiklar. Den
utmaningen återstår att lösas.

Denna avhandling presenterar nya tekniska framsteg som avser att
möjliggöra användningen av biosensorer för snabb och känslig analys av
luftburna partiklar vid ”point-of-care” eller i fält.

Den första delen av avhandlingen introducerar en ny formsprutningsteknik
för tillverkning av högkvalitativa mikrofluidikchip. Dessutom presenteras en
metod för elektriskt styrd vätskehantering i mikrofluidikchip som är baserad
på en termisk expanderbar polymerkomposit.

Den andra delen av avhandlingen demonstrerar tre olika metoder för
integration av biosensorer med mikrofluidikchip, med fokus på att förenkla
designen och möjliggöra engångsanvändning.

Den tredje delen av avhandlingen presenterar en ny elektrostatisk in-
samlingsteknik för luftburna partiklar direkt till mikrofluidikchip. Denna
teknik möjliggörs genom utvecklandet av en ny integrerad mikrokomponent
som exponerar västkan i ett mikrofluidikchip för omgivande luft. Dessutom
demonstreras en metod för snabb omskakning och blandning av vätskeprover
med magnetiska mikropartiklar i direct anslutning till ett mikrofluidikchip.

I den fjärde delen av avhandlingen presenteras tre olika applikationer för
mätning med biosensorer av luftburna partiklar tillsammans med preliminära
experimentella resultat.

Niklas Sandström, niklas. sandstrom@ ee. kth. se
Avdelningen för Mikro- och nanosystem, Skolan för elektro- och systemteknik
Kungliga Tekniska Högskolan, 100 44 Stockholm
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Introduction to the Thesis

Scope
The work summarized in this thesis has been conducted within the framework of
three different research projects, RPA, Rapp-Id and Norosensor, which are described
in chapter 5. The thesis is a summary of seven peer-reviewed international journal
papers and conference proceedings. It also includes preliminary results that are yet
unpublished but that have made significant contributions to the projects mentioned
above.

Objective
The objective of this thesis is to bring technological advancements that enable the
use of highly sensitive and disposable microfluidic biosensors for the detection of
airborne particles.

The targeted applications include monitoring and detection of airborne pathogens
and narcotic substances in the field, and breath-based diagnostics at point-of-care.

Contributions
In pursuit of the objective of this thesis, the following technical advancements were
made (figure 1):

• Prototyping of high-quality microfluidic cartridges using an industrial-like
reaction injection molding technique (paper 1)

• Electrically controlled single-use liquid aspiration and dispensing in microflu-
idic cartridges (paper2 ).

• Biosensor integration with microfluidic cartridges featuring a significant
reduction of design and integration complexity compared to state-of-the-art
(paper 3, 4 and 5).

• Air-liquid interfacing integrated in close proximity to the sensor in mi-
crofluidic biosensor cartridges, enabling rapid detection of captured airborne
particles (paper 3 and 6).

xvii
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• Efficient airborne particle sampling, in ambient air and synthetic breath,
directly to air-liquid interfaces in microfluidic cartridges (paper 6 and 7).

• Rapid off-chip sample mixing and seamless sample transfer to microfluidic
cartridges.

Structure
The thesis is structured as follows:

• Chapter 1 gives an introduction to airborne particles and state-of-the-art air
sampling techniques and highlights why rapid and sensitive detection using
biosensors is not applicable to air airborne particles with current technology.

• In chapter 2, the fabrication of microfluidic polymer cartridges is demon-
strated by the use of a novel prototyping method and a thermally actuated
composite material for on-chip liquid handling.

• In chapter 3, the development of biosensor integration with microfluidic
cartridges for point-of-care applications is presented using one conventional
and two novel approaches.

• In chapter 4, a novel technique for sampling of airborne particles directly
to microfluidic devices is demonstrated as well as an efficient technique for
sample mixing with magnetic microbeads.

• In chapter 5, applications for the sampling and biosensing of airborne particles
are presented, in which technologies developed in this thesis are used.

• Chapter 6 discusses the outlook of biosensing of airborne particles with respect
to the contributions made in this thesis.
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Chapter 3 - Advances in Biosensor Integration with Micro�uidic Cartridges

Direct covalent bonding
(paper 4, 5)

Adhesive bonding
(paper 3)

Mechanical clamping

Reaction injection molding of miro�uidic cartridges
(paper 1)

Chapter 2 - Novel Materials and Manufacturing Methods for Labs-on-Chip 

On-chip liquid aspiration and dispensing
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Chapter 5 - Applications for Biosensing of Airborne Particles

Detection of norovirus
in breath (paper 7)

Detection of in�uensa virus, norovirus
and narcotics in ambient air (paper 3) biosensor cartridge

Rapid o�-chip liquid sample mixing in
connection to micro�uidic cartridges 

Figure 1: Overview of the main contributions of the thesis.





Chapter 1

Introduction to Biosensing of
Airborne Particles

1.1 What’s in the air?

To me, air is intriguing. We seldom give it much thought, but when we sense that
good food is cooking, that spring is approaching or that someone just broke wind,
we know that there is more in air than just oxygen. It is an invisible and, to some
extent, unexplored world that is full of airborne particles, which are too small to
be seen but nevertheless affecting our daily lives.

So, what are these airborne particles? Well, there are both non-biological and
biological particulate matter in air, commonly categorized by size: particles with a
hydrodynamic diameter smaller than 10 microns and a diameter smaller than 2.5
microns. Specifically, the particles are considered potentially dangerous due to that
they are able to travel deep into our lungs, causing more severe effects compared
to larger particles that get caught in the upper respiratory tract.

The non-biological particulate matter, such as dust and pollutants, consists
of solid particles and aerosol droplets, generated either by naturally occurring
processes or by human activities. The biological particulate matter, such as bacteria
and virus, is commonly referred to as the bioaerosol and consist of both viable
and nonviable particles, which might just be fragments of a complete bioparticle.
Whereas both types of particulate matter can cause human diseases, particles in
bioaerosols can cause acute and severe infections that can be further transmitted
form person-to-person and are therefore of particular interest in the work of this
thesis since.

1.2 Airborne pathogens

Much effort is put into understanding the effects of the particulate matter in our
atmosphere on human health, particularly of the non-biological species [1]. Less
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2 CHAPTER 1. INTRODUCTION

is known about bioaerosols and specifically about the transmission of airborne
pathogens.

There are several pathogens that are known to be transmitted via air from
person-to-person, including virus such as influenza (flu), varicella (chicken pox) and
rubeola (measles), and bacteria such as mycobacterium tuberculosis (tuberculosis),
bordetella pertussis (whooping cough) and methicillin-resistant staphylococcus
aureus (e.g. pneumonia). These airborne pathogens can travel on solid particles,
such as dust and skin flakes, or in aerosol droplets generated by breathing, talking,
coughing, sneezing, vomiting, etc.

A recent investigation revealed a tight correspondence with the concentration
of bioaerosols to the activities and number of people in lecture halls [2]. Another
investigation showed a high presence of certain pathogens in the ambient air in
hospitals [3]. Larger aerosol droplets rapidly settle but smaller droplets quickly
evaporate to form droplet nuclei that are suspended in air for long periods of time
[4]. Consequently, the pathogens spread between people in the same room but also
over long distances, from one ward to another, potentially causing major outbreaks
with significant impact on both healthcare and economy.

There are also airborne pathogens that are transmitted from other sources than
infected persons, such as bacterial and fungal spores, bacteria in bird droppings or
in liquid-based systems such as in air-conditioning. Also flushing toilets have been
found to generate pathogen-containing aerosols [5]. When humans are exposed
to the environment in which such pathogens exist, there is a risk of airborne
transmitted infection.

1.3 State-of-the-art techniques for bioaerosol sampling

There are several available techniques for sampling and detecting airborne particles.
Microscale airborne particles, such as dust, can be detected and quantified but not
identified using optical particle counters. Finer airborne particles in the nanometer
range, such as gas compounds, can be analyzed using mass spectrometry. However,
to analyze bioaerosols, other methods are required.

A passive method for bioaerosol sampling is to use a settle plate, to which
the airborne particles sediment. A petri dish settle plate enables subsequent
culturing, counting and identification of species. However, passive methods are
only recommended in settings where active methods are not applicable [6].

Three of the most common active sampling methods that are used for bioaerosols
are filtering, impactors and impingers. In filtering, the air is pumped through a
device, such as a cyclone (SKC Inc., USA), in which the particles are trapped
in a mechanical filter with a precisely defined pore size. Airborne pathogens risk
dehydration after capture but subsequent analysis, for example by microscopy, is
possible by transferring the captured species to culture media or water dissolvable
gelatin.
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Impactors are based on devices in which high air flows make airborne particles
impact on a solid collector surface or alternatively an adhesive or a petri dish. Multi-
stage impactors, such as the Andersen cascade impactor (Thermo Fisher Scientific
Inc, USA), consist of several sections designed for the capture of increasingly smaller
particles. Long sampling times introduce the risk of dehydration and the particles
can rupture due to mechanical stress upon impact.

In impingers, such as the commonly used Biosampler (SKC Inc., USA), the
sampled particles of a bioaerosol collide with, and become trapped in, a liquid
instead of a solid surface as in impactors. This makes the particles available for
immediate liquid-based analysis, such as polymerase chain reaction (PCR) [7].
Whereas there is no risk of dehydration of the particles, mechanical stress at
impingement can cause rupture of the particles. Impingers require relatively large
liquid volumes and may therefore require subsequent up-concentration to enable
detection of low concentration samples.

The commonly used sampling methods for bioaerosols that are presented
above rely on laboratory-based analysis of the capture particles. No established
methods offer a sensitive detection, identification and quantification at the point of
sampling. However, a sensitive and direct detection of airborne pathogens at point-
of-care (PoC) close to the patient, or for air monitoring in healthcare and other
facilities, would potentially enable rapid diagnostics, disease spreading and outbreak
prevention, and immediate bioaerosol controls after cleansing of contaminated
facilities.

The recent outbreak of Ebola in western Africa posed a great challenge for the
world community, which lacked sufficient resources, organization and tools to stop
the outbreak at an early stage (ref). When a similar outbreak of an airborne disease
happens, such as an avian flu (H5N1) pandemic [8], we better be well prepared
to handle the situation immediately and efficiently. Despite the lack of rapid and
sensitive bioaerosol detection by currently available methods, there are emerging
techniques with great potential.

1.4 Labs-on-chip and biosensors - but only for liquids...

The last couple of decades, there has been a tremendous technology development
the last couple of decades for the analysis of pathogens and other bioparticles in
liquid samples, such as blood, urine and nasal swabs. This is particularly true for
labs-on-chip (LoC) devices, which feature microfluidic channels that enable rapid
analysis due to short diffusion times, well controlled sample handling due to laminar
flow and low consumption of liquids and reagents due to miniaturization.

The development LoC devices has been accompanied by a strong development
of biosensors, which ideally offer rapid and sensitive detection with high specificity
of particles in liquid. Integrating biosensors with LoC devices potentially makes up
for very powerful analysis systems, which we are likely to encounter more frequently
in future healthcare.
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Before that happens, there are issues that need to be addressed. Less technically
advanced LoC systems are already established and used extensively worldwide at
PoC, such as laminar flow pregnancy tests, but devices with more sophisticated
features, such as integrated biosensors, are sparse. Advanced desktop biosensor
instruments have been successfully commercialized and used for bioparticle analysis
in laboratory settings. The reasons for why such instruments have not yet
been successfully applied to PoC applications in healthcare are complex, but
might depend on factors such as technical hurdles, low user friendliness, market
unacceptance, high RnD and prototyping costs and high cost-per-test.

Considering our growing and aging population, there is an urgent need to bring
in the latest technological advancements into the healthcare. Therefore, further
research is required to address some of the above mentioned and remaining issues.

The potential market is largely fragmentized, with applications that differ
significantly in needs and requirements. Therefore, access to straightforward
methods for prototyping is crucial during the development of new LoC and
biosensor devices. As of today, the de facto standard material and fabrication
method of microfluidic polymer devices in academic research is not applicable to
industrial manufacturing, thus requiring complete redesigning of the devices to
enable commercialization [9].

One focus of this thesis, is to develop new manufacturing methods that bridge the
fabrication technology gap between research prototyping and industrial manufactur-
ing of microfluidic devices.

When diagnostic tests are performed at the PoC or when measurements are
conducted in fieldwork, the test cartridges are typically disposed after use. This is
due to the risk of pathogen transmission and contamination. Therefore, the cost
per test must be low, in the range of a few euros. This poses a great challenge for
microfluidic biosensor cartridges, partly due to the cost of all subcomponents, but
primarily due to the fabrication cost in the back-end processing when the biosensor
is integrated with the microfluidic cartridge [10].

Another focus of this thesis, is to reduce the design and integration complexity of
biosensor cartridges by the development of novel integration approaches

1.5 The interdisciplinary incompatibility problem

Unfortunately, the multifaceted tool box that now exists for LoCs and biosensors
is exclusive for liquid based samples. To open up the same possibilities for the
detection and analysis of airborne particles, such as bioaerosols, compatible air
sampling and air-to-liquid interfacing techniques must be developed. Additionally,
concatenation of airborne sampling and on-chip detection can be used in purification
steps for other biosensing applications, as exemplified by narcotic sensing in 5.
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To solve the incompatibility problem of the air sampling and liquid-based sensing
technologies, an interdisciplinary approach is required.

A third focus of this thesis, is to develop technology that enables us to use existing
high performance LoC and biosensor devices for the direct detection of airborne
particles, and in particular airborne pathogens.

Enjoy!





Chapter 2

Novel Materials and
Manufacturing Methods for
Labs-on-Chip

This chapter presents a new prototyping method for manufacturing of microfluidic
devices, aiming to address the fabrication technology gap between academic
research and industrial manufacturing as discussed in chapter 1.4.

First, a background to existing fabrication technologies of microfluidic polymer
cartridges is given in section 2.1. Thereafter, a novel high-fidelity replication
technique based on reaction injection molding is demonstrated in section 2.2 for
the fabrication of microfluidic polymer cartridges with exceptionally low residual
stress. In section 2.3, a thermally responsive composite is demonstrated for single-
use liquid aspiration and pumping in disposable microfluidic devices.

2.1 Introduction

Microfluidic cartridges are predominantly made in glass, silicon and polymers using
various fabrication techniques, including photolithography, etching, machining
and replication. Micro structuring of glass and silicon is typically based on
semiconductor processing methods and is expensive for relatively large chips, such
as centimeter-scale microfluidic devices. In contrast, polymer microstructuring
features relatively low material and fabrication costs and is compatible with a wide
range of polymers with different material characteristics. Therefore, microfluidic
polymer cartridges are favorable for use in PoC and fieldwork applications that
require disposable cartridges.

7
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2.1.1 Prototyping of microfluidic polymer cartridges

Since Whitesides et al. introduced the thermosetting polymer polydimethylsiloxane
(PDMS) for the fabrication of microfluidic cartridges [11], it has become the work
horse in academic research and is by far the most commonly used material for
microfluidic cartridges. Microstructured parts are replicated through casting using
microstructured molds, such as photolithographically defined SU-8 structures on
silicon wafers. The parts are typically assembled by oxygen plasma bonding to
generate complete microfluidic cartridges [12] but other techniques also exist [13].

Recently, new promising thermosetting polymers were introduced, including
polyurethane [14] and thiol-ene based resins [15], featuring significantly shorter
processing times compared to PDMS.

2.1.2 Industrial manufacturing of microfluidic polymer
cartridges

For industrial manufacturing of microfluidic polymer cartridges, thermoplastic
polymers are exclusively used, including cyclic olefin polymer (COP), cyclic olefin
copolymer (COC), polymethylmethacrylate (PMMA), polycarbonate (PC) and
polystyrene (PS) [16]. In contrast to PDMS, thermoplastic parts can be rapidly
manufactured in large quantities using industrial replication techniques, of which
micro injection molding is the most established method [10].

However, the thermoplastic polymers and fabrication techniques suffer from
an inherent and significant drawback: the fabricated parts have surfaces that
are chemically non-reactive to themselves or to common biosensor materials, thus
precluding seamless and facile surface modifications and heterogenous integration.

To build a complete and functional microfluidic device from two or more
thermoplastic parts, laborious and/or difficult to control back-end processes are
required that depend on either modification of the polymer surface by techniques
such as plasma bonding, thermal bonding or ultrasonic bonding, or on the addition
of new material by chemical bonding or adhesive bonding [17]. Using such methods
for the heterogenous integration of biosensors with polymer cartridges severely
limits the ability to produce low cost and disposable products, thus eliminating
the potential use in PoC and fieldwork applications.

2.1.3 OSTE and OSTE+ thermosetting polymers for
labs-on-chip

Off-stoichiometric thiol-ene (OSTE) polymers are a new type of thermosetting
polymers for the fabrication of micro structured devices, offering the unique ability
of direct covalent bonding of molded and microstructured parts. An overview of its
capabilities is given by Haraldsson et al. [18].
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Single vs. dual polymerization thiolene polymers

The thermoset currently exists in two different versions, OSTE [19] and OSTE+
[20]. OSTE is a UV curable material and is based on thiol and allyl functionalized
monomers, respectively, whereas OSTE+ is a UV/UV or UV/thermally curable
material formed by dual polymerization reactions and is based on thiol, allyl and
epoxy functionalized monomers, respectively.

The first polymerization reaction of OSTE+ is the same as in OSTE and is
based on the UV polymerization of the monomers with thiol and allyl groups.
In OSTE, the resulting fully polymerized and off-stoichiometric material has an
excess of either thiol or allyl and has either soft or stiff mechanical properties
depending on the selected formulation. In OSTE+, the partially polymerized and
off-stoichiometric material has an excess of thiol and has soft mechanical properties.

In the second reaction of OSTE+, the remaining monomers with unreacted
thiol are polymerized with the monomers that have epoxide groups in a second UV
or thermally-initiated curing step. This makes the material fully polymerized so
that it achieves its end chemical and mechanical properties, which is either soft or
stiff depending on the selected formulation. OSTE+ is then stoichiometric and has
hydroxyl groups on its surface and, in contrast to most other common polymers for
microfabrication, it is natively hydrophilic [20].

In back-end processing, the remaining functional surface groups of polymerized
OSTE (thiol or allyl) and partially polymerized OSTE+ (thiol and epoxide) are
available for surface reactions, including surface modifications [21] and/or covalent
bonding [22]. During the back-end processing, the second reaction of OSTE+ is
initiated and the material becomes fully polymerized.

Casting of OSTE and OSTE+

OSTE and OSTE+ can be be molded by casting to form microfluidic parts, see
figure 2.1. Firstly, the polymer precursor is poured into a microstructured mold
that is either left open or closed with a transparent lid. Secondly, the thiol-allyl
polymerization reaction is initiated and completed by exposure to UV-light. Lastly,
the mold is opened and the microstructured and polymerized OSTE or partially
polymerized OSTE+ part is demolded. The molded part is then subjected to
back-end processing or, in the case of OSTE+, directly finished by the second
thiol-epoxide polymerization initiated by a last UV or thermal curing step.

The casting of OSTE+, particularly in PDMS molds, suffers from three signif-
icant drawbacks. The first thiol-allyl polymerization is exothermic and generates
excessive heat. This is not an issue in OSTE, however, in OSTE+ the generated
heat during molding can trigger the second thiol-epoxide polymerization reaction,
causing a premature complete polymerization of the material. Consequently, the
molded part risks irreversible bonding with the mold and the unique back-end
processing capabilities based on the direct covalent reactions are lost. Secondly,
casting does not allow for the molding of vertical interconnects without squeeze-
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film formation. Thirdly, the material shrinkage during polymerization limits the
replication fidelity and introduces residual stress in the molded part.

2.1.4 Methods for on-chip liquid actuation in disposable
cartridges

In fieldwork applications or in PoC applications where contagious patient samples
are handled, it is preferred to have liquids self-contained in the microfluidic cartridge
for safe and easy disposal and for limiting the risk for contamination. This requires
on-chip liquid handling. Several on-chip liquid dispensing methods in microfluidic
polymer cartridges have been proposed [23–25], but liquid aspiration, which in many
cases is needed to introduce samples and reagents prior to subsequent downstream
dispensing, has often been neglected needs to be addressed.

2.2 Prototyping of high-quality microfluidic OSTE+
cartridges

2.2.1 Reaction injection molding of microstructured OSTE+
parts

Reaction injection molding of OSTE+, termed OSTE+RIM, is a novel fabrication
method developed during the work of this thesis and is presented in paper 1 and
in figure 2.1. OSTE+RIM combines the merits of OSTE+ polymers, by efficiently
separating the dual polymerization reactions, with the molding of microstructured
parts with high replication fidelity. This is enabled by two important features of
OSTE+RIM, temperature stabilization and shrinkage compensation.

Temperature stabilization for separated dual polymerizations

Temperature stabilization of the mold maintains a low polymerization temperature
during molding, despite the exothermic reaction, and thereby separates the dual
polymerization reactions in the first curing step. This is achieved by using a mold
material with high heat conductance, e.g. Al, optionally assisted by active cooling
through e.g. a Peltier element.

Shrinkage compensation for high-fidelity replication

Shrinkage compensation during molding is achieved by using the special shrinkage
behavior of OSTE+, which solidifies at a late stage of the first thiol-allyl
polymerization. During shrinkage, the liquid OSTE+ precursor refills from inlet
and outlet reservoirs into the mold cavity. Consequently, the partially polymerized
molded part features high replication fidelity with low residual stress. The second
thiol-epoxide polymerization, used in the back-end processing, introduces very little
shrinkage and residual stress (ref).
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Overview of the OSTE+RIM process

The OSTE+RIM process begins with the assembly of the mold and is followed by
the injection of the OSTE+ precursor into the mold cavity via an injection port
while air escapes through a ventilation port. To initiate the first polymerization
step, the OSTE+ precursor in the mold is exposed to UV-light. While the allyl-
thiol reaction lasts, the generated heat is dissipated via the mold and the liquid
OSTE+ precursor backfills into the mold from the injection and the ventilation
ports to compensate for shrinkage. The mold is then opened and the replicated
OSTE+ part is demolded. Unwanted polymer structures from the mold injection
and ventilation channels are cut off and removed.

OSTE+RIM
UV polymerization of allyl-thiol

Casting/Injection

Casting

Molding Fabricated part Parts assembly Bonding Fabricated device

a)

b)

open through-holes

Al mold

PDMS mold

shrinkage
compensation

precursor back�lls the
mold cavity from
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heat dissipation through
the mold to prevent the

initiation of the
thiol-epoxide reaction

UV polymerization of allyl-thiol

OSTE+: UV/heat polymerization of thiol-epoxide

OSTE: heat-accelerated reaction of allyl-thiol

polymerization
shrinkage

   the shrinkage leads to
low replication �delity and 

high residual stress
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polymerization
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OSTE+
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OSTE+

OSH O SH
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MAGNIFICATIONS

MAGNIFICATIONS

Figure 2.1: Processing schemes for a) casting of OSTE and OSTE+ polymers and b)
OSTE+RIM for OSTE+ polymers.

2.2.2 OSTE+ parts assembly by direct covalent bonding

After OSTE+RIM, the replicated and intermediately polymerized OSTE+ part is
available for back-end processing. In a typical process, the OSTE+ part is aligned
to, and brought in contact with another part for direct covalent bonding. The
stack is exposed to UV-light and/or heated in an oven to initiate and/or accelerate,
depending on which OSTE+ formulation is being used, and complete the second
thiol-epoxide polymerization to achieve a covalent bonding between the parts and
to obtain the final material properties of the polymer.
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2.2.3 Demonstration of OSTE+ microfluidic cartridges
Microfluidic OSTE+ cartridges made by combining OSTE+RIM and direct cova-
lent bonding, demonstrated in figure 2.2 and 2.3, are characterized by strong leak-
tight bonding, native hydrophilic surfaces, high optical transparency, accurately
replicated microstructures, no detectable warpage, homogenous thickness and little
residual stress.

Figure 2.2: Photographs of a microstructured aluminum mold for OSTE+RIM and the resulting
OSTE+ cartridge.
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Figure 2.3: Photographs of an OSTE+ microfluidic device fabricated by OSTE+RIM



14 CHAPTER 2. FABRICATION

2.3 Electrically controlled single-use liquid aspiration and
dispensing

In the work of this thesis, an on-chip liquid aspiration and dispensing method based
on a thermally responsive polymer composite was developed, see paper 2. The
composite consists of Expancel microspheres, also referred to as expandable beads
(XB), which have liquid hydrocarbon enclosed in a hard thermoplastic polymer
shell. The shell softens upon heating, allowing the spheres to irreversibly expand.

The expandable microspheres were embedded in a soft polymer matrix con-
sisting of PDMS. The thermally responsive PDMS-XB composite is actuated by
localized heating, which triggers a local volume expansion. Using selective bonding,
the composite was integrated with a microfluidic system on a PCB with resistive
heaters, see figure 2.4 a.

a) Illustration of a micro�uidic  pump based on a PDMS-XB composite 

b) The inlet channel is �lled with liquid c) The liquid �lls the formed micro�uidic chamber

d) The inlet/outlet valves are closed/opened e) The liquid is pumped by closing the chamber

1 mm

PCB
PDMS-XB

PDMS
plastic sheet

inlet channel �rst chamber actuation

actuated inlet valve actuated outlet valve last chamber actuation

channel heaters selective bonding

Figure 2.4: a) Illustration and b-e) photographs showing the sequence of liquid aspiration and
dispensing using the thermally actuated PDMS-XB composite.

Upon actuation, the volume change of the composite allow for the formation
and closing of microfluidic cavities and channels. Thereby, a liquid can first be
aspirated into a formed microfluidic cavity, see figure 2.4 b-c, whereafter it can be
dispensed into a downstream microchannel by closing and opening inlet and outlet
valves, respectively, see figure 2.4 d-e. The resistive heater that was used to close
the formed fluidic cavity was designed such that the heat propagation is aligned
with the direction of the liquid flow to avoid trapping of liquid during dispensing.

The on-chip liquid handling system was electronically controlled and was
based on heterogenous integration with a PCB, which could also be used for the
integration of quartz crystal biosensors as shown below in section 3.3.4. This
potentially enables the fabrication of disposable biosensor cartridges with self-
contained on-chip liquid handling for fieldwork and PoC applications.
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2.4 Discussion

OSTE+RIM brings a strong advancement in the field of prototyping of microstruc-
tured parts, enabled by heat stabilization and shrinkage compensation. It is
based on an industrial-like molding technique for thermosetting polymers with
low requirements on technical setup and offers an easy-to-use and straight-forward
process suitable for research and development.

Combined with the facile back-end processing of OSTE+ polymers, OSTE+RIM
provides high-fidelity manufacturing of microfluidic cartridges that feature low
residual stress, high optical transparency and high mechanical stiffness. The
resulting cartridges are very similar to industrially manufactured thermoplastic
cartridges. Thus, OSTE+RIM can potentially bridge the fabrication technology
gap between academic research and industrial manufacturing of microfluidic
cartridges.

Given the additional benefits of OSTE+ processing, such as facile surface mod-
ifications, strong heterogeneous integration capabilities and hydrophilic surfaces,
OSTE+RIM could potentially also challenge established manufacturing techniques
in industry for certain commercial applications.

In preliminary tests, we have successfully explored the possibilities to extend
the capabilities of OSTE+RIM even further. Due to that the OSTE+ precursor
has relatively low viscosity and only solidifies upon active curing, it allows for a
straightforward injection into the mold cavity. This feature enables the possibility of
batch-fabrication by having multiple mold cavities in a single mold. In preliminary
tests, we have successfully molded four parts in a single batch. These parts
constituted the top and bottom pairs of two microfluidic cartridges. After molding,
the parts were handled and aligned, with the use of a carrier/release liner, in pairs
of bottom parts and top parts. In the back-end processing, the bottom and top
parts were bonded in a single batch, generating two complete microfluidic cartridge.
Future research will include more parts in a single batch for demonstrating this
process.

Another intriguing possibility of OSTE+RIM processing is the in-mold het-
erogeneous integration of various materials and components with the OSTE+
polymer during polymerization. In preliminary tests, we patterned a mold with an
electrically conductive spray prior to molding. During OSTE+RIM , the OSTE+
precursor reacted with the electrically conductive and patterned material. Upon
demolding, the material was transferred from the mold to the replicated OSTE+
part. Although the electrical conductivity of the transferred patterns was low
on the molded part and the process needs further optimization, it conceptually
demonstrates the possibilities of heterogenous integration in the molding step of
OSTE+RIM.

A similar approach is to integrate a functional material in the bulk of the
replicated part by first mixing it with the polymer precursor. This was tested for
the integration of Expancel beads with molded OSTE+ parts. To retain the same
functionality of the OSTE+ composite as PDMS-XB, an OSTE+ formulation with
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soft mechanical end properties was used. The results demonstrated a successful
expansion of the composite upon thermal actuation. With further optimization of
the composition of the composite, liquid aspiration and dispensing can potentially
be integrated in an OSTE+ microfluidic cartridge.

One possibility with great potential is two-component OSTE+RIM, in which
the precursors of two different polymer formulations are subsequently injected into
the mold, generating a replicated part that consists of multiple materials. This
technique already exists in industrial injection molding but in contrast, OSTE+RIM
for example enables the fabrication of replicated parts that consists of two different
materials with very similar surface chemical properties but different mechanical
properties. This idea is yet to be tested but is potentially attractive for a number
of applications, including the fabrication of integrated gaskets in OSTE+ biosensor
cartridges.



Chapter 3

Advances in Biosensor Integration
with Microfluidic Cartridges

This chapter introduces new methods for the manufacturing of high performance
microfluidic biosensor cartridges for disposable use, aiming for reducing the
design and integration complexity of current biosensor cartridges, as discussed in
chapter 1.4. The work in this thesis is focused on two different types of label-
free biosensors, namely acoustic quartz crystal resonators and optical silicon ring
resonators.

First, an introduction to label-free biotransducer techniques and conventional
biosensor integration approaches is given in section 3.1. Thereafter, important
design considerations are explained for the integration of quartz crystals and
silicon photonic ring resonators in section 3.2. Lastly, new advances for biosensor
integration with microfluidic cartridges based on three different approaches are
demonstrated in section 3.3.

3.1 Introduction

3.1.1 Label-free biotransducer technologies

Biosensing is commonly categorized into label-based and label-free biosensing.
The former is based on the indirect measurement of an analyte particle that
has been labeled with an entity that is easily detected, such as a fluorophore.
A well established label-based method is enzyme-linked immunosorbent assay
(ELISA) [26]. Label-based biosensing can achieve detections of single molecules [27]
but typically only offers end-point readouts.

In contrast, label-free biosensing refers to the direct measurement of an analyte
particle, for example by the binding of the particle to an immobilized receptor on
the surface of a transducer. Together, the receptor and the transducer form what is
commonly referred to as a biotransducer, which converts biological signals or events

17
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Figure 3.1: Illustration of biosensor techniques based on quartz crystal resonators, including
QCM and QCM-D, REVS and ADT, and photonic ring resonators.

into a detectable readout signal.
A recent review of recent developments in the field of label-free electrical,

mechanical and optical biosensors is given in [28]. Label-free biosensing typically
features real-time monitoring of the binding events and therefore allows for
instantaneous detection in the presence of analyte particles. This is particularly
favorable for the applications that are targeted in the work of this thesis, where
particle detection both at PoC and in fieldwork require rapid analysis.

This thesis is focused on two types of resonating label-free biosensors, which are
based on acoustic and optical transducers. One type is piezoelectric quartz crystals,
which are well established biosensors that are commonly referred to as quartz
crystal microbalances (QCMs) [29]. The other type is silicon photonic sensors,
which have a had strong development during the last decade particularly for LoC
applications where miniaturization is critical [30]. Whereas silicon photonic sensors
allow for significant miniaturization and multiplexing, QCM-based biosensors only
require small-scale electronics to operate and are thus suitable for the integration in
compact and portable instruments. These two types of biotransducer technologies
are introduced in more detail below and illustrated figure 3.1.

3.1.2 Quartz crystal microbalance
QCMs are acoustic mass sensing transducers based on piezoelectric thickness shear
mode (TSM) quartz crystal resonators and were first introduced by Sauerbrey in
1959 [31]. They were later demonstrated for mass sensing in liquid conditions in
1980 [32, 33], which paved the way for liquid-based biosensing.
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Attana Cell 200 Q-sense Omega Autoa) b)

Figure 3.2: Photographs of commercially available QCM instruments. a) Q-sense Omega Auto
(QCM-D), reproduced with permission by Biolin Scientific. b) Attana Cell 200 (QCM), reproduced
with permission by Attana.

Since then, QCM has been applied to a range of different bioapplications,
including the analysis of cells and of receptor-ligand interactions, and the detection
of pathogens and of biomarkers. QCM-based biosensing systems have been
successfully commercialized through desktop laboratory machines (Attana, Q-sense,
QCMLab, Stanford Research Systems and International Crystal Manufacturing),
designed primarily for industrial and academic research and development, see
figure 3.2.

AT-cut quartz crystal characteristics

In most QCM biosensing applications, AT-cut quartz crystals are used, see
figure 3.3. The quartz sensors are typically shaped into thin circular disks. A
circular electrode is located on each side of the disk. The two electrodes are of
different size with the largest electrode facing the liquid, which is referred to as the
top side. When an electrical high-frequency signal is applied to the electrodes, a
TSM oscillating motion is induced in the crystal at a resonance frequency, which is
typically 5-30 MHz and depends on the thickness of the disk.

The oscillation amplitude is distributed with a Gaussian profile over the
crystal [34], see figure 3.4, and has a maximum in the central region, which by that
features the region of highest sensitivity, whereas the oscillation is negligible towards
the perimeter. The gradient of the shear-wave oscillation amplitude also induces an
out-of-plane motion on AT-cut crystals [35–39] which must be considered for the
integration of quartz crystal resonators with microfluidic cartridges, as discussed in
section 3.2.



20 CHAPTER 3. ADVANCES IN BIOSENSOR INTEGRATION

Figure 3.3: Commercially available 5 MHz quartz crystal sensors for QCM-D applications.
Reproduced with permission by Biolin Scientific.

Biosensing principle

When a particle binds to the surface of the QCM sensor and interacts with the
surface motion, the resonance frequency of the transduced signal is altered. For
the binding of small nanoscale particles, such as nucleic acids, polypeptides or
proteins, the addition of mass approximately corresponds to an increase of the
thickness of the crystal and the resonance frequency decreases. The typical lower
limit-of-detection (LoD) for QCMs in biosensing applications is approximately 5
ng/ml [40]. The high sensitivity of resonating quartz crystals comes from the
enormous acceleration, which is approximately 107g [41], that analytes that are
rigidly bound to the transducer surface experience. If this thesis were to be
subjected to this acceleration, you would have to lift approximately three hundred
tons the next time you turn the page.

For the binding of large microscale particles, such as bacteria, the frequency
response from the sensor can be more ambiguous. For example, upon binding of
microbeads to a QCM sensor, the transduced signal can show an increase of the
resonance frequency instead of a decrease [42]. This is due to viscoelastic energy
losses of the bound receptor-bead complex on the surface of the sensor, which is
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Figure 3.4: . The plot shows a measured oscillation amplitude profile over a 10 MHz AT-
cut quartz crystal (data reproduced by permission from QCM Labs, Sweden). The illustration
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particularly prominent in liquid conditions. Therefore, QCM biosensing based on
resonance frequency shift measurements is primarily suitable for the detection of
particles below the micrometer scale.

The viscoelastic losses that can yield inaccurate results in traditional QCM
sensing, can be utilized by measuring the change in quality factor (Q) of the sensor.
QCM with dissipation monitoring (QCM-D) is a technique that simultaneously
analyzes the resonance frequency shifts and energy dissipation (D, inverse of Q)
of the transduced signal as the oscillation decays upon termination of the applied
AC signal [43–45]. The technique enables biosensing of larger particles and soft
materials and has been commercialized (Q-sense, Biolin Scientific Holding AB,
Sweden) and used extensively in biotechnology research [46].

Summary

QCM is a well proven and established technique successfully demonstrated both
in research and in commercial applications. The technique is highly sensitive
and in combination with, e.g. dissipation monitoring, is suitable for the real-
time detection of a range of different analytes. However, most of the instruments
that have been developed as of today have been designed for laboratory work
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and/or have been relatively large and complex. Much of the bulk and complexity
in existing commercial instruments comes from advanced and automated liquid
handling systems. The QCM technique itself only requires small-scale electronics
and has great potential for integration in easy-to-use and compact instruments for
PoC applications [29].

3.1.3 Rupture event scanning
Biosensing principle

Rupture event scanning (REVS) is a quartz crystal resonator technique that
exclusively uses the viscoelastic energy losses on the transducer surface for
sensing [47], which for example has been demonstrated for the detection of single
virus particles [48]. In REVS, an AT-cut quartz crystal is driven close to its
resonance frequency by a sinusoidal oscillation at an increasing amplitude to cause
unbinding by rupture of the bound particles from the sensor surface. When the
dissociation happens, abrupt changes in the transduced electrical signal is measured
at the third harmonic (3f), i.e. at three times the resonance frequency.

Summary

It is argued that weaker interactions dissociate at lower oscillation amplitudes
and hence, specifically bound particles can be distinguished from those that are
specifically bound. However, recent investigations imply that the signal from the
bond rupture could originate from a cooperative process of unbinding, rather than
a rupture, and experiments showed that the selectivity between specifically and
unspecifically bound particles could be questioned [45, 49]. Additionally, since
the onset of any unbinding event is mediated by thermal fluctuations, making the
dissociation random in time, reproducibility is likely challenging with the REVS
technology. The method is also destructive, making repeated measurements of the
analyte impossible.

3.1.4 Anharmonic detection technique
Anharmonic detection technique (ADT) is a newly developed measurement method
based on quartz crystal resonators [49, 50]. It is similar to REVS in that it uses
the viscoelastic energy losses at increasing oscillation amplitudes for sensing. In
contrast to REVS, ADT relies on limited maximum oscillation amplitudes to avoid
the event of rupture of the surface bound particles, making ADT a non-destructive
technique and enabling multiple consecutive amplitude scans.

Biosensing principle

When a measurement is performed, the viscoelastic energy losses of the bound
receptor-particle complex increase non-linearly as the oscillation amplitude is
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increased. This non-linear response is transduced into an anharmonic signal by
the quartz crystal, resulting in a measurable electrical current at the third (or
higher) odd harmonic.

Large particles that are directly captured by receptors on the sensor surface
typically provide stronger anharmonic signals compared to small particles due to
that the viscoelastic energy losses increase with the size and mass of the bound
particle [51]. The anharmonic signal can be further amplified by introducing a linker
for the attachment of the receptor to the sensor surface. Upon binding of a particle
to a receptor, the linker acts as a spring that is stretched during the oscillating
motion of the crystal, thus increasing the viscoelastic losses on the sensor surface.
Thus, for the direct binding and detection of particles, ADT is most suitable for
micrometer scale particles rather than small molecules in the nanometer range and
in contrast to QCM, the use of an elastic linker-receptor complex is advantageous.

ADT has been experimentally used for the direct detection of 6400 bacterial
spores, which corresponds to a mass of 9.6 ng, visually confirmed using optical
microscopy [51]. Based on the measurements of the spores and assuming a detection
limit corresponds to a signal-over-noise ration of 2, the reported lower limit-of-
detection was 430 spores.

Discrimination of surface interactions

Interestingly, the profile of the 3f electrical current response upon amplitude
scanning is different in ADT if the particle is strongly bound (chemisorbed), loosely
bound (physisorbed) or if the sensor surface is clean [51]. Thus, it is possible to
distinguish between specific and unspecific surface interactions. In addition, the
ADT has the unique ability among biosensors to physically remove unwanted and
loosely bound particles from the sensor surface. When the amplitude scanning is
performed, the maximum amplitude can be adjusted to provide enough energy to
break the weak (van der Waals) bonds to the physisorbed particles while preserving
the bonds to the more strongly bound chemisorbed particles. The unspecifically
bound particles can thereby be rinsed from the sensor surface, increasing the
selectivity of the biotransducer in addition to the specificity provided by the
receptors.

Summary

ADT is a promising biotransducer technique but compared to the well proven and
established QCM technique it is still at its infancy and needs further research
in terms of repeatability, quantifiability, etc. For example, it has still not been
investigated how the out-of-plane motion in AT-cut quartz crystals impacts on the
ADT response. In addition, as for all quartz crystal resonators, the signal response
is likely different depending on where on the crystal surface a particle binds due to
the difference in oscillation amplitude. This likely impacts on the reproducibility
of measurements of low concentration samples, where there is less averaging of
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the surface density of bound particles. Nevertheless, in combination with tailor-
made bioassays, it could potentially allow for the detection of particles in very low
concentration samples.

The ADT technology has a promising potential as a biotransducer technique
for PoC applications and field work due to four important factors: it features high
sensitivity; it enables the discrimination between unspecific and specific surface
interactions; it allows for the direct detection of large particles, potentially whole
virus and bacteria, and; it potentially allows for miniaturization and integration
of the ADT instrument due to that the technique is based only on small-scale
electronics.

3.1.5 Silicon photonic ring resonators
Resonating biotranducers can also be based on optical sensing. One example of
such technique is silicon photonic ring resonators [30, 52], consisting of a ring
waveguide in close proximity to a neighboring straight waveguide, which is coupled
to an external light emitter and detector. Incoming light in the straight waveguide
couples to the ring resonator, in which the light resonates at effective wavelengths
that fit an integer number of times in the ring.

Biosensing principle

In biosensing applications, the surface of the ring waveguide is coated with
receptors. When a particle binds, the refractive index changes locally in the range of
the evanescent field of the light in the ring waveguide. The change of refractive index
introduces measurable shifts of the resonance wavelengths. During the last decade,
several photonic ring resonators have been successfully demonstrated in a range of
biosensing applications, including the detection of proteins [53], cancer biomarkers
[54] and virus [55]. The technique has recently also been commercialized (Genalyte
Inc., USA). The lower limit-of-detection is commonly reported as the smallest
detectable surface concentration of the analyte on the sensor surface, with state-of-
the-art values of approximately 3 pg/mm2 [56].

Summary

Silicon photonic ring resonators are fabricated by standardized manufacturing
processes available in the semiconductor industry. Their small size allows for
three important advantages compared to quartz crystal resonators: wafer-scale
batch fabrication, potentially lowering the cost per device; multiplexed biosensing,
enabling the analysis of several different particles in a single measurement, and;
higher absolute mass sensitivity, enabling the detection of low concentration
samples.

The advantage of small chip size and wafer-scale batch fabrication is however
hampered by the fact that the footprint of the microfluidic system required to
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provide the sample to the sensor is often much larger in size compare to the sensor
[57]. In addition, photonic waveguides typically require off-chip light emittors
and detectors, increasing the overall size and making the integration and chip-to-
instrument tolerances critical. The high sensitivity of Si photonic ring resonators
compared to acoustic transducer techniques is particularly advantageous when
detecting small analytes, such as proteins, in low volumes, but less critical in the
detection of large analytes, such as virus and bacteria. Moreover, the LoD is limited
in practical biosensing applications due to unspecific binding, which can only be
partially circumvented by relying on surface chemistry and advanced bioassays.

3.1.6 State-of-the-art biosensor integration approaches
Quartz crystal packaging

In industrial quartz crystal resonators, such as those used for timing applications,
HC-49 crystal holders or similar models are used. The crystal is suspended by
two metal wires that clamp to electrical contact pads on the edges of each side
of the crystal, where electrically conductive adhesive glue provides mechanically
stability. The crystal is protected from surrounding electrical disturbances by a
grounded metal cap. However, such cartridges are not compatible with biosensing
applications.

Existing QCM biosensor cartridges, such as those from Attana, Q-sense,
QCMLab, Stanford Research Systems and International Crystal Manufacturing,
share a de facto standard design approach with three common denominators: firstly,
the crystal is mounted in the cartridge by mechanical clamping; secondly, the
cartridge consists of multiple parts, typically including O-rings for liquid sealing
and screws for mounting, and; thirdly, the integration relies on manual assembly.

This type of integration and cartridge design allows for disassembly of the
cartridge after measurements for thorough cleaning of the cartridge parts and for
replacing the crystal prior to new measurements. Therefore, such cartridges are
especially suitable for laboratory applications and are extensively used in academic
research.

Electrical contacting is commonly made by: clamping a wire between the bottom
o-ring and the contact pads of the quartz crystal; by clamping the bottom side of the
quartz crystal and its contact pads towards contact pads an a bottom substrate,
such as a PCB, or; by direct contacting to the quartz crystal via spring-loaded
contact pins in the cartridge holder. Specifically, all of these methods apply a force
to the quartz crystal, which risks affecting the performance of the crystal.

Packaging of silicon photonics

Photonic ring resonators developed in academic research are predominantly inte-
grated with microfluidic PDMS cartridges by plasma bonding [57, 58] or clamping
[59], whereas commercially available photonic ring resonator biosensors share a
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similar clamping-based integration approach using gaskets as described above
(Genalyte Inc., USA).

Packaging of disposable biosensor cartridges - an unresolved challenge

Whereas clamping of the sensor with a microfluidic cartridge that accommodates
gaskets, such as O-rings, is suitable for laboratory applications, it is less attractive
for disposable cartridges in fieldwork and PoC applications due to high component
and integration costs. The inability of all commonly used polymers to directly bond
to other components for heterogeneous integration hinders the development and
commercialization of technically advanced polymeric microdevices [10]. Whereas
sensors, such as quartz crystals and silicon photonic ring resonators, are industrially
manufactured in large quantities at low cost and well-characterized surface biofunc-
tionalization protocols are readily available, new ways to heterogeneously integrate
sensors with polymer cartridges are needed to realize high-performance biosensor
instruments with lower cost disposable cartridges for PoC and fieldwork.

In this thesis, the development of microfluidic biosensor cartridges has been
focused on two fields of applications: laboratory use for the development of
biosensing platforms, and; disposable use in end applications at PoC or fieldwork.
To be able to integrate a biosensor with a microfluidic cartridge, it is first important
to understand existing design limitations and considerations.

3.2 Design considerations for microfluidic biosensor
cartridges

3.2.1 Cartridges for quartz crystal resonators

Physical aspects

Quartz crystals are acoustic resonators with a physical motion, and therefore,
special consideration is required for their physical integration with microfluidic
cartridges. To combine quartz crystal biosensors with liquid samples, a liquid flow
cell above the crystal is required. An open flow cell is not advised due to the
undefined height of the liquid layer, which is discussed below. Hence, a closed flow
cell with a defined height and a fluidic inlet/outlet is preferred.

As shown in figure 3.4, AT-cut quartz crystals have no, or very little, oscillation
towards the perimeter of the crystal. The non-oscillating area of the crystal
is therefore suitable for mounting the crystal into a cartridge, for example by
clamping. In this way, dampening of the crystal oscillation as a result of the
mounting is limited or even absent.

However, when strong clamping forces are applied to the crystal, even at
its perimeter, the crystal risks being mechanically stressed which risks affecting
the oscillation performance. Therefore, the clamping force should not be more
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than what is required to ensure leak tightness during normal fluidic operation.
Alternatively, other mounting and liquid sealing approaches can be explored.

AT-cut quartz crystals are susceptible to interference from compressional
acoustic waves in liquid that are generated out-of-plane by the shear wave oscillation
of the crystal [35–39]. To circumvent the interference of the crystal oscillation from
the standing waves with wavelength λ generated in the liquid flow cell, optimal flow
cell heights, h, must be chosen and are calculated by:

h = (2n+ 1)λ4 [m]

λ = c
f [m],

where c is the speed of sound in liquid (1500 m/s at RT ) and f is the resonance
frequency of the quartz crystal. For 10 MHz crystals, which are used in the QCM
applications, the optimal flow cell heights are h = 37.5, 112.5, 187.5, . . . µm, whereas
for 14.3 MHz crystals, which are used in the ADT applications, the optimal flow
cell heights are h = 26.2, 78.7, 131.1, . . . µm.

Alternatively, the shape of the flow cell ceiling can be non-parallel to the crystal
surface, for example dome-shaped, to distribute the reflected compressional acoustic
waves towards the side of the flow cell rather then straight back towards the
oscillating crystal surface.

All quartz crystal resonators are susceptible to temperature fluctuations but
AT-cut crystals have, in contrast to many other crystal cuts, a cubic temperature
dependence, making them relatively frequency stable over a certain temperature
range. However, even minor changes in temperature can have impact on highly
sensitive measurements. To ensure that the crystal, reagents and buffers all have
the same temperature during measurements, a temperature controller integrated in
the cartridge holder of the instrument is advised, particularly in field applications.
In laboratory settings, the temperature of all parts are more easily controlled and
equalized. Therefore, we have not employed an active temperature controller for
measurements presented herein.

Electrical aspects

The electrical contacting of the quartz crystal is important. Both the contact
resistance and the contacting force must be simultaneously low for optimal electrical
and mechanical performance of the crystal, respectively.

Conventional electrical contacting methods in biosensor cartridges rely on
applying a mechanical force to the contact pads of the quartz crystal, with the
risk of affecting the mechanical performance of the crystal. Other methods that
avoid direct contacting have been demonstrated, such as wireless and electrodeless
contacting in QCM applications [60], however, no direct comparison with
conventional methods have been made.
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Quartz crystal resonators are susceptible to electrical disturbances from nearby
objects, which is described as the proximity effect [61]. Therefore, electrical
shielding of the sensor cartridge is critical to avoid random changes of the resonance
frequency in real applications. Polymer sensor cartridges can not provide the
electrical shielding by them selves. Instead, the electrical shielding should be
provided by the cartridge holder in the QCM instrument.

Performance aspects

The quartz crystal cartridges that are presented in this thesis, have been fabricated,
throughout the years, to provide proof-of-concept for a range of applications, as
detailed in 5. The performance quality requirements for these cartridges have in
all cases been low drift and low noise. Thus, prior to any biosensing in-house or by
partners, the cartridges have been verified for noise level below 1 Hz and no drift
within 10 minutes in liquid conditions. Other performance parameters have not
been investigated because the scope of the work has, at any moment in time, been
on delivering functional components in the frame of the respective projects.

3.2.2 Cartridges for photonic ring resonators
Aspects of miniaturization

Silicon photonic ring resonators also require special design considerations for
their integration with microfluidic cartridges, however, not so much in terms of
mechanical clamping.

In the silicon wafer-scale processing of miniaturized photonic ring resonators,
a large number of chips per wafer can be fabricated. When such sensors are
batch-fabricated with integrated microfluidics, the significantly larger microfluidic
cartridge determines the chip size of each photonic sensor on the wafer. To lower
cost and utilize the large number of chips that are possible to produce per wafer,
it is important that also the microfluidics, including fluidic connectors, can be
miniaturized to a footprint that matches the photonics chips.

Due to the small size of the ring resonators, the microfluidic channels over
the waveguide rings need to be scaled down accordingly to be able to focus the
sample to the sensor surface and not let it pass by on the sides of the ring.
Consequently, the miniaturization leads to strict alignment tolerances of the sensor
and the microfluidics, which need to be considered in the design and integration.

Optical aspects

The coupling of light to the sensor from external light emitters and detectors
requires through-hole openings in the microfluidic cartridge. Grating couplers
on the Si surface are typically in the micron size range whereas through-holes
in the cartridge are significantly larger due to limitations in the used fabrication
techniques, such as punching holes in PDMS [57]. If the fabrication method would
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allow for a decrease in the hole size, less cartridge area but more accurate alignment
would be required.

3.3 Novel approaches to biosensor integration

This section will present advances in biosensor integration with microfluidic
cartridges using quartz crystal and silicon photonic biosensors. The main focus
is on quartz crystal biosensor cartridges, which are overviewed in figure 3.5.

The biosensors have been integrated with microfluidic cartridges using three
different approaches: mechanical clamping, which is the conventional approach;
adhesive bonding, and; direct covalent bonding. The cartridges are presented in
chronological order within each integration approach.

Although these cartridges have been develop at different moments in time,
within different research projects and for different applications, the overall aim
has been to reduce the design and integration complexity to address the objective
of the thesis and enable the manufacturing of disposable biosensor cartridges.

All cartridges were connected to their corresponding instruments in custom
designed cartridge holders prior to use.
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Figure 3.5: Overview of the QCM cartridges presented in this thesis.
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3.3.1 Mechanical clamping in thermoplastic cartridges
Three different QCM and ADT cartridges with sensor integration based on
mechanical clamping were designed and fabricated for use in the development of
novel biosensing platforms. Whereas the first two cartridges are aimed solely for
laboratory work, the third type of cartridge is designed also with consideration to
disposable use, hence it features a less complicated design and integration approach
compared to the first two cartridges.

First, the design and integration method of each cartridge are introduced and
thereafter a comparison between them is made.

Cartridge assembly with screws

The first type of cartridge with sensor integration based on mechanical clamping was
used for QCM sensing of norovirus in application ??, see chapter 5. The cartridge
was clamped by screws and consisted of twelve parts: a 10 MHz quartz crystal
and a HC-49 crystal holder (International Crystal Manufacturing Inc., USA), two
UPS class VI EPDM O-rings (Trelleborg, Sweden), two machined microfluidic
thermoplastic parts and six screws, see figure 3.6. The electrical connection to
the quartz crystal was made through the HC-49 crystal holder. The height of the
liquid flow cell was approximately 112 microns.

quartz crystal

bottom o-ring

top o-ring

electrical connector

screw

top plastic part

bottom plastic part

a) b) �uidic port

threaded screw hole

�ow cell

1 cm

Figure 3.6: A QCM biosensor cartridge based on mechanical clamping using screws.

Cartridge assembly with clips

The second cartridge with sensor integration based on mechanical clamping was
used for ADT sensing of influenza and norovirus in application 5.4 and 5.3, see
chapter 5. The cartridge was clamped by spring-loaded clips and consisted of
seven parts: a 14.3 MHz quartz crystal (LapTech Inc., Canada), an EPDM
O-ring (Trelleborg, Sweden), two commercial microfluidic thermoplastic parts
(Microfluidic ChipShop Gmbh, Germany), a double-sided medical-grade adhesive
tape (Adhesive Research, Ireland), a thermoplastic spacer and a gold-coated and
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patterned printed circuit board (PCB), see figure 3.6. The electrical connection was
made by direct contacting of the gold electrodes on the quartz crystal to contact
pads on the PCB. The height of the liquid flow cell was approximately 79 microns.

quartz crystal

o-ring

PCB

spacer

top plastic part

a) b)

adhesive

bottom plastic part

�uidic port �ow cell

1 cm

Figure 3.7: An ADT biosensor cartridge based on mechanical clamping using clips (not shown
in the figure).

Press-fit cartridge assembly

The third cartridge with sensor integration based on mechanical clamping was used
for ADT sensing of influenza and norovirus in application 5.4 and 5.3, see chapter 5.
The cartridge was clamped with a press-fit assembly provided by two specific pillar-
hole structures and consisted of four parts: a 14.3 MHz quartz crystal (LapTech
Inc., Canada), an EPDM O-ring (Trelleborg, Sweden), two machined microfluidic
thermoplastic parts, see figure 3.6. The electrical connection was made via spring-
loaded contact pins in the cartridge holder to the gold electrodes on the quartz
crystal. The height of the liquid flow cell was approximately 79 microns.

a) b)

o-ring

quartz crystal

bottom plastic part

top plastic part

channel

electrical port

press-�t pillar

press-�t hole

�ow cell

1 cm

Figure 3.8: Photograph of an ADT biosensor cartridge based on mechanical clamping using a
press-fit assembly.
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Comparison of mechanically clamped cartridges

The first cartridge, which is assembled with screws, is based on the conventional
integration approach used in many of the commercial devices. In addition, it uses
an industrial HC-49 crystal holder for electrical contacting of the crystal. Thus,
its design and integration approach relies on well-proven methods and enables
disassembly and reuse of all parts, making it suitable for laboratory work.

The second cartridge is also aimed for laboratory work but enables easier manual
handling compared to the first cartridge due to that is clamped by spring-loaded
clips. The main technical advancement that it brings is its compatibility with
microscopy analysis of the full sensor surface, which is enabled by moving the fluid
connections to the sides of the cartridge.

The third cartridge is aimed for laboratory work but with consideration to the
requirements on disposable cartridges, making it conceptually different from the
first two cartridges. It features a novel and rapid press-fit type of assembly, which
can be adapted by its tightness to allow for single use or reuse, and consists of a
minimal amount of parts required for mechanical clamping.

In the first cartridge, the quartz crystal is clamped between two O-rings, whereas
in the second and the third cartridge the quartz crystal is clamped by an O-ring on
top but against a stiff flat surface at the bottom. Potentially, using O-rings both at
the top and bottom provides a softer contact with less risk of inducing mechanical
stress in the crystal but having a stiff bottom surface below the crystal helps to
more accurately define the flow cell height in the clamped state.

The electrical contacting was made using three different approaches. However,
in the third cartridge the electrical contacting to the quartz crystal was moved
off-chip to the crystal holder. This allowed the third cartridge to only consist of
polymer parts in addition to the quartz crystal. Moreover, the third cartridge
was assembled with a press-fit assembly, further reducing the number of parts and
simplifying the integration.

Thus, for mechanical clamping of the quartz crystal in a microfluidic cartridge,
the press-fitted cartridge provided the most promising approach for a disposable
biosensor cartridge. However, biosensor cartridges based on mechanical clamping
still require multiple parts that are integrated by a serial pick-and-place assembly,
inevitably limiting the reduction of manufacturing costs.

3.3.2 Adhesive bonding using foils and tapes
The number of parts in a biosensor cartridge can be reduced and the integration
simplified by changing from double-sided to single-sided mounting of the sensor.
This can be realized by using adhesive bonding, where the top side of the sensor
is directly attached to the cartridge via the adhesive. The adhesive provides both
the attachment of the sensor and sealing of the liquid flow cell. Specifically, the
bottom side of the quarts crystal resonator is not in contact with other parts and
can therefore oscillate without mechanical interference. No forces are applied to
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the crystal in such configuration so the risk of introducing mechanical stress is
significantly reduced compared to mechanical clamping.

Below, single-sided bonding of quartz crystals with microfluidic cartridges using
two different types of adhesives is described. One cartridge is for liquid-based
samples and the other is for airborne samples and includes an air-liquid interface at
the top of the flow cell. The cartridges are first presented and thereafter compared.

Assembly with a vertically conductive adhesive foil

Single-sided bonding of quartz crystals with microfluidic cartridges was demon-
strated for the QCM detection of narcotic substances, as described in applica-
tion 5.2, see chapter 5 and paper 3. The cartridge consisted of four parts: a 10
MHz quartz crystal (Biosensor Applications AB, Sweden); a vertically conductive
double-sided adhesive foil (VCAF) (3M, USA); a machined thermoplastic part at
the bottom and; a microfluidic silicon chip at the top, see figure 3.9. The parts were
bonded by the adhesive foil, which also provided liquid confinement and electrical
contact between the electrodes on the quartz crystal and gold contact pads on the
silicon chip. Spring-loaded contact pins provided the contact between silicon chip
and the QCM instrument. The silicon chip included a perforated diaphragm for
air-liquid interfacing and a microfluidic system, as described in section 4.2. The
liquid flow cell height was defined by the adhesive foil which had a thickness of 50
microns.
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Figure 3.9: Photograph of QCM biosensor cartridges assembled with vertically conductive
adhesive tape.

Assembly with a medical-grade adhesive tape

Prototypes of another approach using single-sided bonding of quartz crystals with
microfluidic cartridges were demonstrated within the frame of the Rapp-Id project.
The prototypes consisted of four parts: a 10 MHz quartz crystal (QCMLab,
Sweden); two commercial microfluidic thermoplastic parts (Microfluidic ChipShop
GmbH., Germany) and; a medical-grade double-sided adhesive tape (Adhesive
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Research Inc., Ireland), see figure 3.10. The cartridge was bonded by the adhesive
tape, which has been developed for diagnostic applications and is claimed by the
manufacturer to be inert to biological samples. The electrical contacting was done
directly to the electrodes on the quartz crystal via spring-loaded contact pins in
the cartridge holder, similarly as in the press-fitted cartridge above. In the current
design, the cartridge prototypes did not include an air-liquid interface but were
intended for liquid samples. The liquid flow cell height was defined by the adhesive
foil which had a thickness of 80 microns.
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Figure 3.10: Photograph of QCM biosensor cartridges assembled with medical-grade adhesive
tape.

Comparison of adhesive bonded cartridges

The first cartridge based on adhesive bonding brings two significant technical
advancements. The first advancement is the use of the multifunctional vertically
conductive adhesive foil, which enables sensor integration, liquid confinement and
electrical contacting. The second advancement is the integration of a perforated
diaphragm, which enables air-liquid interfacing in close proximity to the biosensor
in the microfluidic cartridge. The cartridge is primarily intended for single-use, but
in laboratory work the cartridge parts can be reused by submerging the cartridge
in isopropanol, which makes the adhesive foil swell and the parts disassembled.

The second cartridge using adhesive bonding is a prototype based on the
integration of a quartz crystal resonator with only commercial products: injection
molded thermoplastic parts, and a double-sided adhesive tape, both of which are
made from medically certified materials. The cartridge has not been used for
any specific biosensing measurement but demonstrates the potential of integrating
quartz crystal resonators in commercial microfluidic products.

Using adhesives in microfluidic biosensing applications introduces several poten-
tial risks. Firstly, the sample can become absorbed by the adhesive and the adhesive
can cause contamination due to leaching into the sample liquid. Secondly, the long-
term mechanical stability of adhesive tapes in microfluidic biosensing applications
is unknown. Thirdly, using adhesive tape makes it difficult to consider the optimal
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flow cell height for AT-cut quartz crystals in the design due to that only certain
tape thicknesses are available. To further reduce the number of cartridge parts,
to simplify the sensor integration and to avoid the above mention issues, direct
bonding of the sensor to the cartridge was investigated.

3.3.3 Direct covalent bonding with OSTE cartridges

Thiol-functionalized molecules, such as polyethyleneglycols (PEGs), are commonly
used to form monolayers on gold surfaces, e.g. as linkers in immunoassays [62].
The thiol groups spontaneously form covalent-like bonds to the gold atoms, which
are stronger than gold-gold bonds [63]. The thiol-gold complexes allow for surface
rearrangements of the bound molecules [64], thus enabling efficient formation of
dense monolayers.

Our hypothesis was that quartz crystal sensors could be directly integrated with
OSTE cartridges by covalent-like bond formation between the top gold electrodes
on quartz crystals sensors surfaces and the thiol functional surface groups on OSTE
cartridges. In addition, reorientation of the surface-mobile thiol-gold complex on
the gold surface potentially enables the relaxation of bound polymer chains into a
non-strained position during bonding, generating minimal amounts of stress at the
bond interface. This hypothesis was tested by the fabrication of novel OSTE QCM
cartridges.

OSTE thiol-gold bonding to quartz crystals

An OSTE QCM cartridge based on direct covalent bonding of the quartz crystal for
the integration with a microfluidic cartridge was demonstrated for QCM sensing in
paper 4. The cartridge consisted of three parts: a 10 MHz quartz crystal and a HC-
49 crystal holder (International Crystal Manufacturing Inc., USA) and; an OSTE
microfluidic part, see figure 3.11. The OSTE part was casted and directly bonded
to the quartz crystal via the formation of thiol-gold bonds on the outer perimeter
of the top electrode of the crystal. The electrical connection to the quartz crystal
was made through the HC-49 crystal holder. The height of the liquid flow cell was
approximately 112 microns.

The OSTE QCM cartridge provided a void-free and leak-free bond interface
that could withstand differential pressures of up to 2 bars. A performance analysis,
reported in paper 4, showed a resonance frequency signal with no detectable
drift while monitoring the signal for ten minutes. This result indicates that the
hypothesis of that the single-sided bonding featured low stress at the bond interface
is plausible, since stress in the crystal originating from the mounting typically
generates drift in the resonance frequency signal. The noise level was approximately
+- 4 Hz, which was undesirably high but expected from the non-encapsulated
and exposed crystal making it susceptible to disturbances from the surrounding
environment.
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Figure 3.11: Photograph of a QCM OSTE cartridge assembled by direct covalent bonding.

To form a complete OSTE cartridge that encapsulates the crystal, an additional
OSTE part with an excess of allyl functional groups is needed. The additional
OSTE part would constitute the bottom part of the complete cartridge, whereas
the existing OSTE part, which accommodates the crystal, would constitute the
top part. The allyl groups of the additional OSTE part would react with the thiol
groups of the existing OSTE cartridge to form a bond, thereby enclosing the crystal.

The thiol-gold bonding between the OSTE cartridge and the crystal sets
limitations to the geometrical design of the gold electrodes on the quartz crystal, i.e.
the gold electrode must extend towards the non-oscillating perimeter of the crystal
to be available for bonding. However, the further the electrode is extended towards
the perimeter, the broader the oscillating region of the crystal will be. Thus, there
is a conflict in the design requirements, making the integration of quartz crystals
to OSTE cartridges less favorable.

OSTE thiol-isocyanate bonding to silicon photonic chips

Thiols have the ability to bond to other materials than gold. One example
is isocyanate, which is commonly used as a linker for surface attachment of
proteins [65]. Previous work has demonstrated ”click” wafer bonding of OSTE to
silicon wafers by first coating the silicon surface with isocyanate [66]. By combining
the fabrication technology for making microfluidic OSTE cartridges using casting
with the click bonding approach, we explored the possibility to directly integrate
silicon photonic ring resonators with microfluidic OSTE cartridges, described in
paper 5.

Casting of OSTE is limited to single-sided replication of structures in the mold
and does not allow for the fabrication of open through-holes in the OSTE part
needed for fluidic and optical interconnects. In order to circumvent these issues we
adapted the casting approach to include double-sided replication of structures in
the mold and to be combined with the photolithographic capabilities of OSTE
polymers [67, 68]. This allowed the replication of relatively large fluidic tube
connectors in the bottom side of the mold and the replication of microfluidic
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channels in the top side of the mold. The open through holes were created
by photolithography that was done in the same step at the UV-light initiated
polymerization during molding. Thus, the novel combination of double-sided
replication during casting and photolithography promoted a straightforward single-
step fabrication of the microfluidic OSTE part.

The molded OSTE cartridge was subsequently bonded with the silicon photonic
chip at an elevated temperature for 10 min, at which the silicon-isocyanate surface
had time to covalently bond with the thiol surface of the OSTE polymer. The
resulting silicon photonic sensor cartridge is shown in figure 3.12.

b)

silicon photonic  chip

OSTE part

�uidic port channel

a)

optical port

ring wavegudieoptical grating

1 mm

Figure 3.12: Photograph of a silicon photonic OSTE cartridge assembled by direct covalent
bonding.

The cartridge included a 100 micron channel over the ring resonator, separated
by only 75 micron wide bond areas from the through-holes used for optical probing.
The tight spacing allowed for a grating coupler spacing of only 500 micron, thus
reducing the wafer footprint of the silicon photonics compared to what is required
for PDMS cartridges [69]. Measurements of ethanol and methanol mixed in
DI water yielded a volume refractive index sensitivity of 50.5 nm/RIU, in good
agreement with previously reported similar devices [70].

3.3.4 Direct covalent bonding with OSTE+ cartridges
Partially polymerized OSTE+ cartridges fabricated by OSTE+RIM provide epox-
ide functional groups on its surface, in addition to thiol groups. The additional
surface functionality gives OSTE+ bonding properties similar to epoxy glue.
OSTE+ has been demonstrated to bond to a range of materials [71], including itself
and directly to silicon dioxide, i.e. quartz. Hence, we investigated the possibility to
use OSTE+ to form a complete cartridge that integrates and encapsulates a quartz
crystal sensor by direct dry-bonding, independent of the gold electrode design. The
preliminary results are presented below.

The cartridge consisted of three parts: a 10 MHz quartz crystal (QCMLab,
Sweden); an OSTE+ microfluidic part and; a bottom substrate, see figure 3.13. The
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bottom substrate was either another OSTE+ part or a PCB (QCMLab, Sweden),
as seen in the figure.

quartz crystal

OSTE+ part

�uidic port

PCB
conductive adhesive

a) b)

�ow cell

1 cm

Figure 3.13: Photograph of a QCM OSTE+ cartridge assembled by direct covalent bonding.

The OSTE+ part was fabricated using OSTE+RIM followed by direct bonding
with the quartz crystal and the bottom substrate in a single step. The quartz
crystal was only bonded to the top OSTE+ part and was separated from the bottom
substrate. Prior to bonding, the PCB was prepared by depositing droplets of EPO-
TEK conductive epoxy glue (Epoxy Technology Inc., USA) on its contact pads.
Upon assembly, the conductive glue came in contact with the electrodes of the
quartz crystal, thereby providing electrical contact. The bottom OSTE+ part
accommodated through-holes for direct electrical contacting of the quartz crystal
by spring-loaded contact pins in the cartridge holder. The top OSTE+ part, which
was bonded to the top surface of the quartz crystal, included flow cell with an
approximate height of 112 microns and fluidic inlet/outlet.

A preliminary analysis of the cartridge demonstrated leak-tight liquid operation
and no frequency drift during a 10 minutes test period. The noise level was
approximately 0.2 Hz, significantly lower compared to the OSTE QCM cartridge.
By the use of the epoxy functional groups in the OSTE+ material, the OSTE+
part can bond to both the gold and the quartz surfaces of the crystal, thus, no
consideration is needed with regard to the electrode design. The OSTE+ cartridge
also gives freedom in selecting an appropriate bottom substrate, such as another
OSTE+ or a PCB.
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3.4 Discussion

In this chapter, novel materials and integration approaches have been demonstrated
for the integration of quartz crystal and silicon photonic resonators, which are
commonly used transducers for biosensing applications.

Double-sided mechanical clamping of the biosensor is the conventional integra-
tion method, used both in industry and academic research. It is not dependent on
the chemical properties of the cartridge materials, provides mechanical stability and
allows for disassembly of the cartridge. However, mechanically clamped cartridges
are best suited for laboratory applications. For disposable use in PoC and fieldwork
applications, such cartridges introduces unnecessary high costs due to a relatively
high number of cartridge materials, often including metals, and a serial pick-and-
place type of assembly. However, it is potentially possible to adapt mechanical
clamping for disposable use by using a press-fit assembly, which simplifies the
integration and allows for a reduction of the number of cartridge parts.

An alternative to double-sided clamping of the sensor with the cartridge is single-
sided bonding, either by the use of adhesives or directly by covalent reactions.
The use of adhesives does not allow for a reduction of cartridge parts compared
to the clamped and press-fitted cartridge, but by using single-sided mounting it
eliminates the need for clamping forces which potentially increases the performance
of quartz crystal resonators. It does however require and additional and complicated
alignment step when applying the adhesive, which limits its potential use in
disposable cartridges.

Newly developed materials and fabrication techniques, such as OSTE+RIM,
open up possibilities for a completely new type of integration approach, namely
direct bonding of the sensor with the cartridge. As demonstrated in the OSTE+
QCM cartridge, the number of cartridge parts was reduced to a minimum and the
direct integration of the sensor with the cartridge simplifies the integration process
to a single step. The OSTE+ parts were molded using an industrial-like reaction
injection molding process, which potentially allows for batch manufacturing of
cartridge parts. Thus, OSTE+ biosensor cartridges are potentially very promising
for disposable use in PoC or fieldwork applications but further analysis of the sensor
performance is still required.



Chapter 4

Direct Airborne Particle Sampling
to Microfluidic Cartridges

This chapter introduces novel methods for sampling of airborne particles to
microfluidic biosensor cartridges, aiming to enable the use of existing high
performance LoC and biosensor devices for the direct detection of airborne particles.

First, an introduction is given to corona discharge and electrostatic precipitation
of airborne particles in section 4.1. Also, air-liquid interfacing to microfluidic
devices is introduced. Thereafter, a novel component for robust air-liquid
interfacing in biosensor cartridges is demonstrated in section 4.2. A method of
electrostatic precipitation directly to microfluidic cartridges is demonstrated in
section 4.3. Two different applications are presented, sampling of breath-based
aerosols in section 4.3.1 and sampling of aerosols and particles in ambient air
in section 4.3.2 . Lastly, a novel method for up-concentrating captured airborne
sample in liquid is demonstrated in section 4.4.

4.1 Introduction

Airborne particle sampling is of interest for a range of different applications, such
as air monitoring and detection of pathogenic particles or other harmful substances
in the field but also applications in healthcare, such as breath-based diagnostics at
PoC.

Conventional methods for air sampling and immediate biosensing are not
compatible. This issue is addressed in the work of this thesis by the development
of an electrostatic precipitator integrated with microfluidic cartridges. First, a
background to relevant state-of-the-art technologies is provided.

41
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4.1.1 Electrostatic precipitation

Electrostatic precipitation (ESP) is based on that charged airborne particles are
transported by electrohydrodynamic (EHD) flow and captured to a collector
electrode. The charged airborne particles are transported by three mechanisms:
diffusion; migration; and convection.

Whereas today, ESP is predominantly used for filtering particulate matter,
e.g. in air purifiers, the technology has also been investigated for air sampling
applications. Already in 1955, Kraemer et al. [72] explained, theoretically, the
charging and capture of aerosol droplets in the presence of electrostatic fields and
recently the technology has been applied to the sampling of bioaerosols [73, 74].
ESP has also been studied as a potential technology for the capture of breath
aerosol [75, 76]. However, so far, no ESP device has provided a method that allows
for direct detection of the captured particles using a downstream biosensor.

4.1.2 Corona discharge

To utilize ESP for air sampling, the airborne particles must be charged before being
subjected to an electric field. In this thesis, the corona discharge needles were chose
to both provide charging of the particles and function as one of the electrodes
generating the the electrostatic field. The main advantages of this technique is that
it is based on only small-scale electronics and integrates well with air sampling to
microfluidic devices, as demonstrated below.

When corona discharge is used in ESPs, a strong electric field is generated
between a high-curvature discharge electrode and a low-curvature collector elec-
trode, typically in a point-to-plane or wire-to-plane configuration [77]. The electric
field is generated by setting the collector electrode at electrical ground and by
applying a high voltage to the discharge electrode, which induces the corona
discharge. The corona causes ionization of the surrounding air molecules close
to the discharge electrode. The ionized particles accelerate in the electric field
towards the collector electrode. The polarity of the applied voltage determines
wether a negative or positive corona is formed, generating either negatively or
positively charged particles, respectively.

Surrounding airborne particles are charged either by field charging or diffusion
charging. In the former case, ions generated by the corona discharge actively
collide with the airborne particles when accelerating in the electric field whereas in
the latter case, ions randomly collide with the airborne particles due to Brownian
motion.

Some investigations have shown that airborne pathogens are inactivated by
ionization through corona discharge [78], whereas other reports show the viability
of certain pathogens after capture [79], which allows e.g. subsequent culturing of
bacteria. The impact of the ionization on the bioaerosol particles is much affected
by the field strength, humidity, air composition, etc. How the ionization affects
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the binding of captured pathogens in subsequent biosensing using immunoassays is
unknown and needs further investigation.

4.1.3 Air-liquid interfacing
Capture and direct detection of airborne particles in bioaerosols have been
demonstrated with quartz crystal resonators in open air [80–82]. However, it has
also been questioned wether or not the receptors on the biosensor surface are able
to function properly in a dehydrated state in air [83]. To address bioreceptor
denaturation, it has been suggested to use hydrogels on the biosensor surface to
maintain the activity of the antibodies in air [84]. However, biosensing based on
immunoassays is typically very sensitive to contamination and unspecific binding
and none of the above methods allow for rinsing the surface prior to measurements.

In contrast to previous research on direct biosensing of airborne particles, this
thesis focuses on the capture of airborne particles directly to the liquid environment
of microfluidic cartridges to ensure the performance and longevity of the receptors
on the surface of label-free biosensors, and to allow for state-of-the-art liquid based
bioassays.

To capture airborne particles directly to a microfluidic cartridge, an air-liquid
interface on the cartridge is needed. An air-liquid interface in a macroscopic well,
provides large capture interface area but does not provide robustness to flooding
against well flooding or drying caused by gravity or pressure variations, e.g., manual
handling or liquid actuation [85].

A microscale air-liquid interface provides better robustness to flooding and
collapsing by featuring a low Bond number, i.e. that the surface tension overcomes
gravitational forces and pressure variations in the liquid. Air-liquid interfaces
that are fixated by surface tension in microfluidic cartridges can be provided by
microstructured surfaces, e.g. pillar forests. Such interface has been demonstrated
for the detection of airborne explosives [86] but suffers from long fluidic transport
paths of the sample from the air-liquid interface to the downstream sensor.

4.2 Perforated diaphragms for air-liquid interfacing

In this work, a perforated silicon diaphragm was designed and fabricated for the
purpose of air-liquid interfacing, see paper 3 and figure 4.1. The diaphragm was
fabricated in a microfluidic chip by photolithography and deep reactive ion etching
(DRIE). The diaphragm has a diameter of 5 mm and was designed in different
variations, including hexagonal-shaped perforations with an apothem of 12.5,
22.5 or 40 microns, respectively. A smaller apothems provide better mechanical
robustness whereas a larger apothems provide a higher fill-factor of the air-liquid,
i.e. air-liquid over air-solid areal ratio. The thickness of the diaphragm, hence also
the depth of the perforations, was 20 microns. In addition to the diaphragm, the
silicon chip also included microfluidic channels for the transport of liquid to, and
from, the air-liquid interface.
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a) Si chip with a perforated diaphragm and micr�uidic channels b) 25 µm pores

b) 45 µm pores
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Figure 4.1: SEM images showing c) an overview of a Si chip with microfluidic channels and a
perforated diaphragm a pore size diameter of b) 25 mu, c) 45 mu, and d) 80 mu.

The silicon chip was integrated in a QCM cartridge, see section 3.3.2, and was
used for development of a novel electrostatic air sampling system, see section 4.3.1,
and QCM sensing of airborne narcotics in application 5.2.

A perforated diaphragm for air-liquid interfacing allows for the integration with
a sensor in close proximity. In the cartridge that is demonstrated in section 3.3.2,
the distance between the diaphragm and the sensor surface is only 50 microns.
The short distance from the air-liquid interface to the sensor surface features
three important advantages. Firstly, the airborne particles that are absorbed at
the air-liquid interface have a very short distance to diffuse before reaching the
sensor surface, enabling rapid sensor response. Secondly, during their diffusive
transportation the particles do not encounter other solid surfaces in the fluidic
system, other than the diaphragm, thereby limiting the risk of sample losses due
to unspecific binding. Lastly, since the particles are not convectively transported
in long microchannels and tubing, the risk of sample dispersion greatly reduces.

Evaporation at air-liquid interfaces

One major challenge of air-liquid interfaces in microfluidic cartridges is evaporation.
A large air-liquid interfacial area is advantageous for improved capture of airborne
particles but suffers from liquid loss due to evaporation. Evaporation causes
increased salinity of the capture liquid and the microfluidic cartridge risks drying
out.

The effects of evaporation can be compensated for by a continuous refilling of
the liquid to the air-liquid interface. This is possible when using a silicon perforated
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diaphragm due to that it provides enough mechanical rigidity not to severely deflect
or break during operation and due to that its hydrophilic surfaces provide strong
enough surface tension in water to avoid a collapse of the air-liquid interface.

Each pore functions as a Laplace valve, in which the surface tension keeps the
liquid in a fixed position over a certain liquid pressure range. As described in paper 3
, large negative or positive pressure loads can break the valve and subsequently
cause air introduction or flooding, respectively. However, the perforated silicon
diaphragms presented herein, are able to withstand typical microfluidic flow rates
required to compensate for evaporation at the air-liquid interface.

4.3 Air sampling to microfluidic cartridges

Above, the challenge of air-liquid interfacing in microfluidic devices was address
and in this section, a solution for compatible airborne particle sampling directly to
the air-liquid interface of a microfludic cartridge is demonstrated.

We use a novel electrode configuration in an ESP sampler where the liquid of
a microfluidic cartridge is the collector electrode. The liquid collector electrode
is a key feature that enables tree important functions that occurs simultaneously.
Firstly, the airborne sample is captured directly to the liquid of a microfluidic
cartridge, thus eliminating the need for subsequent sample-to-liquid transfer.
Secondly, the sample is subjected to a tremendous up-concentration as it is collected
from liters of air into a microlitre liquid environment. Lastly, the sample can be
immediately detected by adjacent or downstream liquid-based analysis, such as
integrated biosensing.

In order to use the liquid of a microfluidic cartridge as the collector electrode,
the liquid must be electrically conductive. Phosphate buffered saline, which is a
commonly used buffer in biological applications and has a NaCl concentration of 0.9
percent, was successfully tested to provide enough electrical conductance to work
efficiently as a collector electrode in the corona discharge setup.

The work focused on two different applications: the sampling of ambient air
for the detection, monitoring, and public surveillance of airborne particles, see
application 5.3, and; the sampling of a patient’s breath for non-invasive PoC
diagnostics and companion diagnostics for drug development, see application 5.4.

Ambient air sampling and breath sampling have different requirements in terms
of particle size, humidity, volumes, etc. Therefore, two different ESP devices were
developed and tested but similarly, both devices were based on a negative corona
discharge system.

4.3.1 Sampling of airborne particles in ambient air
A proof-of-concept ESP device was developed and tested for the sampling of
airborne particles in ambient air, see illustration in figure 4.2 and paper 6. The
device included a -16 kV corona discharge needle and a microfluidic cartridge as
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Figure 4.2: Schematic illustration of ESP capture of airborne particles in ambient air to a
microfluidic device.

collector, vertically aligned and horizontally separated in open air by 15 cm. The
microfluidic cartridge consisted of a thermoplastic part and a silicon chip with
a perforated diaphragm. The thermoplastic part accommodated 150 muL of 0.9
percent NaCl in DI water, which was electrically grounded to generate an electric
field between the liquid and the corona discharge needle. The silicon chip was
bonded to the thermoplastic part by double-sided adhesive tape.

The ESP device was experimentally tested by the capture of airborne smoke
particles in ambient air. Two types of smoke was used: ammonium chloride smoke
used for measurements and stearic acid smoke used for visualization. Both types
contained airborne smoke particles in the size range om 0.1-1 micron (PM2.5). The
capture of stearic acid smoke is shown in figure 4.3 a and b. The photographs
visualize how the smoke is accelerated towards the air-liquid interface of the
microfluidic cartridge when the ESP device is active by the application of a high
voltage to the corona discharge needle.

pH-measurements of the liquid in the microfluidic collector cartridge after
capture of airborne ammonium chloride smoke particles showed significant shifts
in acidity, even after only 30 s of sampling. These particles absorb into the aqueous
liquid as shown in figure 4.3 d, whereas the larger and hydrophobic smoke particles
of stearic acid only adsorb to the surface of the air-liquid interface without absorbing
into the liquid, as shown in figure 4.3 e. Thus, ESP sampling of airborne particles
to microfluidic devices is limited to water dissolvable particles, which is similar to
any type of water-based analysis.
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d) NH4Clc) No particles e) CH3(CH2)16COOH
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Figure 4.3: ESP capture of airborne smoke particles in ambient air to a microfluidic device.
a) the smoke is moving straight up when ESP is off. b) the smoke is accelerated towards the
air-liquid interface of the microfluidic cartridge when the ESP is on.

4.3.2 Sampling of aerosols in breath

Guiding airborne particle flow in breathing tubes

Another part of the ESP development was focused on the capture of exhaled
air particles used for breath-based diagnostics in application 5.4. In contrast to
the sampling of airborne particles in ambient air, breath aerosols are preferably
captured in closed systems in order to avoid dilution of the analyte with ambient
air. The ESP presented above was therefore adapted for a preliminary investigation
of capture of airborne particles in a breathing pipe/tube used as part of the medical
breathing and respiratory equipment in clinical settings.

A plastic y-junction pipe substituted a medical breathing pipe/tube during the
experimental testing, see figure 4.4. A stearic acid smoke source was positioned at
the bottom opening of the pipe and the -16 kV corona discharge needle was inserted
in a small hole in the side of the pipe in its bottom region. An electrically grounded
microfluidic collector cartridge was positioned outside one of the two top openings
of the pipe. When the ESP sampler was off, the smoke stream rised through the
pipe and split in two at the y-junction, generating two equally sized smoke streams
that each exited through one of the two top openings of the pipe, see figure 4.4 a.

When the ESP sampler was turned on, the smoke particles were ionized and the
stream was accelerated and directed entirely towards the top opening where the
collector was positioned, see figure 4.4 b. No traces of smoke were visible at the
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Figure 4.4: ESP capture of airborne smoke particles transported through a plastic y-shaped
pipe. a) the smoke comes out from both outlets when the ESP is off. b) the smoke is accelerated
towards the collector at one of outlets when the ESP is on.

other top opening of the pipe. In this configuration, not all smoke particles were
captured by the collector but some were also escaping pass the collector into the
ambient air, as seen in the figure.

The challenge of ionizing and trying to guide the air flow in a limited space that
is enclosed by plastic walls, as in a plastic pipe, is that the resulting charge-buildup
on the plastic surface can significantly affect the ESP characteristics. In the above
investigation, it was however demonstrated that it is possible to efficiently charge
and steer the airborne particles in a confined plastic environment. This result
shows promising potential for the integration of ESP sampling in existing medical
breathing and respiratory equipment.

Capture of synthetic breath aerosols

A new ESP system was specifically developed for the sampling of exhaled air in
application 5.4 and is described in paper 7. The sampler was integrated in a
handheld thermoplastic device that accommodated an enclosed sampling volume
with inlets and outlets for the air flow.

With consideration to design guidelines that were established by finite element
modeling, a prototype ESP sampler for breath aerosol was fabricated, see figure 4.5
a. The device included a centered inlet for the breath sample and surrounding
inlets for air sheath flow. The device was circular to promote a vortex-free air flow
through the device. Three corona discharge needles were positioned concentrically
below the inner orifices of the sheath flow inlets at optimal locations according to
the FE simulations. A liquid collector with an open air-liquid interface was centrally
positioned at an inter-electrode distance D from the corona discharge needles. The
liquid was grounded whereas the corona discharge voltages applied to the needles
were varied in between the measurements.
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Figure 4.5: a) Illustration of the ESP sampler for capturing synthetic breath aerosol to a
microfluidic device. b) Current-voltage relationship for the ESP, plotted for D = 3 (circle), 5
(square), and 7 (diamond) cm. c) Capture Efficiency of the ESP as a percentage of the estimated
input aerosol, ndye input for D = 0 (triangle, inset), 3 (circle), 5 (square), 7 (diamond) cm. The
shaded ellipses allow for ease of visualization of the data points for each inter-electrode distance.
The error bars indicate measurements made in triplicates. The efficiency of the state-of-the-art
reference impinger was measurement consistent and is also indicated.
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The ESP sampler was connected to an upstream breath aerosol model that
generated a synthetic breath aerosol containing color dye particles as target
particles. The generated aerosol particles were 1.0-2.7 micron in size (PM2.5),
thus slightly larger compared to aerosol particles generated from breath, which is
typically < 1 micron in size. Downstream, the sampler was connected to a reference
Biosampler impinger, which is the gold standard in state-of-the-art air sampling
equipment. More details on the measurement procedures are found in paper 7.

It was seen that no corona was produced at low negative discharge voltages,
whereas a stable self-sustained corona discharge with a quasi-linear relationship to
the corona current was present at higher negative discharge voltages, see figure 4.5
b.

A maximum absolute collection efficiency of 21 percent was achieved for an
inter-electrode distance D = 3 cm and corona discharge voltage of V = -5.5 kV
(I = 4 microA), whereas lower voltages and/or different inter-electrode distances
reduced the collection efficiency. When the ESP was turned off, the collection
efficiency of aerosol droplets was consistently < 1 percent, confirming the success
of electrostatic precipitation as mechanism for aerosol capture.

The ESP sampler performed well compared to the state-of-the-art Biosampler
impinger, which had a collection efficiency of 19 percent in our tests. In addition,
due to the small volume of the liquid collector of the ESP sampler, it achieved
a 10 fold higher up-concentration of the captured dye particles compared to the
Biosampler impinger. The volume of the liquid collector can be further decreased, as
demonstrated in paper 6, enabling even more concentrated samples and potentially
also highly sensitive and rapid detection of analytes when integrated with a
biosensor.

4.3.3 Impact of ESP sampling on QCM frequency stability

Many QCM oscillator circuits apply electrical ground to the top gold electrode of
the quartz crystal, which is in contact with the sample liquid. The crystal is then
less susceptible to external electrical disturbances. Interestingly, such configuration
potentially enables the integration of QCM systems with ESP sampling, in which
the QCM system provides electrical ground to the liquid collector electrode of the
microfluidic collector cartridge.

To test the viability of direct integration of a QCM system with an ESP system,
a commercial QCM oscillator (International Crystal Manufacturing Inc., USA) was
integrated with the ESP sampler in section 4.3.1, see figure 4.6. The electric
ground potential of the QCM oscillator was shared, via the top electrode of the
quartz crystal, with the microfluidic collector cartridge of the ESP sampler. The
corona discharge needle was positioned 5 cm and 15 cm above the microfluidic
cartridge in two subsequent tests, in which the ESP sampler was turned on for 5 s
and 10 s, respectively. The microfluidic collector cartridge included a silicon chip
with a perforated diaphragm for providing the air-liquid interface. The resonance
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Figure 4.6: The graph shows the impact of the high-voltage ESP on the QCM resonance
frequency of a microfluidic biosensor cartridge with an air-liquid interface that functioned as
the collector electrode. The ESP sampler and the QCM shared a common electrical ground.

frequency of the QCM system was recorded before, during and after the ESP system
was on.

Unsurprisingly, the results show that the high voltage and strong electrical field
of the ESP sampler greatly affects the QCM system by triggering a rapid increase
of the resonance frequency. It is also seen that the distance between the corona
discharge needle and the microfluidic sensor cartridge affects the magnitude of the
frequency increase; a shorter distance gives a more rapid increase of the frequency.
However, after the ESP sampler is turned off, the resonance frequency decreases
and stabilizes at the same baseline as the one that was established before the ESP
sampling. Thus, the ESP sampler only has a temporary and transient impact on the
QCM system. It is therefore not possible to perform real-time QCM measurements
during ESP sampling, but the integration of the QCM and ESP systems potentially
allows for measuring frequency shifts before and after ESP sampling.

4.4 Rapid sample mixing in an on-chip sample tube

The ESP sampling of airborne particles to liquid for subsequent biosensing does not
necessarily require direct sampling to the microfluidic biosensor cartridge but could
be done to a separate liquid container, e.g. as the one used for breath sampling
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Figure 4.7: a) Illustration of the magnetic bead mixing and trapping in a microfluidic device.
b) The beads are magnetically aggregated in a sample tube that is connected to the microfluidic
device at the bottom and an electromechanic actuator at the side (side view). c) The beads are
homogeneously dispersed in the liquid sample in the tube after 4 seconds of active mixing (side
view). d) A magnet is positioned underneath a micro channel of the microfluidic device (top
view). e) The sample liquid is flushed through the device and the magnetic beads are trapped in
the channel (top view). Subsequently, fresh liquid can be restored in the channel.

in section 4.3.2. Specifically, for the detection of influenza in application 5.4,
sample pre-treatment is required to be separate from the biosensor flow cell in the
microfluidic cartridge due to the initial use of strong lysis buffers that inactivates the
immobilized receptors on the sensor surface. After exposure to the lysis buffer, the
target particles are mixed with, and bound to, receptor-coated superparamagnetic
microbeads. Thereafter, the lysis buffer is replaced with standard buffer liquid to
enable subsequent biosensing. This procedure is done off-chip in a sample tube,
which potentially could be used as the collector in the ESP sampling.

A solution for seamless integration of sample pre-treatment in the sample tube
with subsequent biosensing in a microfluidic cartridge was developed, see figure 4.7.
A 500 muL sample tube (Microfluidic ChipShop GmbH., Germany) was connected
to a microfluidic chip (Microfluidic ChipShop GmbH., Germany) by a flexible fluidic
joint in the form of silicone tube. The sample tube was positioned in an ellips-
formed metal ring, connected to a small electromechanical solenoid actuator.

The tube was filled with phosphate buffered saline (PBS) containing 2.8 micron
superparamagnetic beads (Life Technologies, Thermo Fisher Scientific Inc.,USA)
that were temporarily aggregated at the side of the tube using a permanent magnet
, see figure 4.7 b. The tube was then shaken by applying a 30 Hz sinusoidal AC
signal to the actuator, which moved the upper part of the tube in an ellips-like
trajectory as it followed the motion of the metal ring. The shaking of the tube
started an immediate dispersion of the beads in the liquid, simulating mixing and
binding of target analytes with receptor-coated beads. After 4 s of actuation, the
beads had been dispersed into a homogenous distribution in the liquid, see figure 4.7
c (side-view) and d (top view).

Thereafter, the liquid in the tube was aspirated through the microfluidic
cartridge, see figure 4.7 e. The beads were separated from the sample liquid in a
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microfluidic channel by an external permanent magnetic underneath the cartridge.
While the beads were immobilized in the channel by the magnet, the sample liquid
was replaced with fresh buffer, thereby enabling downstream biosensing of the
beads.

4.5 Discussion

In this work, sampling of airborne particles directly to microfluidic cartridges was
demonstrated. This was enabled by the development of a novel component for on-
chip air-liquid interfacing and an ESP technique that integrated with microfluidic
cartridges.

The air-liquid interface was provided by a perforated silicon diaphragm in which
surface tension fixated the liquid meniscus in the pores. Thereby, the air-liquid
interface was able to withstand gravitation and pressure variations, making it robust
for practical use. In addition, it was possible to compensate for evaporation at the
air-liquid interface by flowing liquid under the diaphragm without risking flooding
or a collapse of the interface.

Air-liquid interfacing in microfluidic devices has previously been demonstrated
by the use silicon pillar arrays but relied on downstream analysis of the captured
particles. In contrast, the perforated diaphragm allowed to integrate a biosensor in
close proximity of only 50 microns to the air-liquid interface, enabling immediate
detection of the captured particles with no risk of sample losses to parasitic surface
in the microfluidic system.

However, for biosensing of airborne particles at PoC or in fieldwork, disposable
cartridges are required. The perforated silicon diaphragms demonstrated in this
work take up a relatively large area on a silicon wafer and is fabricated by DRIE
through the wafer. Hence, the resulting cost per silicon diaphragm is too high to
be a viable alternative for disposable use.

Preferably, also the diaphragm should be made of polymer but unfortunately,
polymers do not offer the same mechanical stiffness as silicon, which potentially
would make the diaphragm too weak and flexible to hold the air-liquid interface in
a steady position. A polymer microstructure for air-liquid interfacing would need
to use another type of design. One example is micro pillars, which can be molded
simultaneously as the rest of the cartridge.One drawback of a polymer pillar array
is similar to the silicon pillar array in that it does not allow for placing the biosensor
in close proximity to the air-liquid interface. However, that is a compromise that
might be required in a disposable device.

Combining on-chip air-liquid interfacing with the developed ESP technique
for capturing airborne particles directly to the liquid of a microfluidic biosensor
cartridge opens up a range of new possibilities for biosensing applications. By
eliminating the need for sample handling after capture and prior to subsequent
analysis, the proposed method potentially enables automated and rapid sampling
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and detection of airborne particles. This fits well with the requirements in PoC and
fieldwork.

However, in certain situations sample pre-treatment and amplification is still
required. As discussed in application 5.4, the sample pre-treatment is not
compatible with the immunoassay on the sensor surface. Therefore, an off-
chip sample pre-treatment technique was developed in which the sample first is
collected to a sample tube and thereafter seamlessly transferred to a flow cell in
a microfluidic cartridge. To enable this process for use in an automated fashion
in a disposable device, liquid aspiration and dispensing offered by the thermally
actuated composite, PDMS-XB, could be integrated in the microfluidic cartridge.
This would allow for a completely electrically controlled device, from ESP air
sampling, to PDMS-XB liquid handling and QCM/ADT biosensing.

One challenge in air sampling is the capture of unwanted dust particles. Such
particles could clog the air-liquid interface and interfere with the biosensing by
unspecific interactions with the sensor surface. However, ionized airborne particles
can be separated based on their size and number of acquired charges with an
industry standard technique called differential mobility analysis (DMA), in which
particles of different size impact at different locations on the collector. Combining
the ESP technique demonstrated in this work with DMA would enable a size
discrimination of particles that are captured to the air-liquid interface, thus further
up-concentrating and purifying the sample.



Chapter 5

Applications for Biosensing of
Airborne Particles

5.1 Introduction

In this chapter, three applications for biosensing of airborne particles are intro-
duced, enabled by technological advancements demonstrated in this thesis, and
initial experimental results are presented.

First, detection of narcotic substances via airborne sample transport from a
sampling filter to the liquid of a biosensor cartridge is presented in section 5.2.
Thereafter, monitoring and detection of norovirus in ambient air is presented in
section 5.3. Lastly, breath-based diagnostics of influenza is presented in section 5.4.

These three applications have been or are currently targeted in research projects
in which framework the work of this thesis has been conducted. As of today,
the primary task of most biosensor cartridges described in this thesis has been to
support bioassay and instrument development, in which liquid-based samples are
predominantly used.

The measurement results presented below are achieved during the development
phase of those larger biosensor projects. Whereas they do not represent the best
possible sensitivities or LoDs of the QCM and ADT biosensors, they demonstrate
the relevance, function and performance of the technical work in this thesis.

5.2 Detection of narcotics substances in filters

This work was based on a collaboration with Biosensor Applications AB, Sweden.
We provided the miniaturization and integration of the biosensor cartridge and
microfluidic air-liquid interfacing whereas they provided reagents and QCM
instrumentation. The collaboration resulted in paper 3.

This project was the start of our work on QCM technology and the integration
of quartz crystals with microfluidic cartridges. It was also in this work that we first
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developed the perforated silicon diaphragm for air-liquid interfacing.

Background

Biosensor Applications are focused on providing rapid on-site detection of drugs and
explosives, which is critical for the border control and customs, narcotics police,
traffic police, prisons, and rehabilitation centers. Narcotic traces are typically
present on surfaces, fabrics, skins and in oral fluids. The traces are sampled by the
use of filters that are swiped on suspected surfaces and then subsequently processed
and analyzed in a liquid-based system.

In this work, we investigate the possibility of transferring narcotic substances
from a filter, via air and into the liquid of a miniaturized microfluidic biosensor
cartridge. A filter-air-liquid sample transfer potentially enables a rapid up
concentration of the narcotic substances and, in addition, also a rapid detection
due to the close proximity of the biosensor to the air-liquid interface.

Contributions

The work of this thesis has contributed with:

• QCM biosensor cartridge, presented in section 3.3.2,

• microfluidic air-liquid interfacing, presented in section 4.2,

Measurement results

The QCM biosensing system is based on a competitive immunoassay, including a
narcotics substance, Ab, and antigens. The Ab has higher affinity to the narcotics
molecules than to the antigen. The antigens are pre-immobilized on the sensor
surface. Thereafter, the Ab are introduced to the sensor and bind to the antigen.
Subsequently, narcotic molecules that are captured in a sample filter are vaporized
by a heat pulse. The airborne molecules absorb into the liquid of the microfluidic
cartridge via the air-liquid interface. The molecules quickly diffuse 70 microns down
to the sensor surface where the Ab release from the immobilized antigens and bind
to the narcotics molecules in the liquid. This generates a frequency increase of the
QCM due to the unloading of mass on the sensor surface.

Measurement results from the detection of 200 ng ecstasy and 100 ng cocaine
is shown in figure 5.1 and figure 5.2, respectively. The spikes in the resonance
frequency at the beginning of each narcotics deposition originate from the thermal
actuation used to vaporize the sample. However, the blank runs demonstrate that
the resonance frequency quickly stabilizes at the original baseline after each spike.

For this project, a novel biosensor cartridge was developed that only consisted
of four parts, which were integrated using adhesive bonding with a vertically
conducting adhesive foil. The tape provided the integration of the parts, liquid
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Detection of ecstacy

Figure 5.1: The graph shows the binding of Ab, unbinding of Ab upon subsequent transfer and
absorption of ecstasy via the air-liquid interface and a control performed as a blank run, i.e. a
thermal vaporization step without narcotics molecules .

Detection of cocaine

Figure 5.2: The graph shows the binding of Ab, unbinding of Ab upon subsequent transfer and
absorption of cocaine via the air-liquid interface and two controls performed as blank runs before
and after the addition of cocaine.

confinement in the microfluidic system and electrical contacting to the quartz
crystal sensor.

In addition, this work demonstrated the integration of an air liquid interface
with a microfluidic biosensor cartridge that was positioned in close proximity, i.e.
70 microns, to the sensor surface. This enabled the rapid transfer of airborne
narcotics molecules into the microfluidic cartridge and subsequent detection by the
biosensor.
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5.3 Monitoring and detection of norovirus in ambient air

In this section I describe the work that has been conducted within the framework
of one Swedish research project, RPA - Rapid Pathogen Analyzer (ended), and one
European research project, Norosensor (ongoing).

The RPA project was an interdisciplinary collaboration among Swedish research
groups where the KTH Micro and Nanosystems department provided the technol-
ogy development. Other project partners contributed with the immunoassay de-
velopment, including the production of norovirus (NV) virus-like-particles (VLPs)
and antibody (Ab) production.

RPA was our starting point for the development of biosensor and sampling
technologies for the rapid detection of airborne virus. This included the novel
approach of direct sampling of airborne particles to microfluidic cartridges and fur-
ther development of perforated diaphragms for air-liquid interfacing and biosensor
integration.

Norosensor is an ongoing research project with partners from several European
countries that contribute by the development of assays, biosensing techniques
and instrumentation, whereas the KTH Micro and Nanosystems department
contributes with the development of biosensor cartridges, air sampling technology
and integration.

Much of the technology development that started in RPA has been transferred
to, and is being further developed in, Norosensor. Norosensor also includes
industrial partners and is more focused on the targeted application compared to
RPA, which in comparison was more research oriented. In addition to the QCM
technique, Norosensor also explores the possibility of using ADT as a biosensor
platform for the detection of virus.

Background

Norovirus, also known as norwalk virus, is one of the most common causes of
acute gastroenteritis [87], leading to symptoms such as stomach pain, nausea and
severe diarrhea and vomiting. It is most common in the winter season but exists
throughout the year [88].

A person who is infected typically develops symptoms after 12-48 hours after
being exposed to the virus and the illness lasts 1-3 days. No long-lasting immunity
is developed by persons who have had the illness. It is foremost among young
children and older adults that the illness can be serious, due to the risk of severe
dehydration.

Norovirus infection is associated with approximately 90 percent of epidemic
non-bacterial acute gastroenteritis worldwide [87]. In the U.S., approximately
twenty million people get the illness each year and it causes up to seventy thousand
hospitalizations and eight hundred deaths per year according to the Center for
Disease Control and Prevention, USA.
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The virus transmits directly from person-to-person [89] or indirectly via
contaminated food or water [90]. Several studies have indicated that a common
cause of infection is via aerosolized virus, primarily generated from vomiting [89,
91, 92].

Outbreaks commonly occur in daycare centers, nursing homes, schools and
cruise ships. However, it is in hospitals where the illness is particularly serious,
leading to outbreaks that have a major impact on both the healthcare and economy.

In one documented case, an outbreak caused illness in 69 percent of the staff and
33 percent of the patients in the emergency room, and a total number of 635 infected
persons in the hospital staff [92]. Such outbreaks not only lead to discomfort for
the infected persons, but also causes isolation or temporary shut-down or rooms
and entire wards, postponed and/or cancelled operations and a prolonged illness
and an increased risk of fatality among immunosuppressed patients [93].

State-of-the-art methods methods for detection and diagnostics includes the
collection of whole stool or vomitus and analysis by PCR, ELISA or transmission
electron microscopy (TEM) [94]. It has been demonstrated that PCR can detect
as few as 20 virions [95]. However, such methods rely on laboratory facilities and
take several hours, or up to days, before providing an answer. A recent study
on the binding of norovirus virus-like-particles (NV-VLPs) to glycosphingolipids in
supported lipid bilayers has demonstrated label-free biosensing by using QCM-D,
but with the purpose to evaluate strain-specific binding characteristics [96]. A novel
label-based method demonstrated a limit-of-detection (LoD) of approximately 106

NV-VLPs/ml using a fluorescent TIRF-enabled readout [97], however, the reported
assay time was 2 hours and required an advanced imaging setup for readout.

If the presence of aerosolized norovirus can be rapidly detected on-site, large
outbreaks can potentially be prevented. This work focuses on two primary
applications: air monitoring for early detection and warning of the presence of
norovirus in ambient air, and; rapid detection of norovirus in ambient air after
cleansing and disinfection of rooms in which infected patients have been present.
Potentially, the proposed method can also be adapted for rapid diagnostics of
patients that are suspected to have a norovirus infection.

Contributions

The work of this thesis has contributed with:

• QCM and ADT biosensor cartridges, presented in section 3.3.1,

• ESP sampling of airborne particles in ambient air directly to microfluidic
cartridges, presented in section 4.3.1,

• microfluidic air-liquid interfacing, presented in section 4.2,

• sample-pretreatment and microbead mixing in an on-chip sample tube,
presented in section 4.4.
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Measurements with the QCM system have been conducted in our laboratory,
as part of this thesis work, whereas the ADT-based measurements have been
conducted by our collaboration partners.

QCM measurement results

Preliminary measurement results for the detection of NV-VLPs in liquid have been
produced in the work of this thesis and are shown in figure 5.3.

The surface of the quartz crystal was coated with either monoclonal or
polyclonal Ab that were specific to norovirus, see figure 5.3 a. The immobilization
of Ab was done either by direct unspecific binding of the Ab to the gold electrode
or by binding to pre-immobilized protein A. The surface was subsequently blocked
with bovine serum albumin (BSA) to prevent further unspecific binding. Non-
pathogenic NV-VLPs were used as model particles to substitute real pathogenic
norovirus sample.

The tests were performed using a commercial QCM instrument (QCMLab,
Sweden) and the cartridge presented in section 3.3.1. First, a stable baseline
frequency was obtained in PBS buffer solution followed by an injection of 5 µg/ml
of NV-VLPs for 10 minutes. Thereafter, the flow cell and sensor surface were rinsed
with PBS buffer and a new baseline frequency was obtained. All injections were
made with a peristaltic pump and a constant liquid flow of 50 µl/min.

The resulting frequency shifts were 18 Hz for the sensor with polyclonal Ab and
30 Hz for the sensor with monoclonal Ab. Given a total injection volume of 0.5 ml,
the resulting mass sensitivities were 139 ng/Hz and 83 ng/Hz, respectively. These
figures are comparable to the results of a similar study where the detection of 5
µg/ml of dengue virus in PBS solution resulted in frequency shifts ranging from
10 to 40 Hz [98]. In that study, the binding of the virus to antibodies immobilized
via protein A resulted in the largest frequency shifts compared to when other
immobilization protocols were used.

A steady-state binding/unbinding condition or saturation of the sensor surface,
i.e. that all binding sites were occupied, were not observed during the measurement,
indicated by the continuos and steady decline in resonant frequency. A control was
conducted with the injection of BSA, resulting in no significant frequency shift. No
drift was observed during the measurement and the noise level was equal to, or
below, the frequency resolution of 1 Hz of the instrument (i.e. 1 sample readout
per second).

The short-term measurement in figure 5.3 a shows a linear decrease of the
resonance frequency upon exposure of NV-VLP to the sensor. A long-term
measurement was conducted to evaluate the binding kinetics and wether a steady-
state condition between binding and unbinding or saturation of bound particles on
the surface is reached.

First, a stable baseline frequency was obtained in PBS buffer solution followed
by a continuous injection of 5 µg/ml of NV-VLPs until the sample liquid was
consumed and the liquid flow stopped after 2.5 hours. The resulting frequency
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Figure 5.3: QCM measurements were conducted in a) a short time period for detection of NV-
VLP captured by immobilized monoclonal or polyclonal Ab, and in b) an extended period of
time for detection of NV-VLP captured by immobilized monoclonal Ab. The measurements were
conducted using the cartridge presented in section 3.3.1.

shift could not be evaluated due the sudden stop of liquid flow and due to that it
was not possible to distinguish the binding of NV-VLPs from unspecific binding
since no rinsing with PBS buffer was performed.

The response in resonance frequency during the long-term measurement shows a
relatively steady decrease, still with no significant indication of reaching a steady-
state condition or saturation on the surface. This indicates that the biosensor
system is either limited by the reaction kinetics or by the mass transport of sample
to the sensor.

Since the performance of the produced antibodies were analyzed using ELISA
during the development stage, which relied on over-night incubation times and
only generated end-point readouts, there is no available information about the
association and dissociation rate constants of the Ab. Even though the Ab showed
excellent binding capabilities in the ELISA tests, there is no guarantee that they
are suitable for rapid detection in a label-free biosensor system.

However, the above results could also indicate a limitation in mass transport
of the relatively large VLPs. Approximating the VLPs as particles with a radius
of 19 nm, their diffusion coefficient in water can be estimated to be 1.1 ∗ 10−11

m2/s [96]. In no flow conditions the binding at the sensor surface is likely diffusion
limited. A continuous liquid flow, as used in the these experiments, maintains the
concentration of VLPs in the liquid close to the sensor surface and limits the risk
of sample depletion. However, based on the flow cell height, the liquid flow and the
diffusion coefficient of the VLPs, it is estimated that approximately only 10 percent
of the VLPs have time to diffuse down to the sensor surface before being flushed
away out from the flow cell. Thus, optimal flow conditions needs to be investigated
in future work.
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Another uncertainty in the above measurements is the availability of binding
sites on the sensor surface. The results of the Ab immobilization on the sensor
surface, which originated from the protocols used for ELISA and TEM analysis of
norovirus, was not thouroughly characterized. Other immobilization methods that
rely on chemisorption rather than physisorption, such as the use of thiolated PEG
molecules and EDC/NHS chemistry [99], have been proven successful and might be
considered in future work.

The above measurements were conducted to evaluate if a rapid detection of
NV-VLP using a QCM biosensor was possible. Although the presented results are
preliminary, they indicate that the sensitivity is too low for the targeted application
with the current biosensor. This is addressed in ongoing research projects by: 1)
shifting to alternative assays combined with novel signal amplification techniques
and improvement of the QCM instrumentation, and by; 2) the use of ADT, which
is described below.

Nevertheless, the QCM measurements provided evidence of the high perfor-
mance and reliability of the QCM biosensor cartridge. The cartridge remained
leak-tight under a liquid flow for hours of operation. In addition, the sensor featured
no observable drift and low noise levels.

ADT measurement results

Our collaboration partners in the University of Cambridge and Loughborough Uni-
versity have developed the method of ADT and corresponding ADT instruments.
ADT potentially promises better sensitivity and lower limits of detection compared
to QCM and is therefore being explored for the use of rapid virus detection.

In Norosensor, a sandwich assay is used for the ADT detection of norovirus. It
includes primary Ab or aptamers that are immobilized on the sensor surface and
secondary Ab or aptamers that are immobilized on magnetic microbeads. Both the
primary and the secondary Ab or aptamers are specific to norovirus. When the
norovirus particles bind to both the sensor surface and the microbead, they form
an immobilized complex that potentially provides large viscoelastic energy losses
as the quartz crystal oscillates and consequently strong ADT signals.

For the development of the ADT and the immunoassays, ADT biosensor
cartridges for liquid-based samples were designed and fabricated. The cartridges
are presented in section 3.3.1.

Preliminary measurement results provided by our collaboration partners are
showed in figure 5.4. The measurements were conducted using the cartridge
presented in section 3.3.1. The aim of the measurement was to evaluate the response
of the sensor upon binding of the bead-anti-NV complex to the sensor surface, which
is a part of the immunoassay that is being developed. A solution of 106 beads/ml
was used.

The results in figure 5.4 a show a characteristic ADT response where the
specifically bound bead-anti-NV-anti-IgE complex gives a high 3f current at high
drive amplitudes whereas the addition of IgG coated beads gives a lower and similar
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Figure 5.4: An ADT measurement of beads coated with anti-norovirus IgE that are specifically
bound to the sensor surface by immobilized anti-IgE. A control with unspecific binding of beads
that were coated with IgG was performed. a) The raw 3f signal is plotted against the drive voltage.
b) The modulus of the difference in complex 3f signal from the baseline signal is plotted against
the 1f current. The measurements were conducted using the cartridge presented in section 3.3.1.

signal as pure buffer solution. In figure 5.4 b, the same measurement data is
normalized to the signal generated in pure buffer and plotted against the 1f current.
This provides a clearer representation of the ADT output signals upon specific and
unspecific binding.

Consider an ideal case where beads bind to the sensor surface in a sandwich
assay with NV-VLPs as in the immunoassay described above. In addition, consider
that each bead binds only to one VLP, and that all bead-VLP complexes bind
to the sensor surface and generate a similar response as seen in figure 5.4.
Given the number of beads used in the measurement above, the generated signal
would correspond to a detection of 106 VLPs/ml. Noro-VLPs have a molecular
weight of 1.17 ∗ 104 kDa [97], thus the detected NV-VLP concentration would
be approximately 20 pg/ml. This concentration is approximately five orders of
magnitude lower compared to the one used in the QCM measurement above
and comparable to [97]. Thus, the detection of 106 microbeads/ml presented in
the measurement above demonstrates the potentially high sensitivity of the ADT
combined with a microbead-based sandwich assay.

However, the above exercise was based on ideal conditions, which are typically
unrealistic in practice, and does not necessarily represent the expected outcome in
a real measurement. Nevertheless, since the beads are the main contributor to the
3f current signal and the main function of the analyte particles, being intact virus
capsids or only protein fragments, is to attach the beads to the sensor surface, the
above measurement is a strong indication of the potential of ADT.

The ADT cartridge used in the experiment demonstrated great performance and
reliability. The quality factor of the sensor was approximately 2800 in liquid and
strong 3f currents were recorded even in low concentration samples, as demonstrated
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above. This type of cartridge has been used by our project partners for three
consecutive years without failure.

5.4 Breath-based diagnostics of influenza

This work has been conducted within the framework of the European multidisci-
plinary research project Rapp-Id (ongoing), which includes technical competence,
industrial participation and clinical expertise. Several different technology plat-
forms are being developed for rapid diagnostics of infectious diseases. We are
involved in a platform based on ADT where the aim is to develop a point-of-care
biosensor instrument for non-invasive breath-based diagnostics of influensa.

In Rapp-Id, we provide the development of biosensor cartridges, air-liquid
interfacing, aerosol sampling technology and integration, whereas our collabora-
tors provide the development of ADT instrumentation, immunoassays, sample-
pretreatment protocols, etc. As in Norosensor, much of the technology that was
developed in RPA has been transferred to Rapp-Id for further development.

Background

Over the past few years, the concern of an influenza pandemic has increased since
the emergence of a highly pathogenic avian influenza A (H5N1) in southeast Asia,
causing what is commonly referred to as the bird flu [8]. The strain is maintained
in bird populations but according to investigations made by the world health
organization, WHO, a total number of 630 human cases with a confirmed infection
of H5N1 was reported. The infections resulted in the death of 375 people. These
concerns were further supported by the emergence of a pandemic caused by a new
influenza virus (H1N1).

Aerosol transmission is considered to be major cause for the spreading of
influenza A [100]. Further studies have strengthen this hypothesis and it suggests
that aerosol transmission, in particular, is responsible for the most severe cases of
disease involving viral infection of the lower respiratory tract [101].

Rapid influenza diagnostics is used for screening patients with suspected
influenza and provides timely results to support clinical decision making [102]. It
can help to facilitate antiviral treatment, decrease inappropriate use of antibiotics
and reduce the duration of treatment at hospitals. In addition, rapid influenza tests
are also used for investigating suspected influenza outbreaks, such as those caused
by H5N1 and H1N1, to facilitate prompt implementation of control measures [103].

However, commercial tests for rapid diagnostics of influenza suffer from low
sensitivity [103] and require confirmatory test results provided by conventional
laboratory based methods, such as shell vial culture, tissue cell viral culture,
or RT-PCR [103]. A recent review of emerging biotechnology-based detection
systems for rapid diagnostics of influenza identifies that there has been considerable
progress in the development of new tests, but also highlights the urgent demand for
more sensitive, simple and rapid detection [104]. According to the review, further
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development of diagnostic assays should aim at achieving affordable point of care
detection ability to facilitate diagnostics in the field.

This work focuses on the development of an ADT-based biosensor system for
rapid and highly sensitive PoC influenza diagnostics. In addition, we forego the
conventional sampling methods, which include sputum and swab samples and that
cause discomfort for the patient, with a non-invasive sampling of breath aerosol
based on our developed ESP system.

Contributions

The work of this thesis has contributed with:

• ADT biosensor cartridges, presented in section 3.3.1,

• ESP sampling of breath-based aerosol directly to microfluidic cartridges,
presented in section 4.3.2,

• microfluidic air-liquid interfacing, presented in section 4.2,

• sample-pretreatment and microbead mixing in an on-chip sample tube,
presented in section 4.4.

Measurements with the ADT system has been conducted by our collaboration
partners.

Measurement results

An immunoassay for the biosensor is being developed in Rapp-Id by our project
partners. However, the direct detection of influenza virus using a label-free
biosensor is challenging due to the lack of conservative epitopes that are easily
accessible for surface immobilized Ab or aptamers. In Rapp-Id, this issue is
circumvented by lysing the virus and target nucleoproteins (NPs), which are less
subjected to mutation. A single influenza virus holds about one thousand NPs.
Thus, the release of the NP generates a thousand-fold sample up-concentration,
which is advantageous for the downstream biosensing.

The biosensor is based on a sandwich immunoassay, including magnetic
microbeads. The released NPs are first bound in solution to microbeads that are
coated with primary anti-NV or aptamers. Thereafter, the NV-bead complex binds
to secondary anti-NV or aptamers that are immobilized on the sensor surface.

A disadvantage is that the lysis buffer inactivates the secondary Ab on the
sensor surface. Therefore, the first binding step must take place outside of the
sensor flow cell. The lysis require a relatively large volume of liquid. Therefore, we
developed a method for sample lysis and mixing with microbeads that is performed
in a sample tube, connected to the microfluidic cartridge, see section 4.4. After
lysing, mixing and binding, the lysis solution can be replaced with buffer solution
while the NV-bead complexes are held in position by magnetic forces. Thereafter,
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Figure 5.5: An ADT measurement of 1000 influenza nucleoproteins, approximately
corresponding to 1 virus particle, which gives a significant difference in the 3f current compared
to the baseline signal taken before the capture of the nucleoproteins. The measurements were
conducted using the cartridge presented in section 3.3.1.

the NV-bead complexes introduced to the flow cell and captured onto the sensor
surface by the secondary Ab or aptamer.

A preliminary measurement provided by our collaboration partners is shown
in figure 5.5. The measurement was conducted using the cartridge presented in
section 3.3.1. The aim of the measurement was to evaluate the response of the sensor
upon binding of the NV-bead complex. A solution of 1000 purified nucleoproteins
was used.

The measurement shows significantly stronger 3f current upon binding of the
NP-bead complex compared to the baseline signal in buffer solution. The results
indicate that potentially very low concentration samples of influenza virus can be
detected. It also demonstrates that small particles, such as proteins, can be detected
using ADT when combined with a microbead-based sandwich assay. However, these
are preliminary results and further testing needs to be conducted to confirm the
reproducibility, quantifiability, sensitivity, specificity, etc.

Similarly to the cartridges used in the previously presented measurements,
the ADT cartridge used in this experiment was based on mechanical clamping.
However, it is conceptually different in terms of design. It is mounted by a press-fit
assembly and consists of a minimal amount of parts to allow for future disposable
use. The cartridge demonstrates leak-tight operation, rapid assembly/disassembly
and excellent performance during ADT measurements. This type of cartridge has
been used by our project partners for one year without failure.



Chapter 6

Discussion and Outlook

In this thesis, novel techniques were demonstrated for the integration of airborne
particle sampling to microfluidic biosensor cartridges and were designed and
developed for use at PoC or in-the-field applications. Specifically, the presented
techniques for airborne particle sampling, sample pretreatment and mixing, on-chip
liquid actuation and biosensing are all based on small-scale electronic instrumen-
tation. The airborne sampling and subsequent biosensing were demonstrated to
be electrically compatible and the sample transport from air to liquid to sensor
was seamlessly integrated. The results potentially enable the development of an
integrated system in a portable instrument.

We also developed new methods for manufacturing and heterogeneous inte-
gration with the aim to close the fabrication technology gap between academic
research and industrial production and thus enable a quick and seamless transfer
of technological advancements from science to society.

In particular, a new industrial-like and easy-to-use reaction injection molding
technique was developed for the fabrication of thermoplastic-like microfluidic
cartridges. This is a major step forward to closing the fabrication technology gap
to industrial manufacturing compared the workhorse in academia today, namely
casting of PDMS.

Additionally, we demonstrated benefits of the new molding technique compared
to industrial injection molding of thermoplastic parts, e.g. by the fabrication
of disposable QCM biosensor cartridges. The integration of the QCM with the
cartridge was based on direct covalent bonding, which enables a much more
straightforward and uncomplicated back-end process compared to conventional
integration approaches and reduces the amount of cartridge parts to a minimum,
i.e. microfluidic polymer parts and a QCM. Furthermore, the reaction injection
molding and direct integration techniques potentially allow for batch processing,
which would make a significant difference in the reduction of fabrication costs
compared to the conventional serial pick-and-place type of integration. Thus, the
novel molding and integration techniques potentially address many of the existing
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challenges of making a heterogeneously integrated biosensor cartridge for disposable
use.

However, the new reaction injection molding technique needs further opti-
mization and adaption before proving itself suitable for industrial manufacturing,
e.g. by further decreasing the molding cycle-times. Therefore, additionally,
advancements were made in the integration of biosensors with thermoplastic
microfluidic cartridges. By employing a press-fit type of assembly, the design
and integration complexity of a new biosensor cartridge was substantially reduced
compared to commercially available cartridges. Future development of OSTE+RIM
towards two-component injection molding, i.e. simultaneous molding of both
stiff and rubbery materials, could potentially allow integrating the o-ring as a
structural part of the polymer cartridge. In my view, this is how far conventional
manufacturing technologies could be used for adapting current biosensor cartridges
designed for laboratory settings to the use as disposables at PoC or in the field.

To conclude, I believe that future instruments for biosensing of airborne particles
will open a new world for analysis, where we can learn how to better understand the
presence and transport of airborne particles. This will hopefully lead to improved
healthcare, better prevention of disease outbreaks, and potentially also enable new
exciting applications that are yet undiscovered.



Summary of Appended Papers

Paper 1: Reaction injection molding and direct covalent bonding of OSTE+
polymer microfluidic devices
In this paper, we present OSTE+RIM, a novel reaction injection mold-
ing process that combines the merits of off-stoichiometric thiol-ene epoxy
thermosetting polymers with the fabrication of high quality microstructured
parts. OSTE+RIM uniquely incorporates temperature stabilization and
shrinkage compensation of the OSTE+ polymerization during molding,
enabling rapid processing, high replication fidelity and low residual stress.
The replicated parts are directly and covalently bonded in the back-end
processing, generating complete devices. The method is demonstrated with
the fabrication of optically transparent, warp-free and natively hydrophilic
microfluidic cartridges.

Paper 2: Liquid Aspiration and Dispensing Based on an Expanding PDMS
Composite
This paper introduces a method for for on-chip liquid aspiration and dispens-
ing in microfluidic cartridges. The actuation mechanism is based on single-
use thermally expanding polydimethylsiloxane (PDMS) composite, which
allows altering its surface topography by means of individually addressable
integrated heaters. The method is demonstrated by the fabrication of
microfluidic devices that are designed to create an enclosed cavity in the
system, due to locally expanding the initially unstructured composite. This
enables negative volume displacement and leads to the event of liquid
aspiration. Subsequently, the previously formed cavity is closed by a
secondary actuation step, leading to downstream liquid dispensing in the
microfluidic cartridge.

Paper 3: An integrated QCM-based narcotics sensing microsystem
In this paper, we present the design, fabrication and successful testing
of an QCM biosensor for airborne narcotics detection. The biosensor
cartridge consists of only four parts, including a perforated diaphragm for
air-liquid interfacing. The parts are integrated using a vertically conductive
double-sided adhesive foil, which provides both electrical contacting and
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liquid containment. The biosensor absorbs airborne narcotics molecules and
performs a liquid immunoassay on the sensor surface. The system was
demonstrated with a successful detection of 100 ng of cocaine and 200 ng
of ecstasy.

Paper 4: One step integration of gold coated sensors with OSTE polymer
cartridges by low temperature dry bonding

This paper introduces a novel method for the integration of biosensors
with microfluidic OSTE cartridges by direct covalent bonding. OSTE
thermosetting cartridges are casted and then bonded to gold-coated quartz
crystals by gold-thiol reactions. The resulting bond interface is shown
to be completely homogenous and void free and the cartridge is tested
successfully to a differential pressure of up to 2 bars. This approach delivers a
straightforward and rapid high-quality integration aiming for the production
of robust, low cost and disposable biosensor cartridges.

Paper 5: Integration of microfluidics with grating coupled silicon photonic sensors
by one-step combined photopatterning and molding of OSTE

In this paper, we present a novel integration method for packaging silicon
photonic sensors with polymer microfluidics cartridges, designed to be suitable
for wafer-level production methods. We demonstrate the fabrication, in a
single step, of an OSTE microstructured part and the subsequent unassisted
dry bonding with a grating coupled silicon photonic ring resonator sensor chip.
The microfluidic layer features photopatterned through holes (vias) for optical
fiber probing and fluid connections, as well as molded microchannels and
tube connectors. The method addresses the previously unmet manufacturing
challenges of matching the microfluidic footprint area to that of the photonics,
and of robust bonding of microfluidic cartridges to biofunctionalized surfaces.

Paper 6: Electrohydrodynamic enhanced transport and trapping of airborne
particles to a microfluidic air-liquid interface

This paper introduces a novel approach for efficient sampling of airborne
particles in ambient air to a microfluidic cartridge by integrating an elec-
trohydrodynamic air pump with a microfluidic air-liquid interface. In our
system, a negative corona discharge partially ionizes the air around a sharp
electrode tip while the electrostatic field accelerates airborne particles towards
an electrically grounded air-liquid interface, where they absorb. The air-
liquid interface is fixated at the microscale pores of a perforated silicon
diaphragm, each pore functioning as a static Laplace valve. Our system was
experimentally tested using airborne smoke particles of ammonium chloride
and aqueous salt solution as the liquid. We measured that EHD enhanced
transport of the particles from the air into the liquid is enhanced over 130
times compared to passive trapping.
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Paper 7: Aerosol sampling using an electrostatic precipitator integrated with a
microfluidic interface
In this paper, we present development of a point-of-care system aiming for
breath-based sampling of airborne particles directly to a microfluidic cartridge
for subsequent analysis. The system involves an electrostatic precipitator
that uses corona charging and electrophoretic transport to capture aerosol
droplets onto a microfluidic air-to-liquid interface for downstream analysis.
A theoretical study of the governing geo- metric and operational parameters
for optimal electrostatic precipitation is presented. The fabrication of an
electrostatic precipitator prototype and its experimental validation using a
laboratory-generated synthetic breath aerosol is described. Collection effi-
ciencies were comparable to those of a state-of-the-art Biosampler impinger,
with the significant advantage of providing samples that are at least 10 times
more concentrated.
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