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Abstract

Improving the health and well-being of humankind does not only consti-
tute part of our moral codes, but is also enlisted as the number three goal of
the 2030 agenda for sustainable development set by the UN. Fulfilling such
objective in the regions of resource-poor settings or for age groups with more
vulnerability to infectious agents demands immediate actions. This has neces-
sitated novel ways of rapid and ultra-sensitive diagnostics to provide compact
and affordable systems, e.g. for an early detection of bacteria and viruses.
The fields of bio-micro/nanoelectromechanical systems (BioMEMS/NEMS)
and lab-on-a-chip (LoC) have been founded based on such demands, but
critically challenged by problems partly associated with manufacturing and
material domains and biosensing methods. The fabrication methods for the
miniaturization of features and components are often complicated and expen-
sive, the commonly used materials are typically not adaptable to industrial
settings, and the sensing mechanisms are sometimes not sensitive enough for
the detection of lowly-concentrated samples.

In this thesis, new methods of ultra-miniaturization, as well as conven-
tional cleanroom-based techniques, for nanopatterning of well-defined topogra-
phies in off-stoichiometry thiol-ene-(epoxy) polymers are presented. In addi-
tion, their use for several sensing applications has been demonstrated. The
first part of the thesis gives an introduction to the field of BioMEMS/NEMS.
The second part of the thesis presents a technical background about the
prevalent methods of polymer micro- and nanofabrication, implementation
of the resulting polymer structures for different sensing applications, along
with the existing challenges and shortcomings associated with state of the
art. The third part of the thesis presents e-beam nanostructuring of thiol-ene
resist, for the first time, achieving the smallest and densest features reported
in these polymer networks. The thiol-ene-based polymer also represents a
novel class of e-beam resist resulting in structures with reactive surface na-
ture. The fourth part of the thesis demonstrates the use of thiol-ene-epoxy
systems for nanoimprint lithography and further shows the structuring of
high-aspect-ratio and hierarchical topologies via single-step UV-NIL. The fifth
part of the thesis introduces Micro- and NanoRIM platforms for scalable and
off-cleanroom manufacturing of microfluidic devices and nanostructuring of
materials in thiol-ene (-epoxy) systems. The sixth part of the thesis ex-
hibits the implementation of the noted nanofabrication methods for different
BioMEMS/NEMS applications including protein nanopatterning, simultane-
ous molding and surface energy patterning, ultra-sensitive digital biosensing,
and facile quartz crystal microbalance (QCM) sensor packaging.

Keywords: Nanostructuring, thiol-ene, OSTE, electron beam lithography
(EBL), reaction injection molding (RIM), nanoimprint lithography (NIL),
BioNEMS, QCM, digital bioassay, protein patterning, Lab-on-a-chip, polymer
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Sammanfattning

Att förbättra hälsa och vämående för mänskligheten är inte bara en mo-
ralisk plikt, den utgör också mål nummer tre i FNs Agenda 2030 för hållbar
utveckling i världen. För att uppfylla detta mål i resurssvaga områden eller för
åldersgrupper där utsattheten för smittsamma sjukdomar är extra stor, krävs
omedelbara åtgärder. Detta har nödvändiggjort utvecklandet av nya känsliga
och snabba diagnostiksystem t.ex. för tidig diagnos av bakterie och virusin-
fektioner. Bio-mikro/nanoelektromekaniska system (BioMEMS/NEMS) och
lab-på-ett-chip (LoC) har sin grund i kraven på miniatyrisering, men stora
utmaningar återstår innan dessa är billiga och tillräckligt bra, främst inom
tillverkning, materialval och bio-detektionsmetoder. Tillverkningsmetoderna
som används för miniatyrisering av ingående komponenter är ofta komplicera-
de och dyra, de material som vanligtvis används vid minatyrisering är sällan
lämpade för massmarknader och detektionsmetoderna är ibland inte tillräck-
ligt känsliga för de låga koncentrationer av smittämnen eller sjukdomsmarkö-
rer som förekommer i många sjukdomstillstånd.

I den här avhandlingen beskrivs nya metoder för ultraminatyrisering, med
avstamp i de konventionella rensumstekniker som används idag, genom väl-
definierade nanomönster tillverkade i ickestökiometrisk tiol-en (epoxi) härd-
plast. Deras användning för detektionapplikationer visas. Avhandlingens förs-
ta del ger en introduktion till BioMEMS/NEMS-fältet. Den andra delen be-
skriver den tekniska bakgrunden till de vanligaste metoderna för att mikro
och nanomönstra polymerer, hur polymerstrukturerna sedan används för de-
tektion, för att sedan avslutas med utmaningarna som dagens bästa teknik
ställs inför. Avhandlingens tredje del beskriver den första tiol-en nanostruk-
tureringen med hjälp av elektronstrålning vilken resulterar i de minsta och
tätaste strukturer som rapporterats för dessa polymerer. Dessutom visas att
tiol-en baserade polymerer är en helt ny typ av fotoresist då ytan är direkt
reaktiv för kemiska kopplingar utan ytterligare ytbehandling. Avhandling-
ens fjärde del visar hur tiol-ene-epoxi system används för nanoimprintlito-
grafi (NIL) och visar hur höga och smala (hög aspect ratio) och hierarkiska
strukturer tillverkas genom enstegs UV-NIL. Den femte delen introducerar
mikro och NanoRIM-tillverkning av mikrofluidikkomponenter och nanostruk-
turering av tiol-en-epoxi i icke rensrumsmiljöer. Den sjätte delen beskriver
och visar användning av de ovan nämnda tillverkningsmetoderna för olika
BioMEMS/NEMStillämpningar såsom proteinnanomönstring, gjutning där
strukturer och ytenergi samtidigt definieras i en enstegsprocess, ultrakäns-
lig digitial biodetektion och en effektiv och enkel metod för att framställa en
mikrofluidisk kvartskristallvåg-komponent (QCM).
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Objectives & Contributions

Scope and objectives

Thiol-ene polymer constitutes an important class of materials with a diverse
range of applications in electronics, photonics and biomedicine. This thesis aims to
explore different fabrication platforms for structuring of thiol-ene polymer networks
ranging from centimeter to nanometer feature sizes. This work further employs the
structured polymers for manufacturing, development and validation of lab-on-a-chip
interfaces for ultra-sensitive BioMEMS/NEMS applications. The main objectives
can be enlisted as below:

1. Establishing new micro-and nanofabrication methods (µRIM and NanoRIM),
as well as implementing the standard ones (EBL, NIL), for high-resolution
structuring of polymer materials and scalable manufacturing of microfluidic
devices.

2. Introducing facile back-end processing techniques, including direct bonding
and sealing, 3D surface energy patterning, and seamless integration of micro-
fluidic devices and sensors.

3. Presenting high-resolution protein patterning techniques.

4. Developing ultrasensitive biosensing methods.

This thesis was performed within the framework of two Eu-funded projects:
Innovative medicines initiative (IMI) RAPP-ID and FP7 Norosensor.

• RAPP-ID: The aim was to develop rapid point-of-care (PoC) systems for
infectious diseases.

• Norosensor: The aim was to develop real-time monitoring systems for airborne
Norovirus.

xvii



xviii THESIS OVERVIEW

Highlights of contributions

Within the scope of this thesis, the following contributions have been achieved for
the first time:

• Presenting a novel class of e-beam resists, specifically tuned for BioNEMS
applications. This resulted in forming smallest and densest topographies re-
ported in thiol-ene polymers to date, regardless of the nanostructuring method
(Paper 1 ).

• Structuring high-aspect-ratio features, of high density and low defectivity, and
patterning hierarchical topologies, in a single step, via nanoimprint lithogra-
phy in thiol-ene-epoxy systems (Paper 2 ).

• Introducing a scalable method for manufacturing of microfluidic devices with
high-fidelity of replication, low shrinkage and low residual stress with reactive
surfaces for direct covalent bonding: OSTE+ RIM (Paper 3 ).

• Presenting the first time sub-micron structuring via reaction injection mold-
ing, featuring a combination of different components from macro- to nanoscale:
NanoRIM (Paper 6 ).

• Introducing the concept of simultaneous molding and surface energy pattern-
ing via µRIM (Paper 7 ).

Furthermore, the following technical developments and enhancements have been
achieved:

• Direct biofunctionalization and subsequent nanopatterning on thiol-ene based
resists (Papers 1 and 2 ).

• Manufacturing of femtoliter HIH microwell arrays for ultrasensitive digital
bioassays (Papers 7 and 8 ).

• Batch fabrication of disposable polymer cartridges for QCM sensor packaging
via direct integration (Paper 4 ).

Overview of thesis structure

Based on the noted objectives, this thesis includes the following chapters:

Chapter 1 provides an introduction to BioMEMS/NEMS and lab-on-a-chip fields,
highlights the common materials and fabrication methods developed in these areas
and states the necessity of finding new solutions to address the existing shortcom-
ings.



OVERVIEW OF THESIS STRUCTURE xix

Chapter 2 presents a technical background regarding the state of the art nano-
fabrication techniques (EBL, NIL, and µIM) and states their current limitations.
In addition, it benchmarks the predominant microfluidic materials and highlights
their shortcomings. Finally, it gives an overview of three specific applications
within BioNEMS, including high-resolution protein patterning, ultra-sensitive dig-
ital bioassays and QCM sensors, and presents the state of art systems with the
existing limitations.

Chapter 3 describes e-beam nanostructuring of thiol-ene polymer resist, establish-
ing a new class of e-beam resist with reactive surface nature (Paper 1 ). The reactive
surface of the resist acts as an enabler for robust and direct biofunctionalization (in
chapter 6).

Chapter 4 introduces thiol-ene-epoxy systems as a novel class of resist for nanoim-
print lithography and demonstrates structuring of high-aspect-ratio features and
single-step patterning of hierarchical components (Paper 2 ).

Chapter 5 introduces Micro- and NanoRIM as novel platforms for manufacturing
of lab-on-chip devices and high-resolution structuring of materials in thiol-ene/thiol-
ene-epoxy polymer systems (Papers 3 and 6 ). Moreover, it presents the batch
fabrication of microfluidic cartridges for disposable use (Paper 4 ). Lastly, it shows
the fabrication of microfluidic cells for electro-optical interfacing (Paper 5 ).

Chapter 6 first demonstrates the nanopatterning of proteins via EBL and NIL
(Papers 1 and 2 ). It further examines the capability of µRIM and imprinting tech-
niques for simultaneous microstructuring and surface energy patterning in digital
bioassays for ultra-sensitive biosensing (Papers 7 and 8 ). And finally, it presents a
facile and minimalistic approach for packaging of QCM sensors (Paper 4 ).





Chapter 1

Introduction

The first chapter gives an introduction to the field of BioMEMS/NEMS.
The first section discusses our inspiration from nature in nanostructuring and

the emergence of nanotechnology.
The second section describes a NEMS spin-off, called BioNEMS.
The last section describes the lab-on-a-chip and microfluidic systems, and their

tangible impacts for point-of-care applications. Furthermore, it gives an overview
of common materials and fabrication methods implemented in these fields, their
shortcomings and the necessity for offering new solutions.

1.1 Inspired by Nature

The Story Begins

We, human beings, tend to structure random patterns haphazardly on a daily basis
without paying much attention. In the cold winters walking our ways to home on
snowy roads, in the hot summers leaving a sandy beach to take a dip inside the
water, or when simply doodling on a dusty window out of boredom! We replicate
our body prints with relatively good resolution virtually everywhere. During the
course of evolution, however, nature has mastered the art of structuring far better
than we. A drop of dew sitting on a rose petal, or a colorful butterfly dancing
on aster blooms are probably some of nature’s ways to woo us by such mastery
1. Nevertheless, it was not until recently we learned that “there is plenty of room
at the bottom” 2 and the fact that human can be inspired by billions of years

1The hydrophobic nature of rose petal and visible colors on butterfly wings are caused by
micro- and nanostructures.

2A lecture presented by physicist Richard Feynman at Caltech on December 29, 1959.

1



2 CHAPTER 1. INTRODUCTION

of fine engineering on the planet earth. This inspiration by evolution has led to
a revolution in the industry affecting our daily lives. Since the 1980s, the race
has been on for the definition of patterns with ultrahigh resolution, leading to an
exponential demand in miniaturization of devices. The electronics and integrated
circuit (IC) industries were at the forefront of this technological revolution. Moore’s
law, once established to predict the rate of growth in the semiconductor industry
is soon approaching to its ends and will be replaced with More-than-Moore [1].

Benefiting from the already developed nanofabrication and manufacturing plat-
forms in the IC field, micro- and nanoelectromechanical systems (MEMS/NEMS)
emerged as a complementary area, with the main focus on building transducers,
sensors, and actuators of minute sizes. In the meantime, a spin-off of MEMS for
biomedical application coined as BioMEMS/NEMS [2] emerged.

1.2 BioMEMS/NEMS

Realizing Boundless Fantasies

Cyborg superhero is a well-known character in the comic books reflecting our
boundless fantasies to create man-machine hybrids. You might as well have thought
about the possibility of making small robots swimming in our blood and selectively
killing cancerous cells and infecting agents. To interface live biological entities with
inanimate elements is an exciting, yet challenging task.

BioMEMS/NEMS refers to a broad range of electronic and mechanical devices
having components with respective characteristic lengths smaller than 1 mm/µm
aimed for utilization in biomedical applications. This fuzzily includes a variety of
different devices, functions and applications from therapeutic systems, e.g. for di-
abetics [3], drug releasing agents, e.g. for cancer diagnostics [4] and treatments [5],
medical implantations, e.g. pacemakers [6] and artificial organs [7] to microfluidics
[8], lab-on-a-chip [9] and biosensing devices [10]. The emergence of BioNEMS raised
many hopes and hypes for "killer applications" substantially outperforming the con-
ventional methods and greatly benefiting the society [11,12]. The pace of develop-
ment, however, has not lived up to the initial expectations. This can be originated
from both fundamental and technological limits; Unlike microelectronics, BioNEMS
deals with biomolecules, living organisms, and tissues, with rather unpredictable
patterns of behavior when exposed to different materials and environments. And
in many cases, providing that the proof of concept is successfully realized, the
actual commercialization demands time-consuming and costly procedures such as
FDA and EMA 3 approval [13]. The other important limiting factors are existing
discrepancies in materials, manufacturing methods, and back-end processing tech-

3FDA (Food and Drug Administration) and EMA (European Medicines Agency) are the ad-
ministrations for the evaluation of medicinal and food-related products in the USA and Europe,
respectively.
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niques used in academia and industry for making such devices [14–16]. The latter
will be discussed more thoroughly in the following sections. But before that, let us
take a short break and first ponder about a more basic question.

Making Things Small, Why Going Through The Hassle?

The miniaturization of devices is not an easy task. It entails many complex and
demanding processing tools, fine engineering skills and a great deal of time and
patience in process optimization [17]. This often leads to very expensive and lengthy
prototyping procedures. So there should be reasons of solid foundations justifying
all these troubles before implementing the nanofabrication techniques for a specific
biomedical application. Such reasonings are often classified into three main areas:
miniaturization due to the application demands, improved performance and reduced
costs. Implantation of sensors in the body, for example, calls for a size reduction
of device components. Utilizing the different nature of physical phenomena in the
microscale, e.g., the increase of surface to volume ratio and the potential positive
impact on the function of a device is another strong reason for downscaling. And
finally, cost reduction due to less consumption of consumables and materials can
be a determinant factor in device miniaturization.

1.3 Microfluidic and Lab-on-a-chip Technologies

Tangible Impact

The science and engineering of fluid manipulation on sub-millimeter scales is re-
ferred to as microfluidics. The physical phenomena in the microscale are different
from those happening in the macroscale. By reducing the characteristic length (L)
of a system, e.g. of cubic geometric shape, the associated surface area and the
volume scale by L2 and L3, respectively. This significant decrease in the volume
means a notable mass reduction which in turn undermines the impact of inertial
and gravitational forces in microscale. On the other hand, the resulting increase
in surface to volume ratio empowers the effect of the surface related forces such
as surface tension and capillary forces. The predictable behavior of the flow due
to the laminar nature in the microfluidic systems is a great enabler for biological
applications demanding precise routing or filtration of biomolecules and reagents.
In addition, the high surface to volume ratio in microfluidic systems allows for ap-
plying passive componets such as capillary pumps [18] or hydrophobic valves [19].
Tuning the aspect ratio (AR) of features and the surface energy, i.e., hydrophobicity
and hydrophilicity, are some means of achieving such objectives.

Integration of different microfluidic components such as microchannels, microp-
umps, micromixers and microchambers, and interfacing with the world-to-chip con-
nectors and transducers form the basis of lab-on-a-chip (LoC) devices. LoC devices
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have shown great potential for diverse range of applications such as point-of-care
diagnostics [20], drug screening [21], proteomic [22] and genomic [23] research, en-
vironmental monitoring [24] and analytical chemistry [25].

Poin-of-Care and Biosensing Systems

Point-of-care (PoC) devices comprise a set of systems that enable autonomous pro-
cesses of diagnostics in close proximity to the patients rather than in a centralized
hospital or laboratory. Such systems can be of paramount importance for low-
resource settings where there is no easy access to clinical facilitates and expensive
bioanalytical tools. Lateral flow immunoassays such as pregnancy and blood tests
are successful examples of commercialized PoC devices. Nevertheless, with an in-
creasing trend in easy access to low-cost means of transportation on the global
scale, and the subsequent risk of exposure to newly appeared infectious agents such
as airborne viruses, more sophisticated PoC devices are required.

LoC and microfluidic technologies can potentially facilitate the widespread de-
velopment and dissemination of PoC devices due to their miniaturized size and
portability, reliable performance, autonomous sample handling and inexpensive
cost of manufacturing. Besides, the integration of sensors into LoC systems can
diversify the use of such devices for different biosensing applications. Having this
concept in mind, LoC community has enjoyed great momentum in the research do-
main. Despite the ever-growing number of publications in academic research, the
manifestation of these products for real-life applications of tangible impacts has
experienced a slower pace.

1.3.1 Materials for BioMEMS/NEMS

Based on the vast processing knowledge and well-established microfabrication tech-
niques already developed for IC industry, silicon and glass were originally chosen
as the materials of choice for both MEMS and BioMEMS applications [17, 26].
However, these fields soon started to diverge. While the MEMS technology is still
heavily reliant on silicon processing, BioMEMS has been exploring to find new
materials of different capabilities. Silicon and glass offer a wide range of opera-
tion temperature, robust mechanical property, and well-known surface chemistry
[15]. Besides those properties, the excellent optical transparency of glass is consid-
ered advantageous for label-based optical biosensing. Nevertheless, these materials
are expensive, difficult to process and do not provide tunable mechanical proper-
ties when demanded [8]. As surrogate materials, polymers started to attract re-
searchers’ attention due to the low cost of materials and uncomplicated processing
on the batch scale. Moreover, polymers offer a toolbox with different choices re-
garding mechanical property, chemical and thermal stability, optical transparency,
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and biocompatibility [15]. Polymers, in general, can be classified into two main
branches: Thermoplastics and thermosets.

Thermoplastics

Thermoplastic materials are polymers that can be reversibly converted from a solid
state (T<Tg) to a liquid state (T>Tm). Such property has been smartly exploited
by injection molding of thermoplastics resulting in replication of features from molds
into polymer replicas. Polycarbonate (PC), polymethylmethacrylate (PMMA), and
cyclic-olefine (COC) are well-known thermoplastic materials. Using thermoplastics
for lab-on-a-chip applications can be advantageous due to their well-established use
as industrial and medical grade materials [15, 27]. Their stiff mechanical property
also enables a robust packaging for sensitive LoC devices integrated with sensors.
Nevertheless, thermoplastics often dissolve in many solvents and mostly feature
hydrophobic, and chemically non-reactive surfaces [28].

Thermosets

Thermosets are groups of polymers that undergo irreversible curing. Thermosets
are initially in the form of liquid resins and can be crosslinked when exposed to tem-
perature or radiation. Due to the strong covalent crosslinking, thermosets feature
high chemical and thermal stability [29]. SU-8, polyimide (PI), and polyurethane
(PU) are some examples of thermosetting polymers commonly utilized for BioMEMS
applications. Polydimethylsiloxane (PDMS) is the most widely used thermosetting
material in lab-on-a-chip settings.

PDMS: Blessings & Curses

PDMS is a silicone-based material, characterized by its rubbery and elastomeric
properties. As an elastomer, PDMS has few crosslinked chains and can undergo
reversible elongation. PDMS has been the material of choice for microfabrication of
microfluidic and LoC devices in research settings due to some specific advantageous
properties [8, 17]:

• From molding perspective, the material flexibility provides an easy and low-
stress demolding process.

• PDMS feature native hydrophobicity and can, therefore, be used as the mold
material without using any additional anti-sticking layer.

• PDMS is optically transparent, and is favorable when optical inspection and
sensing is required.
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• The gas permeability and chemically inertness of PDMS make it a reasonable
choice for cell applications.

The above-mentioned advantages established PDMS as a popular material in the
microfluidics community. However, the successful translation of academic PDMS
prototypes into industrial products has been impeded due to several challenges
[16,30]:

• Processing PDMS requires long cycle time and therefore is not scalable.

• Flexibility of the polymer is considered as a drawback when robust integration
with sensors is required.

• The hydrophobic surface of PDMS often needs to be altered for microfluidic
applications.

• Absorption of small biomolecules is a major disadvantage affecting the out-
come of the analytical experiments.

• Monomer leaching inside fluids may result in adverse and unwanted biochem-
ical reactions.

While PDMS is still a great enabler in the research domain, there is an increasing
concern about its limited capability for real-life applications.

OSTE & OSTE+ : Novel Materials With New Promises

Off-stoichiometry-thiol-ene (OSTE) [31] and Off-stoichiometry-thiol-ene-epoxy (OSTE+)
[32] thermosetting polymers have been recently introduced to the microfluidics com-
munity, in an attempt to address the shortcomings associated to PDMS. The poly-
merization kinetics of these materials are based on thiol-ene and thiol-epoxy click
reactions. Here, the term "click chemistry" implies a class of chemical reactions in
which chemical moieties react very rapidly, efficiently and selectively, resulting in
high yield and free of by-products [33, 34]. Additionally, thiol-ene chemistry offers
several other advantages including delayed gelation, low-shrinkage polymerization
and low shrinkage stress, insensitivity to oxygen inhibition, and resistance to many
solvents [35,36].

While benefiting from thiol-ene reaction, the deliberate deviation from stoi-
chiometry to off-stoichiometry by tuning the ratio of functional groups of the
monomers will result in the following advantages in OSTE polymers:

• Polymer materials with a wide range of mechanical properties, from low to
high modulus, which can be tuned depending on the proposed applications.
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• The excess of thiol or allyl functional groups on the surface can be utilized
for different back-end processing purposes such as layer bonding or surface
functionalization.

By embedding a suitable epoxy monomer in OSTE formulation and temporal
separation of thiol-ene and thiol-epoxy reactions, OSTE+ polymer systems can be
selectively separated into two curing steps. To achieve that, careful selection of
monomers and curing initiators and control over external physical conditions such
as heat or radiation are required. This dual curing system of OSTE+ polymers
offers the following advantages:

• While the first curing stage produces a soft replica for easy demolding, the
second curing stage renders a stiff thermoplastic-like material.

• The window between the two curing stages can be utilized for implementing
a diverse range of back-end processing techniques.

• Embedding epoxy monomers in the resin formulation imparts mechanical ro-
bustness to the polymer which is critical for sensor packaging and devices
with high-aspect-ratio features.

• The polymer surface offers hydroxyl groups of native hydrophilicity on the
surface, well-suited for microfluidic applications.

OSTE and OSTE+ polymers offer a material toolbox for microfluidic applica-
tions. The functional groups existing on the polymer surface potentially enable a
wide range of applications, e.g. for facile bonding and direct biofunctionalization
which will be discussed within this thesis.

1.3.2 Nanostructuring Techniques

None One-fit-all Solution

Structuring of well-defined nanotopologies is an important area of focus in nan-
otechnology. Many different fabrication techniques have been developed to address
the ever-increasing demand for downscaling of feature sizes. Photolithography has
been the leading microfabrication technique for IC and MEMS industries. X-Ray
LIGA [37], deep ultraviolet (DUV) [38], extreme ultraviolet (EUV) lithography
[39] and electron beam lithography (EBL) [40] are other examples of nanofabrica-
tion techniques. The development of such techniques is mainly aligned with the
microelectronics industry standards requiring high-resolution and extremely low-
defect methods. Such cleanroom-based fabrication techniques are complex, labor-
intensive, expensive, and also mostly followed by sequential patterning with high-
precision alignment, etching and deposition processes. Nevertheless, microelectron-
ics domain is still heavily reliant on very-large-scale integration (VLSI) technology.
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In this area, the solid and superior performance of miniaturized electronic devices
can justify the rather high cost of the products, to some extent.

BioNEMS and lab-on-a-chip systems, in particular, implement mostly non-
cleanroom approaches. While in specific applications, e.g. microdevice body im-
plants, the complexity, and high fabrication cost can be acceptable for further
development of the research prototypes, for many other applications, such hurdles
are often preventive. For instance, the fabrication and integration of disposable
cartridges for PoC diagnostics needs to be simple, cost-effective and scalable. In-
jection molding and hot embossing are some examples of conventional replication
methods, altered and adapted for micro and nanoreplication of plastic chips on
industrial scales. However, academic research has paved a different pathway, using
mainly the casting technique [41] to replicate features from a mold such as silicon
into a replica such as PDMS. The majority of LoC devices demonstrated in the
scientific publications are based on casting as a simple fabrication technique of low
tooling cost and available resources. Nevertheless, casting features long cycle time
of processing and is not a scalable replication platform. These along with the al-
ready mentioned limitations of PDMS makes the casting technique non-viable for
commercial applications [14–16].

While implementing some of the well-known nanofabrication techniques such as
nanoimprint lithography and e-beam lithography, this thesis also seeks to establish
new ways of high-resolution polymer micro- and nanostructuring and LoC device
manufacturing for both academic and potential commercial applications.



Chapter 2

Technical Background

The second chapter gives a technical background about different methods of poly-
mer micro- and nanofabrication, important polymer properties, and their use for
BioMEMS/NEMS applications, along with the existing challenges and shortcoming
associated with state of the art.

The first section gives an overview about electron beam lithography, SOA e-beam
resists and their limitations.

The second section describes nanoimprint lithography and explains the existing
challenges in the structuring of high-aspect-ratio and hierarchical features.

The third section describes micro (reaction) injection molding techniques and
their limitations.

The fourth section gives an overview of the polymers commonly used for BioMEMS,
their important properties and the associated shortcomings.

The fifth section gives an overview of the common biofunctionalization and pro-
tein nanopatterning techniques. It further discusses different e-beam based protein
nanopatterning methods and their limitations.

The sixth chapter discusses surface energy patterning in digital bioassays, the
SOA bead-based bioassays, and their limitations.

The last chapter first explains the existing problems in the integration of (bio)sensors,
in general. Thereafter, it highlights the current limitations of QCM sensor packag-
ing techniques for PoC diagnostics.

9
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2.1 Electron Beam Lithography

2.1.1 Overview
Electron beam lithography (EBL) is a top-down approach for direct writing of
nanostructures into a resist. Electrons, as charged particles, are harnessed to en-
able the formation of ultra-high resolution structures via a maskless lithography
technique. The ability to directly write arbitrary patterns with nanoscale resolu-
tion renders EBL as a powerful enabler for research areas such as semiconductors,
photonics and nanoelectromechanical systems (NEMS). While the diffraction lim-
its of photolithography have directed the mainstream efforts towards the develop-
ment of deep ultraviolet (DUV) and extreme ultraviolet (EUV) lithography for high
throughput chip production, such techniques are mask dependent and require costly
instrumentation. E-beam lithography, on the other hand, offers a more versatile
approach through direct writing of nanostructures. Besides, the lack of physical
mask or template in EBL settings excludes any mechanical contact onto resists and
substrates, leading to an extremely low range of defectivity. However, due to the
serial nature of the process, EBL use has been mainly limited to the research area,
mask fabrication and small-volume commercial production.

2.1.2 SOA e-beam Resists & Limitations
The pattern definition via e-beam lithography is achieved via the interaction of
electrons with a resist (see figure 2.1). The e-beam resists can be classified into two
groups: positive and negative tones. In the positive-tone resists, the interaction of
electrons and polymer leads to the chain scission, i.e. breaking the long polymer
chains into smaller fractions which are more soluble. Through an opposite phe-
nomenon in negative tone resists, polymer chains can be crosslinked together by
being exposed to electrons making the polymer molecules less soluble. In general,
the choice of resist can be a prominent factor in the resolution of features and the
suitability for a wide-spread use. Factors such as sensitivity and contrast are sig-
nificant properties of e-beam resists [42–44]. Other interrelated parameters such as
the choice of developer solvent, and the temperature and duration of development
can also influence the resolution of features [45,46].

A variety of different resists have been developed and tuned specifically for elec-
tron beam lithography. For example, PMMA has been widely used as a positive
resist for EBL. PMMA offers high resolution structuring via e-beam, moderate con-
trast and sensitivity and low etch resistance [47,48]. ZEP resist families constitute
another important class of positive e-beam resists. High sensitivity and stability,
good resolution and rather high etch resistance are distinct features of this resist
[49,50]. However, ZEP resists are very expensive, and therefore they are not widely
being used. Hydrogen silsesquioxane (HSQ) is a negative-tone e-beam resist fea-
turing high-resolution patterning, low sensitivity and good etch resistance [51–53].
HSQ is very sensitive to the ambient storage conditions such as temperature and
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Figure 2.1: EBL process flow: a) Spin-coating of e-beam resist. b) Electron beam
exposure. c) Development of resist leading to the formation of distinct features; standard
e-beam resists at this phase do not feature any reactive group on the surface.

moisture and has limited shelf-life [42]. Other classes of e-beam resists including
chemically amplified resists (CARs) [54], fullerene-based [55] and unconventional
inorganic resists [56] have also emerged.

Despite extensive research performed in electron beam structuring and the as-
sociated resists, the BioNEMS domain has not yet gained its fair share from such
a swift development albeit the vital demands for high-resolution feature patterning
and localization of biomolecules such as proteins. The reason is twofold; firstly,
because the de-facto standard resists for EBL are mostly adapted according to the
semiconductor and optoelectronics fields requirements, only acting as a sacrificial
layer for subtractive or additive pattern transfer. Moreover, such e-beam resists do
not offer any reactive surfaces while major approaches for immobilizing biomolecules
are dependent on the surface chemistry. Secondly, a few attempts to use off the
shelf resists or establish new ones for biofunctionalization are suffering from serious
limitations in terms of processing complexities and deficient mechanical properties
[57–61].

Chapter 3 of this thesis will address such shortcomings by offering new solutions
regarding high-resolution polymer structuring via EBL, leading to a resist with re-
active surface nature for BioNEMS applications.

2.2 Nanoimprint lithography

2.2.1 Overview
Nanoimprint lithography (NIL) has been recognized as an unconventional lithogra-
phy technique offering high-resolution, low-cost and high throughput formation of
nano-featured surfaces [62]. Proposed by Stephen Chou in 1996 [63], NIL initially
emerged as a next-generation lithography candidate in the semiconductor domain.
In International Technology Roadmap for Semiconductors (ITRS), the implemen-
tation of NIL for 32 and 22 nm logic nodes was initially envisioned [64]. That gave
great momentum to active research, both in academia and industry, to put forward
NIL as a scalable platform for high-resolution and cost-effective manufacturing of
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electronic and semiconductor devices. Such motivation can be explained by the sim-
plicity of NIL, as opposed to the complexity of the conventional photolithography
process.

The principle of NIL is based on the mechanical deformation of a soft mate-
rial that can be explained as follows: A polymer material or resist is mounted or
cast on a substrate; a stamp, embedded with nanofeatures is pressed onto the re-
sist/polymer to replicate the features by means of UV/thermal curing or thermal
reshaping; finally, the stamp is detached from the substrate delivering the nanopat-
terns. A thin residual polymer layer between stamp and substrate acts as a cushion
to protect the delicate stamp protrusions during the contact phase. The imprinted
structures can either remain as integral components of a device or alternatively be
considered as a sacrificial layer for pattern transfer in the etching process. For the
latter purpose, the special property of resist with regards to etch resistance should
also be taken into account. Nanoimprint lithography is generally categorized into
two types: Thermal NIL and UV NIL. The description and details of each methods
will be discussed below.

2.2.2 Thermal Nanoimprint Lithography
Conceptually similar to hot embossing, thermal NIL uses temperature and pres-
sure to pattern nanofeatures. Since thermoplastic materials are historically well-
established for such purposes, they have also been implemented for thermal NIL. In
such process, the temperature is raised above the glass transition temperature (Tg)
of the material, and therefore it softens. This significantly reduces the viscosity
and Young’s modulus of the polymer. The direct mechanical contact along with
the applied pressure lead to filling of the mold cavities by the softened polymer
and the formation of nanoscale features. And the subsequent cooling of material
below its Tg guarantees the mechanical stability of structured features during the
final demolding step. Alternatively, thermal curable resins can also be employed
for nanoimprint lithography.

2.2.3 SOA Thermal NIL Resists & Limitations
Different thermoplastic materials such as PMMA and PS have been utilized for
thermal nanoimprinting [65, 66]. The choice of the material is often considered
with regards to its modulus and Tg when no subsequent etching is desired. While
a thermoplastic material of low Tg reduces the temperature of the process, which
is of interest for industrial production, it comes with the cost of mechanical insta-
bility at the temperatures close to the material’s Tg. The viscosity of the polymer
melt should also be ideally low for a better filling of the stamp nanocavities in a
reasonable span of time through a lower range of applied pressure. Nonetheless,
a vast majority of thermoplastic materials cannot impart such properties. Despite
the ability of high-resolution pattern definition, thermal NIL suffers from relatively
long cycle times due to the heating and cooling nature of it. This negatively affects
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the suitability of the process for high-throughput production. Also, using thermo-
plastic homopolymers causes more adhesion between stamp and polymer inducing
defects during the demolding process [62].

To address some of the aforementioned limitations concerning thermal NIL,
novel classes of hybrid polymers such as siloxane copolymers have been introduced
to the research community [67]. Polydimethyl siloxane-graft-polymethylmethacrylate)
(PDMS-g-PMMA) and polydimethyl siloxane-block-polystyrene (PDMS-b-PS) are
two example of such hybrid copolymers. The organic block, here PDMS, imparts a
content of silicone along with a low surface energy at the stamp-polymer interface.
Whereas the former improves the etch resistance of the resist, the latter facilitates
the demolding process leading to a lower defectivity. Despite these improvements,
such resists have not been widely implemented for commercial products. Besides,
the thermal expansion mismatch between the stamp and the polymer in thermal
nanoimprinting could lead to pattern distortion in the imprinted structures. This
can be more critical when overlay accuracy is considered.

2.2.4 UV Nanoimprint Lithography
To circumvent some of the above-mentioned issues and complexities in thermal
NIL, UV-curable polymer materials were suggested for implementation in NIL. In
UV-NIL, a transparent template with nanostructured relief is brought in proximity
with a substrate with UV-curable resist on top. Applying a low range of pressure
along with capillary forces result in filling of micro- and nanocavities by resist. The
UV irradiation through the transparent template crosslinks the resist and finally
the structured polymer is separated from the template. To render the process
compatible with semiconductor industry standards, the template can be diced into
smaller stamps and subsequently utilized for replication of nanofeatures on small
dies in a step and repeat process. The latter is coined as step and flash imprint
lithography (SFIL) [68].

2.2.5 SOA UV-NIL Resists & Limitations
UV-NIL has indeed addressed some of the roadblocks hindering the fast devel-
opment of nanoimprint lithography. Using photopolymer materials significantly
reduces the viscosity of the resist resulting in a better filling property and therefore
an enhanced replication fidelity. It also relaxes the stringent requirements of using
high imprint pressures for faithful replication of features. A more precise overlay
can also be achieved by UV-NIL in the absence of heat and the associated thermal
mismatch in this process.

Despite the noted improvements, UV-NIL struggles with some challenges par-
tially attributed to the resist domain. To be considered as an ideal resist for UV-
NIL/SFIL, a photopolymer should have the following properties; low viscosity for
fast filling of nanocavities, low shrinkage and shrinkage stress for high-quality fea-
ture replication and durability, high Young-modulus to avoid the collapse of fea-
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Figure 2.2: UV-NIL process flow: a) Dispensing of NIL resist. b) Template-substrate
contact by applying controlled pressure. c) UV curing. d) Demolding; collapse of HAR
pillars considered to be a major problem.

tures. In addition, excluding unwanted side reactions and byproducts, and being
less prone to oxygen inhibition improve the replication quality.

To date, a variety of photopolymers have been deployed for UV-NIL [69–71].
As a case in point, UV-curable acrylate monomers have been used as nanoim-
print resists. Nevertheless, these class of monomers suffer from several disadvan-
tages [72–74]: They are prone to oxygen inhibition, and therefore a thin layer
of uncured monomers remains after polymerization, leading to pattern distortion.
Acrylate-based resists also experience significant shrinkage and shrinkage stress.
Furthermore, the high viscosity of these resists imposes restrictions to the filling
quality. Vinyl-based monomers have also been implemented as UV-curable NIL
resists [75, 76]. Despite precluding some of the noted issues, using these class of
polymers often leads to strong template-polymer adhesion [77], and a noticeable
density of defects. Khire et al. [78] and Lin et al. [79] have reported the use of
thiol-ene resist for SFIL and UV-NIL, respectively. Insensitivity to oxygen inhi-
bition and the lack of byproducts in these polymer networks have contributed to
the formation of high-resolution features via NIL. Nevertheless, the structuring of
HAR features has appeared to be a challenge in the thiol-ene copolymers due to
the low-moderate modulus and the resulting feature collapse in these class of poly-
mers. Figure 2.2 shows the process flow schematics of the UV-NIL, highlighting
the common problem of HAR feature collapse after the demolding process.

2.2.6 HAR Polymer Nanostructuring via NIL & Limitations
HAR nanostructures are of interest for many interesting applications such as anti-
reflective, superhydrophobic and dry adhesives surfaces [80]. Nanopatterning of
HAR structures in polymers is a complicated process and often faced with sig-
nificant challenges with regards to the fidelity of replication and defects. These
are mostly associated with the contact-phase lithography/molding techniques in
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Figure 2.3: An overview of HAR structures replicated through NIL reported in different
publications.

which physical contact, pressing force, and friction play important roles in pattern
definition with the intended AR [81].

NIL can be of great potential for the structuring of HAR polymer features due
to its high throughput manufacturing and rapid cycle time. Also, the fact that
NIL is not reliant on further etching processes can leverage the implementation of
this technique for simple, cost-effective and high-resolution replication of polymer
features and components. Nonetheless, HAR nanostructuring via NIL cannot be
easily achieved since the polymer has to flow inside deep cavities for the complete
filling of features [82]. Furthermore, the tensile stress during the demolding pro-
cess causes polymer delamination and rupture. Several studies have reported the
implementation of conventional and roll-to-roll NIL for patterning of medium-high
aspect ratio polymer features [83, 84]. Lateral and vertical sizes, geometric shapes
and interspacing between features are key factors for successful engineering of such
structures. In general, larger lateral sizes with wider interspacing potentially en-
able higher aspect ratio feature patterning. Therefore, patterning HAR features
of submicron lateral sizes with high density has appeared to be difficult. Figure
2.3 shows a comparison of HAR structures, with respect to different lateral sizes,
achieved via NIL. Regarding the geometric shapes, patterning pillars is considered
to be very challenging due to the lack of any intrinsic air vents for blind holes in-
side molds, leading to the partial filling of resist. In addition, the low contact area
between polymer and substrate and the high friction force between template and
polymer trigger the delamination of polymer from substrate during the demolding
process. Structures of low interspacing are also more prone to collapse [85–87]. Due
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to the noted complexities, patterning of HAR polymer features via NIL has been
mostly focused on geometric shapes such as gratings and channels with more re-
laxed processing conditions compared to pillars [83,88,89]. Despite great potential
applications, fabrication of dense features has also received less attention due to
the demanding processing conditions and resulting defects.

2.2.7 Hierarchical Polymer Nanostructuring via NIL & Limita-
tions

Conceptually inspired by nature, fabricating 3D hierarchical structures has at-
tracted great attention for biomimetic applications such as dry adhesives [90], anti-
bacterial surfaces [91], self-cleaning and superhydrophobic surfaces [92]. Due to the
wide range of applicability, numerous methods for fabrication of these structures
have been suggested [93–95]. The most well-known method for structuring of these
features is layer-by-layer photo/e-beam lithography [82]; a base layer is first formed,
developed and subsequently etched if necessary; thereafter, other layers, featuring
smaller components, are built on the top of the base layer. As denoted by the
name, layer-by-layer structuring requires multi-step processing and high-precision
alignment, which leads to low fabrication yield and expensive end-products. More-
over, the capillary collapse of polymer features during the development process is
a common problem.

As a simple and scalable method, nanoimprint lithography can be a promis-
ing choice for the high-throughput fabrication of multi-level polymer structures.
Nevertheless, the proposed NIL-based techniques so far have not satisfied such
standards. Sequential nanoimprint lithography is often implemented for building
up hierarchical structures. However, overlaying secondary patterns on the base
layer is a complex process; and in other approaches, surface treatment of the main
layer either by plasma roughening [95] or anodized metal oxidation [94] are not
selective patterning processes. Indeed, the majority of developed techniques for
nanoimprinting of hierarchical structures are dependent on multi-step processes.
More specifically in thermal nanoimprint, even by exerting high pressures, it is still
challenging to fill the multi-level mold cavities which in turn leads to a poor pattern
definition (see figure 2.4).

Although nanoimprint lithography conceptually provides a facile and scalable
replication method, the ascribed problems in the resist domain have impeded its
rapid development for industrial applications. Therefore, introducing a novel NIL
resist of low-viscosity, low-stress, low-shrinkage, and high modulus can potentially
give more momentum to the ongoing research.

Chapter 4 of this thesis will present new solutions regarding the structuring of
HAR and hierarchical features with a diverse range of geometric shapes and sizes
via UV nanoimprint lithography.
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Template

Substrate

Figure 2.4: General filling profile of a resist (in blue) in a multi-layer template in the
thermal-NIL process. The incomplete filling of the template leads to a poor pattern
definition.

2.3 Micro (Reaction) Injection Molding

2.3.1 Overview

Injection molding (IM) has been proved to be one of the most versatile techniques
in the mass production of polymer devices. The conventional IM machinery, pro-
duction lines, and molding protocols have governed the global market for high-
throughput and cost-effective production of plastic materials. According to a recent
report by Grand View Research, the size of the global market for injection molded
plastics is envisioned to reach USD 496.22 billion by 2025 1. The reasons behind
such unrivaled success are commonly associated with the material and fabrication
domains. Plastic materials are by far less expensive than the competing materi-
als such as metals, silicon, and fused silica or glass. Likewise, the manufacturing
processes of plastics are less demanding compared to those of peers. Besides, the
cost of polymer manufacturing is hardly influenced by the design details and com-
plexity due to the multiple iterations of the molding process using the same mold
[96]. As replicas, thermoplastics have been appeared to be the suitable materials
for injection molding. Polymers such as polycarbonate (PC), cyclo-olefine (COC),
polymethylmethacrylate (PMMA) and polystyrene (PS) have been widely used in
such settings [97]. The broad range of thermoplastics offers a wide scope of se-
lection depending on the material properties such as optical transparency, thermal
and solvent resistance, and mechanical strength [98]. The injection molding process
entails three main steps as follows (see figure 2.5) [96]:

1. Plasticization: the polymer pellets are melted while the reciprocating screw
is pushing.

1https://www.grandviewresearch.com/press-release/global-injection-molded-plastics-market
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Reciprocating screw

Plastic melt

Mold halves

Nozzle

Sprue

(a)

Injection piston

Injected melt

(b)

Replica

(c)

Figure 2.5: Micro injection molding process: a) Plasticization. b) Filling and packing.
c) Cooling and demolding.

2. Filling and packing: the mold set-up is closed, and the melted polymer is
injected inside the mold cavity and kept under pressure.

3. Cooling and demolding: the polymer is solidified and demolded from the mold
cavity by ejector pins.

While IM has been successfully established in its conventional term, the trans-
lation into the molding of microstructures has faced some challenges. For example,
whereas IM of macro features normally requires pellets of weighs suited for the
macro molding, the shot volume of polymers for microstructures is more limited
[99]. This leads to the fact that a significant volume of the melted polymer is
used for the sprue and runners and therefore wasted, affecting the final cost of
the end product. To address such issues, special micro injection molding (µIM)
machines have been developed. Such systems offer accurate metering of the in-
jected polymer by addition of an injection plunger. µIM have been successfully
used for manufacturing of microcomponents such as microgears, micropumps and
fibre connectors [97,100].
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2.3.2 µIM & Limitations

µIM of thermoplastics is a commercially viable method for replication and manu-
facturing of microstructures, but its widespread use has been hindered due to the
following roadblocks [101–104]:

• Demanding processing conditions regarding heat and pressure lead to com-
plicated and expensive tooling.

• Highly viscous thermoplastic polymers impose restriction with regards to com-
plete filling of the microcavities and high aspect ratio features.

2.3.3 RIM & Limitations

In reaction injection molding (RIM), two component thermosetting polymers are
mostly used as replica materials. Due to the low viscosity of polymer precursors
prior to the injection, thermosetting polymers show a better and faster filling prop-
erty inside the mold cavities, which in turn, enhances the fidelity of replication,
compared to those of thermoplastics. Utilizing RIM for fabrication of microstruc-
tures was developed during mid-1980s in Karlsruhe, Germany. Nevertheless, the
commercialization of this method for micro- and nanostructuring purposes has not
been realized yet. The reason is mostly attributed to the high shrinkage rates (up
to ca. 20%), long cycle times in thermal curing systems (up to several hours) and
difficulties in monomer mixing [97,105]. Therefore, IM has remained the predomi-
nant platform in the microstructuring of polymer materials despite its demanding
processing conditions.

Figure 2.6 benchmarks different polymer nanostructuring methods in terms of
resolution and complexity. Cleanroom-based methods such as photostructuring,
e-beam lithography, and NIL have proved to be powerful for high-resolution pat-
terning of the diverse range of structures. However, such capability is often compro-
mised by using only thin polymer layers. This, in turn, excludes formation of full
polymeric devices via these nanofabrication methods. Moreover, these methods en-
tail high complexity in both tooling and processing aspects, leading to high cost of
manufacturing. Injection molding, on the other hand, enables the manufacturing
of full polymeric devices on a large scale and with a reasonable cost. Nonethe-
less, IM machinery requires demanding processing conditions which need to be
further adapted to the targeted feature sizes. Therefore, prototyping of injection
molded devices in research laboratories is not common. Hot embossing, as another
replication method for microstructuring of plastic parts, however suffers from long
cycle times[97]. Casting, 3D printing, and CNC milling can alternatively provide
easier and more accessible prototyping, but they are not tunable for scalable manu-
facturing. On the other hand, reaction injection molding can potentially combine
easy prototyping and scalable fabrication together. However, due to the above-
mentioned problems in the resin area, its use in the microscale fabrication has been
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Figure 2.6: Benchmarking of different commercial polymer nanofabrication methods in
terms of feature size and complexity.

deprecated for decades. Therefore, nanostructuring of polymer materials via RIM
has not yet been reported.

Chapter 5 of the thesis will address such shortcomings by introducing Micro-
and NanoRIM platforms for simple and scalable fabrication of polymer microfluidic
devices.

2.4 Polymer Properties & Back-end Processing

Overview

The success of the LoC field for real-life applications is not only dependent on
high-precision structuring of the devices; some other key factors and properties
such as leak-free and high-strength bonding, durable surface energy tunning, reli-
able surface functionalizing, high quality electrical/optical interfacing and robust
sensor packaging should also be treated with equal importance, if not more. These
factors not only play an essential role in the device performance, but they are also
considered to be critical elements in the final cost calculation [15, 106]. The ap-
propriate choice of material has a significant impact in this regard. As already
mentioned, using glass and silicon is often not preferred due to the processing com-
plexity and high cost of fabrication. Polymers, as alternative materials, have been
predominantly used for microfluidics and biological applications. Table 2.1 gives
an overview of different polymers commonly used in academic and industrial areas
for such applications, their common fabrication methods, scalability and ease of
production (already discussed in previous sections). In addition, it benchmarks
different material properties such as mechanical strength, optical transparency and
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native surface energy along with the required processes for additional bonding and
sealing, functionalization and electrical/optical interfacing.

2.4.1 Mechanical Properties
Depending on the targeted applications, polymer materials of different Young-
modulus can be desired. For example, while PDMS renders material of flexible
mechanical property, thermoplastics offer a medium-high range of stiffness. The
modulus related to each polymer normally falls within a limited range. A mate-
rial of tunable mechanical property, however, will offer more versatility for a broad
range of applications.

2.4.2 Optical Transparency
Based on the type of read-out mechanism, the optical transparency of polymers can
be of significant importance. This can be in part an intrinsic bulk property, and also
to some extent associated with the surface roughness. Therefore, special care needs
to be taken concerning the material surface finish resulted from the manufacturing
process. Fabrication methods such as CNC micromilling and 3D printing are more
prone to produce surface roughness and may require additional polishing steps.

2.4.3 Surface Energy
Hydrophobicity and hydrophilicity are essential characteristics of polymers when
they are exposed to fluids and biomolecules. PDMS, for instance, has the well-
known hydrophobic surface property which often needs to be altered through addi-
tional surface modifications. Most thermoplastic and thermosetting materials also
possess intrinsic hydrophobicity. A more detailed discussion regarding different sur-
face energy patterning techniques and their importance in digital bioassays will be
provided in the section 1.6 of this chapter.

2.4.4 Bonding & Sealing
In microfluidic devices, the bonding of fluidic layers can be achieved via various
methods depending on the material of choice, the required operating pressure
and the demanded compatibility to the intended on-chip biochemistry. Numer-
ous bonding methods such as thermal bonding, ultrasonic bonding and localized
laser welding have been utilized for device sealing purposes [102, 107]. In addition
to complexity in processing, such methods impose certain risks regarding feature
deformation and collapse during bonding. Using adhesive layers, either in the form
of UV/thermally curable glues or adhesive tapes, has also gained popularity in the
microfluidics community. However, applying glues and adhesives also brings some
challenges along such as clogging microchannels, non-uniform coating or unwanted
effect on biomolecules via leaching of adhesives.
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2.4.5 Functionalization
As discussed above, the native surface of manufactured polymer devices might not
be suitable for introducing fluid media or biomolecules. To activate the surface,
different chemical coating protocols, commonly implemented via multiple back-end
processing steps, have been developed. A more detailed discussion regarding the
biofunctionalization of polymers and their importance for high-resolution protein
patterning will be presented in the section 1.5 of this chapter.

2.4.6 Electrical/Optical Interfacing
Embedding electrical/optical connections and components inside a microfluidic car-
tridge, integrating sensors and connecting them to the outside world are indispens-
able elements while optimal design, performance and cost of an LoC device are
being considered. Off-chip electrical components are especially interesting when
disposable use of a cartridge is devised. The required electrical connections can
be permanently integrated inside a polymer cartridge by various means such as
metal deposition, sputtering, adhering precision-cut electrodes and printing elec-
trodes. Nevertheless, to promote adhesion of metals to polymer cartridges, surface
activation of the polymers is often required. Non-permanent electrical interfacing
via edge connectors and sockets [108,109] and spring-loaded contacts [110,111] for
microfluidic devices have also been reported. A more detailed discussion regarding
this subject will be presented in the section 1.7 of this chapter.

As discussed above and highlighted in table 2.1, regardless of the polymer type,
certain back-end processing (BEP) techniques are typically implemented to enable
bonding, functionalizing and electrical/optical interfacing. This also applies to the
change of the surface energy, for example from hydrophobic to hydrophilic. Such
processes are often labour-intensive and impose a great deal of complexity and cost.

Chapter 5 of this thesis will demonstrate a facile method for microfluidic part
assembly and sealing via direct covalent bonding. The polymeric parts of high op-
tical transparency, tunable mechanical strength and native hydrophilicity will be
presented. Also, simple electrical interfacing of microfluidic components will be
discussed.

2.5 Biofunctionalization & Protein Nanopatterning

2.5.1 Overview
Interfacing biological entities with non-biological elements to make human-machine
hybrids was once the subject of science fictions. However, with the emergence
of nanotechnology and its powerful tools for miniaturization and manipulation of
features on molecular and atomic scales, the gap between fantasy and reality is
becoming increasingly narrower. Different research fields such as biomechatronics,
wearable electronics and tissue engineering are examples of biohybrid implemen-
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tation, mostly on macro and micro scales. On nanoscale, the immobilization of
biomolecules including proteins and DNA on non-biological entities can broaden
our horizons towards engineering smart biosystems. However, the more immediate
impact of biomolecule nanopatterning is on the field of biosensors where precise
and stable localization of biomolecules leads to an improved signal and a better
sensitivity [112].

Micro- and nanoscale localization and patterning of biomolecules on solid sub-
strates can be achieved via different approaches [113]. Such techniques are generally
categorized into two major groups: contact and non-contact patterning; the former
utilizes a stamp or an AFM tip, in physical contact with the substrate, to locate
biomolecules onto a surface [114]. Microcontact printing (µCP) and nanoimprint
lithography (NIL) are examples of stamp-based techniques in which biofunctional-
ized silicon or polymer templates are employed to transfer molecules onto a sub-
strate [115,116]. Dip-pen nanolithography (DPN) is another technique which grafts
proteins on surfaces using an atomic force microscopy (AFM) tip [117]. Despite be-
ing promising in the high-resolution deposition of biomolecules, all these methods
suffer from abrupt or gradual physical wear of stamp/probe due to the direct physi-
cal contact with the substrate, leading to different levels of defectivity. The collapse
of micro- or nano features on PDMS stamps or damage of highly sensitive and frag-
ile AFM tips along with the very slow processing time for the latter are considered
as indispensable drawbacks of the aforementioned techniques. In addition, the need
for high-precision alignment between the stamp and the substrate adds to the com-
plexity of the process. On the other hand, non-contact mode patterning provides
a highly precise and low defect procedure for patterning of molecules on different
surfaces with some compromises in the overall cost of the processing; Photolithog-
raphy for micropatterning and electron beam (e-beam) lithography as a maskless
nanopatterning technique have been widely exploited for biomolecule immobiliza-
tion with high resolution [57–61, 118–120]. Table 2.2 presents an overview of the
e-beam based protein micro- and nanopatterning studies.

2.5.2 SOA e-beam Protein Nanopatterning Techniques & Limi-
tations

A large number of studies on different surface modification protocols prior to or
post-e-beam exposure have been performed [121–123]. In these approaches, di-
verse types of self-assembled monolayers (SAMs) are built on solid supports in
multi-level processes. As a case in point, Rundqvist et al. have used a SAM of
amide-containing (poly ethylene glycol) (PEG) thiol to immobilize NeutrAvidin
coated spheres on Au surface by e-beam lithography [124]. Other studies have
also demonstrated the assembly of thiol, amine and silane terminated monolayers
on Si or Au substrates in several steps by e-beam patterning aimed for protein
immobilization [122, 125, 126]. Indeed, the dominant techniques for biomolecule
patterning via e-beam exposure mostly rely on an additional pre-modification or
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back-end processing of the substrate and not on the e-beam resist property itself.
This will impose some bottlenecks for the further development of e-beam based pro-
cesses. Also, the resulting planar functional monolayers cannot be considered as
robust mechanical elements and do no offer any elevated structures. Therefore, for
combining 3D structuring and durable protein patterning, multi-step and complex
surface modification procedures are required. Some studies have shown the direct
patterning of protein molecules via electron beam lithography. However, a wide
range of proteins is sensitive to the harsh EBL processing conditions such as high
vacuum, high electron energies and aggressive developers [127]. Bat et al. [61] have
reported the use of a hydrogel e-beam resist capable of maintaining the functiona-
lity of a number of proteins while being exposed to electron beams. Nevertheless,
hydrogels do not offer robust mechanical properties which also makes structuring
of sub-100 nm features difficult. In an ideal scenario, an e-beam resist with robust
mechanical property and reactive surface nature can potentially offer a direct and
simplified approach for 3D biomolecule nanopatterning.

Chapter 6 of the thesis presents new approaches for direct biofunctionalization
on robust 3D nanostructures.
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Table 2.2: An overview of different protein nanopatterning techniques implemented by
EBL, their achieved resolution and special features

Method Resolution Features

e-beam on PEG
SAM [124]

Lines and squares:
40 nm width,

half-pitch: 100 nm

• Physical adsorption
• Only 2D

Direct protein
inactivation by
e-beam [125, 127]

Sub-micron features,
no dense features

• Exposing proteins to harsh
processing conditions

• Not a general approach for all
proteins

SAM inactivation by
e-beam, back-filling
by active SAM,

protein binding [121]

Lines: 300 nm width,
no dense features

• Multi-step processing
• Physical adsorption
• Only 2D

e-beam patterning of
PMMA resist [120]

Channels: 50
nm width, no
dense features

• Physical adsorption
• Only 2D

Direct e-beam
patterning of protein
solved in the trehalose

glycopolymer [61]

Lines: 110 nm width,
half-pitch=155 nm

• Multiplexed immunoassay
• In-situ resist exposure and

protein patterning
• Poor mechanical properties of

the resist

e-beam patterning
of P(tBuMA-

co-MMA) resist [57]
Sub-micron features,
no dense features

• Multi-step processing
• Hydrophobic adsorption

e-beam patterning
of PMMA resist and
subsequent formation

of SAM [59]

Features down to 600
nm, no dense features

• Multi-step processing

SAM removal
by e-beam and

subsequent binding
of proteins to the

unexposed area [119]

Dots: 80 nm diameter,
no dense features

• Only 2D

e-beam patterning
of PEG [123]

Lines:1 µm width,
no dense features

• Suitable for cells
• Multi-step surface modification
• No capability for biofunctional-

ization of 2.5D features

e-beam patterning/
localized e-beam
modification of

hydrogels [128, 129]

Micron and sub-
micron features,
no dense features

• Suitable for cells
• Poor mechanical properties of

the resist
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2.6 Surface Energy Pattering in Digital Bioassays

2.6.1 Overview

Surface Energy Modification & Patterning

Surface properties of materials are commonly regarded with many considerations
in LoC systems. Among such properties, the surface energy is of prime interest due
to the interaction of solid-liquid-gas interfaces and the resulting impacts on fluids
and biomolecules behavior. Surface hydrophilicity and hydrophobicity, for example,
determine the attachment or repulsion of cells to/from the substrate [130, 131]. In
microfluidics, embedding passive components are often achieved through the defini-
tion of hydrophobic and hydrophilic regions. Since in numerous cases, the intrinsic
surface properties of materials are not compatible or well-suited for the intended
applications, different strategies for surface energy modification have been explored.
Such techniques, mainly implemented through back-end processes, often target sur-
face topography or chemistry of the materials. For instance, a diverse range of micro
and nanostructures have been implemented for controlling the wettability of sur-
faces [132, 133]. From a different perspective, surface chemistry of materials can
also be tailored and modified based on the desired applications [134, 135]. Several
surface modification techniques such as chemical coating, plasma activation and
grafting have been frequently used for defining the desired surface energy. Never-
theless, the utilization of these methods for modifying finished surfaces suffers from
several prominent drawbacks: Firstly, these approaches are multi-step and cumber-
some [136], i.e., using chemical protocols and physical masks for surface treatment
and surface energy patterning. Secondly, the surface modifications are often not
permanent and prone to degradation over the course of time [137]. In addition,
selective surface energy patterning of 3D structures is hard to achieve. Bead-based
digital bioassays exemplifies a class of biosensors for which a simple, durable and
selective surface energy patterning technique, of 3D capability, can enhance their
sensitivity.

Digital Bioassays

The development of ultrasensitive platforms for the rapid detection of pathogens
and biomarkers has attracted significant research efforts. Digital bioassays with
binary signals are examples of such platforms. Digital bead-based bioassays, in
general, rely on using microwell arrays for detection of target biomolecules which are
in turn labelled by an enzyme capable of amplifying a fluorogenic substrate. A Large
number of magnetic beads, coated with receptors such as detection antibodies, are
exposed to a sample containing a low concentration of target analyte resulting in
single or zero capturing of the target molecules per bead. In such systems, the wells
act as microcompartments for confining single magnetic beads [138] (see figure 2.7).
Thereafter, magnetic beads, with or without the enzyme-labelled target molecules,
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(a) (b)

Bead

Figure 2.7: Illustration of a microwell-based digital assay (on the left) and a microscopy
image of well array after seeding process (on the right). The seeding of beads can be
assisted by selective surface energy definition along with using a magnet.

are seeded into the microwells, followed by adding the fluorogenic substrate to the
microwells and sealing them in order to isolate their contents. During an incubation
step, inside positive wells (containing beads with enzyme-labelled targets) enzyme
reacts with and amplifies the fluorogenic substrate, resulting in an accentuated
fluorescent signal, enabling a simple counting of the positive wells via a normal
fluorescence microscopy. The efficient bead seeding and compartmentalization of
droplets are often achieved through implementation of hydrophilic well arrays in
a hydrophobic background. Femtolitre-well arrays, of hydrophilic-in-hydrophobic
(HIH) nature, are indeed a good manifestation of structures requiring simple, yet
precise and selective surface energy patterning methods for digital sensing.

The ability of digital bioassays for single-molecule detection has paved the way
for rapid and ultrasensitive detection of target molecules sparsely present in the
sample [139]. This can be of paramount value for healthcare domain that requires
fast and timely detection methods. For instance, the early detection of malignant
tumors are often impeded by low concentration of the associated biomarkers [140,
141].

2.6.2 SOA Bead-based Digital Bioassays & Limitations

Extensive academic research have been performed to find new ways for manufactu-
ring of microwells and development of different bioassays [142–144]. Despite the
solidity of theory in single molecular detection [145], so far only a few implemen-
tations of digital bioassays have been commercialized in the healthcare market
[146, 147]. Tables 2.3 and 2.4 show several examples of academic and industrial
bead-based digital bioassays and their specifications regarding the material of use,
manufacturing, surface energy definition, and bead seeding efficiency. Based on
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such comparison, a majority of digital bioassays and the resulting manufactured
products suffer from the following shortcomings [140,142,144,148].

1. They are mostly based on cleanroom processing and therefore not easily scal-
able.

2. The materials of the finished products are often glass and optical fibers that
are not cost-effective.

3. They do not necessarily provide features of defined surface energy, e.g. hydrophilic-
in-hydrophobic well arrays, which leads to a low-moderate range of efficiency
in the bead seeding.

4. To implement selective surface energy modification, multi-step processing is
required. This adds to the complexity and cost of the final products.

Indeed, an industrially-friendly fabrication technique in tandem with the ef-
fective surface energy patterning of microwell arrays can potentially narrow the
existing gap between the academic research and industry in the field of digital
bioassays.

In chapter 6 of this thesis, novel methods of simultaneous polymer microstruc-
turing and surface energy patterning will be presented. Besides, the application of
these methods for efficient magnetic bead seeding in digital bioassays will be demon-
strated.



30 CHAPTER 2. TECHNICAL BACKGROUND

Table 2.3: A comparison between different bead-based digital bioassays with respect
to their materials, fabrication method, defined surface energy and seeding efficiency of
beads

Material Fabrication method HIH wells Seeding efficiency

Glass optical fiber
bundles [139] Chemical etching No 40-60%

Glass [140] Photolithography Yes 60%
COP polymer [149] Injection molding No 45%

Glass [142] Photolithography Yes 98%
PDMS [144] Casting No n.a.

Glass [141] Photolithography Yes n.a.

Glass optical fiber
bundles [143] Chemical etching Yes 50%

Table 2.4: Examples of commercialized digital bioassays and their comparison with
respect to their manufacturing, seeding mechanism and features/limitations

Commercial
brand

MW array
manufacturing

Seeding
mechanism Features

Illumina [150] Etched optical fibers Evaporation
based

• Nucleic acid analysis
• High seeding efficiency
• Not compatible to proteins

Quanterix
(SiMoA

platform) [147]
Injection

molded DVDs
Gravity
based

• Protein measurement
• Low seeding efficiency
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2.7 Sensor Integration & Packaging

2.7.1 Overview
Sensor driving and read-out inside microfluidic devices can be implemented via dif-
ferent integration approaches. The majority of methods are based on connecting
a microfluidic cartridge to an off-chip driver/read-out circuits via electrical con-
nections. This is mainly due to the fact that CMOS and in many cases MEMS
components are required to be isolated from liquids. Furthermore, the size of
the CMOS and MEMS chips are significantly smaller than the microfluidic de-
vices leading to a more challenging interfacing. Despite such limitations, there
has been an increasing interest to integrate active electronic and optical compo-
nents with fluidic devices [151]. To adapt LoC technology for cost-effective and
well-established integration on the commercial scale, the concept of “lab-on-PCB”
has also attracted researchers’ attention [152]. Such integration can be achieved
via two approaches: either microfluidic components are separately fabricated in a
different material and subsequently integrated onto a printed circuit board (PCB)
[153,154]; or the fluidic networks and features are directly fabricated on a PCB via
photolithography and etching processes [153, 155]. Now the question is how to in-
tegrate sensors and microfluidic components and package them as an end product.
Before answering this question, two critical factors should be regarded with caution.
Firstly, the integration mechanism should have no or minimal intrusive impact on
the sensor performance. Secondly, the packaging technique should preferably be
simple and comprised of minimal assembly steps and components. The latter is
especially important when cost-effective and commercial use of a biosensor is in-
tended. Mechanical clamping and adhesive bonding are two standard techniques
for final integration and packaging of biosensors. Mechanical clamping, often im-
plemented by screw mounting, provides a reversible way of integration often suited
when reusing a package for different sensors. Despite being rather easy for research-
based purposes, using screws and threaded holes is often not the preferred option
for mass production. Also, the induced mechanical stress via clamping may lead
to introducing noise to the system. Using adhesives is another way to integrate
microfluidic components with sensing elements which imposes the previously men-
tioned adhesive limitations. Quartz crystal microbalance (QCM) is an example of a
sensor for which a simple and robust packaging technique can significantly impact
its widespread use and solid performance.

2.7.2 SOA QCM Sensor Packaging & Limitations
QCM offers an ultra-sensitive sensing mechanism based on addition/removal of a
mass onto/from the crystal surface and the subsequent translation of the mass
change into the change of resonance frequency. There has been an increasing
trend in using QCM for biomolecular sensing applications including the detection
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Screws

O-ringsFlow cell

Fluidic ports

QCM

Mechanical clamping

Figure 2.8: Illustration of standard cartridge design and integration method (on the
left) with the respective photograph of a commercial QCM cartridge (on the right). The
commercial device is a product of QCM Lab AB, which is disassembled to show the
different components.

of pathogens [156, 157], interaction of ligand-receptor [158] and cell studies [159].
QCM technology is a label-free detection method and relies on small, basic and in-
expensive electronics. QCM Lab, Attana AB, and Biolin Scientific Holding AB are
several examples of successfully commercialized QCM-based sensing devices and
equipment for life-science applications.

Despite extensive research and scientific publications, the potential of QCM for
field applications such as PoC diagnostics has not been fully realized. The reason
for limited uptake of QCM technologies for healthcare domain can be attributed
partly to the lack of cost-effective and industrially friendly platforms for QCM
sensor integration and packaging; today’s de facto standard cartridge design entails
a multi-step integration process via cumbersome screw-mounting assembly [160].
In such design, illustrated in figure 2.8, the cartridges is typically comprised of
the following components: Metal or thermoplastic parts which are commonly not
batch fabricated; O-rings for the purpose of liquid sealing; spring-loaded contacts
for electrical connection; and finally screws for the assembly of the noted parts
which is performed through mechanical clamping. Such assembly method can be
useful in research laboratory settings where reuse of cartridges is common, and
the cost is not the first concern. However, it imposes certain barriers to scalable
production:

• Metal cartridges are not suitable for disposable use.

• The single part production, as opposed to batch fabrication, of cartridge
components and screw-mounting assisted assembly is too complicated and
therefore not cost-effective.
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• Clamping of electrical components is a delicate process affecting the final
performance of sensors.

• 3D microfluidic systems with well-defined geometrical features are difficult to
achieve in such systems.

These barriers indeed impede the widespread use of QCM technologies for field
studies.

Chapters 5 and 6 of this thesis will investigate new methods regarding batch-
fabrication of disposable QCM cartridges with subsequent sensor integration via di-
rect covalent bonding, featuring a minimalistic design with microfluidic components
for PoC diagnostics and field applications.





Chapter 3

Electron Beam Nanostructuring of
Thiol-ene Resist

In this chapter, a novel e-beam resist with native reactive surface and high Young-
modulus for BioNEMS applications is presented.

In section one, e-beam nanostructuring of thiol-ene resist, for the first time, is
shown. Patterning of diverse types of geometries with low interspacing is demon-
strated.

Second section discusses the important results and gives an outlook about future
studies on thiol-ene e-beam structuring.

3.1 Nanostructuring of Thiol-ene via e-beam Lithog-
raphy

The UV-light-assisted radical polymerization of thiol-ene via click-chemistry has
been utilized in photolithography of microscale structures [36, 161]. However, due
to the diffusion of reactive species during photolithography, an undesired broaden-
ing effect has previously been an obstacle for enabling high-resolution microscale
photostructuring of stoichiometric thiol-ene formulations [162]. In a recent study
by Hillmering et al. [163], it was revealed that a deliberate deviation from a stoi-
chiometric thiol-ene formulation into an off-stoichiometric formulation significantly
reduces the pattern broadening during photostructuring. This interesting phe-
nomenon was explained by the formation of a densely cross-linked barrier zone ad-
jacent to the boundary between the exposed and non-exposed pre-polymer which
was suggested to be formed via a depletion mechanism of the deficient monomer.
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Figure 3.1: Schematic illustration of the e-beam structuring on thiol-ene resist featuring
a reactive surface

However, due to inherent limitations with optical photostructuring, the nanoscale
resolution is difficult to achieve with photomask-based lithographic methods.

An investigation of electron beam structuring of thiol-ene polymer networks was
performed in paper 1. An off-stoichiometric thiol-ene formulation of 80% excess
was used as a negative-tone e-beam resist. The resist is a blend of trifunctional
thiol and tetrafunctional allyl monomers, an inhibitor and two types of solvents
(details described in paper 1 ). Spin coating of the synthesized OSTE polymer
resulted in a resist thickness of 30-50 nm. A variety of different structures including
gratings, circular and cubical pillars and a fractal tree were designed for e-beam
exposure. The structures feature a broad range of lateral sizes and interspacing
to evaluate the capability of electron beams for the polymerization of thiol-ene
networks. The initial investigations showed that by the exposure of 25 keV electrons,
a wide range of doses from 100 to 2325 µC/cm2 is applicable to OSTE resin without
any noticeable overexposure. For the structures with lateral sizes above 500 nm,
the doses between 100 to 500 µC/cm2 appeared to be powerful enough. However,
smaller features are more demanding in terms of the required dose. A dose range
between 500-1000 µC/cm2 was applied for structuring of sub-500nm features.

Figure 3.1 illustrates the process flow for EBL structuring of OSTE resist with
reactive surface nature. Figure 3.2 shows the AFM images of pillars/gratings from
500 nm down to 20 nm in diameter/width and half-pitch. Such high resolution
structuring via electron beam exposure can be attributed to the high excess of
thiol groups in polymer formulation. This, in turn, results in the depletion of the
deficient monomers in the non-exposed area and suppresses the gelation triggered
by radical diffusion in that area. It can also be speculated that the addition of the
inhibitor further improves the resolution of the features by scavenging radicals in
non-irradiated regions and therefore circumventing the pattern broadening. The
presence of reactive thiol excess on exposed and non-exposed areas, after develop-
ment, was also investigated by X-ray photoelectron spectroscopy (XPS) analysis.
The results indicate that in average 4.6% of the electron exposed surface consists
of thiol functional groups while uncovering of the underlying Cr is evident in the
non-exposed areas. To evaluate the mechanical robustness of the structures, e-beam
and UV patterned thiol-ene features were compared using Intermodulation AFM.
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Figure 3.2: AFM images of e-beam structured OSTE. a) Pillars of 500 nm diameter
and half-pitch. b) Gratings of 250 nm width and half-pitch. c) Gratings of 100 nm width
and half-pitch. (d-f) Gratings and pillars of 70 nm diameter/width and half-pitch. (g-i)
Gratings and pillars of 50 nm diameter/width and half-pitch. (j-l) Gratings and pillars
of 40 nm diameter/width and half-pitch. (m-n) Gratings of 30 nm width and half-pitch.
(o-p) Gratings of 20 nm width and half-pitch.
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To make such comparison, two different thiol-ene based formulations including on-
stoichiometric thiol-ene (ONSTE) and off-stoichiometric thiol-ene (OSTE with 80%
thiol excess) were used for photostructuring. The results show that the electron-
beam patterned OSTE structures have an average e-modulus of 3 GPa, significantly
stiffer than UV-cured ONSTE and OSTE polymers with respective e-modulus of
130 and 60 MPa. This indicates strong crosslinking of thiol-ene networks when
exposed to electron beams.

3.2 Discussion & Outlook

Electron beam lithography is considered to be a powerful enabler for the definition of
ultra-high resolution patterns. To date, manufacturing of complex nanoelectronic
circuitry, photolithography masks, NEMS devices and nanoimprint stamps have
appeared to be the major applications of EBL. The de facto e-beam resists hitherto
mostly act as sacrificial layers for subsequent etching and layer transfer, meeting
the standards of semiconductor and photonic research fields. The emerging fields
of BioNEMS and biohybrid systems along with the demands for miniaturization
of features and precise localization of biomolecules have called for some shifts in
e-beam resist standards.

A novel class of e-beam resist for electron beam lithography was developed in
this work, offering the following key advances:

• Nanostructuring of thiol-ene via e-beam lithography, enabling the highest
resolution and densest features reported in such polymer networks.

• An e-beam resist featuring reactive groups on the surface.

The combination of thiol-ene nanostructuring and thiol surface functionality
opens up new horizons for highly-controlled biomolecule immobilization, bottom-up
chemical synthesis and nanoscale self-assembly [164]. While strong covalent binding
enabled by thiol-X reaction allows for a diverse range of organic and inorganic
surface reactions, a thiol-ene substrate with a high e-modulus can serve as a robust
host for the formation of bioassays. Formation of high resolution and highly dense
structures confirms the successful pattern definition in thiol-ene networks using
electron beams, and the lack of broadening or defects.

To disseminate the research based on this work, further studies can be more
illuminating:

• Using different ratios of off-stoichiometry in thiol-ene and different concen-
trations of the inhibitor.

• Exposing the OSTE resist to different electron energies.

• Evaluating the sensitivity and contrast of the OSTE resist with respect to the
applied electron energies.
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• Optimizing the development process with respect to time, temperature and
solvent chemistry.

In the next chapter, UV nanoimprint lithography in thiol-ene-epoxy systems
will be discussed.





Chapter 4

Nanoimprint Lithography of Thiol-
ene-epoxy Systems

This chapter presents the use of thiol-ene-epoxy systems for nanoimprint lithogra-
phy and further demonstrates the structuring of high-aspect-ratio and hierarchical
features via single-step UV NIL.

Section one highlights the unique features of dual-curing thiol-ene-epoxy systems
for UV-NIL and further discusses the template fabrication and the process flow.

In the second section, nanoimprinting of high aspect ratio structures with diverse
geometrical shapes is shown.

Third section demonstrates the single-step nanoimprinting of hierarchical struc-
tures.

In the last section, the current status of nanoimprint lithography in ITRS, its
perspective as an established nanofabrication technique and the outlook of the po-
tential use of thiol-ene-epoxy resist for industrial applications are discussed.

4.1 Dual-curing Thiol-ene-epoxy Systems for Nanoim-
print Lithography

As discussed in chapter one, the polymerization of thiol-ene-epoxy material can be
tuned in a dual-curing system; the first curing stage renders a material of rubbery
mechanical state, whereas the second curing forms a material of stiff thermoplastic-
like property. Nanoimprint lithography can immensely benefit from the following
polymerization kinetics and dual-curing process offered by this system:

• The delayed gelation occurred in these polymer networks reduces the shrink-
age and the induced stress which, in turn, contributes to the high replication
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fidelity.

• Embedding epoxy monomer in the polymer network enables the formation of
robust polymer structures.

• The low viscosity of the polymer precursor allows for rapid and high-ratio
filling of template nanocavities with a low-medium rage of imprint pressure.

• The dual curing system offers a facile demolding process of the intermediately
cured polymer when the thiol-epoxy reaction is not yet initiated.

• The excess of thiol and epoxide functional groups, prior to the second curing
stage, imparts the capability of layer bonding or immobilization of biomolecules
on the polymer surface without any additional surface modifications.

Based on the noted properties, off-stoichiometry thiol-ene-epoxy ( OSTE+) was
utilized for nanoimprinting of high-aspect-ratio and dense polymer structures of
diverse geometric shapes (paper 2 ). Also, different forms of hierarchical features in
a single-step UV-NIL were demonstrated.

4.1.1 OSTE+ UV-NIL

Template Fabrication

Fused silica wafers were chosen due to their UV transparency and relative mechan-
ical robustness for UV nanoimprinting. 100 nm of Cr was deposited on top of 4"
fused silica wafers with 500 µm thickness. The wafers were then diced into smaller
chips (2 x 2 cm2). The chips were subject to e-beam lithography to fabricate di-
verse geometric patterns with 10 µm down to 70 nm lateral sizes. Further two-step
etching of Cr and SiO2 enabled the formation of deep cavities of 1-4 µm depth.
Additional Cr deposition, e-beam lithography and etching processes were used for
fabrication of hierarchical templates. All the templates were then silanized to be
coated with anti-sticking layers.

UV-NIL Process

The OSTE+ NIL process flow is illustrated in figure 4.1. The resist was dispensed
on a silicon substrate, and the substrate was placed in an EVG nanoimprint tool.
The e-beam patterned template was mounted on a transparent 4" soda lime wafer
as the carrier, brought in contact with the substrate and the pressure (1100 mbar)
was exerted. This was proceeded by UV curing (60 s) and a manual demolding
process.
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UV

a b c d e

Figure 4.1: Process flow of OSTE+ NIL; a) Dispensing the resist on the substrate. b)
Template-substrate contact by applying a controlled pressure. c) First step curing via UV
irradiation. d) Demolding. e) Second step curing via heating.

4.2 High-aspect-ratio Nanoimprinting of OSTE+ Poly-
mer

The imprinted OSTE+ nanotopographies cover a variety of geometric shapes in-
cluding pillars, wells and honeycombs. Different range of AR from relatively high
(1:2.5) to ultrahigh (1:28) is achieved. The pillar forests are of particular interest
here due to the previously-mentioned challenges in NIL. Figure 4.2 shows the forma-
tion of dense and HAR pillars with the diameters and aspect ratios of 500 nm (1:7),
300 nm (1:8), 200 nm (1:10) and 100 nm (1:8). These structures are among the
densest and highest aspect ratio pillars ever reported via nanoimprint lithography.
Despite the high density and aspect ratio of pillars, no noticeable sign of collapse,
delamination or defects can be observed. Arrays of wells with the diameters and
aspect ratios of 400 nm (1:8) and 70 nm (1:28) are also presented (see figure 4.3).
Gratings with the width of 85 nm and AR of 1:6.5, and honeycomb structures with
the width of 400 nm and AR of 1:2.5 are also demonstrated, see figures 4.4 and 4.5.

4.3 Single-step Nanoimprinting of Hierarchical Struc-
tures

Figure 4.6 shows circular and rectangular hierarchical OSTE+ topologies fabricated
in a single-step nanoimprint. The circular structures feature double-level pillars
with the diameters of 4.5 µm and 400 nm and the respective heights of 3 µm
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Figure 4.2: Perspective SEM images of high aspect ratio pillar forests replicated via
OSTE+ NIL with the respective diameter (D), half-pitch (HP) and aspect ratio (AR) ; a)
D=100 nm, HP=150 nm, AR=1:8. b & c) D=200 nm, HP=400 nm, AR=1:10. d) D=300
nm, HP= 600nm, AR=1:8. e & f) D=500 nm, HP= 750nm, AR=1:7.
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(a) (b)

Figure 4.3: Perspective SEM images of (ultra) high aspect ratio well array; a) D=70
nm, HP=150 nm, AR=1:28. b) D=400 nm, HP=500 nm, AR=1:8.

(a) (b)

Figure 4.4: Perspective horizontal (a) and vertical (b) SEM images of gratings with the
width of 85 nm and AR of 1:6.5.
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Figure 4.5: Perspective SEM images of honeycomb structures with the width of 400 nm
and AR of 1:2.5.

and 550 nm. Rectangular structures are comprised of two levels of pillars with the
diameters of 9.5 µm and 850 nm and the respective heights of 3 µm and 550 nm. The
nanoimprinted structures show a complete formation of double layer hierarchical
features implying a nearly complete filling ratio with no visible defectivity.
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(a)

(b)

Figure 4.6: Perspective SEM images of hierarchical structures fabricated via single-step
OSTE+ NIL; a) Rectangular structures featuring double-level of pillars with diameter of
9.5 µm and 850 nm and respective height of 3 µm and 550 nm. b) Circular structures
featuring double-level pillars with diameter of 4.5 µm and 400 nm and respective height
of 3 µm and 550 nm.
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4.4 Discussion & Outlook

Nanoimprint lithography was established more than two decades ago. Despite its
high-resolution, scalability and extensive academic and industrial research in the
field, NIL seems to be still in its toddler stage. The initial plans envisioned by
ITRS for implementation of NIL in the semiconductor field has not been fully
realized yet. Defectivity is considered to be the main roadblock, hampering the fast
development of this fabrication method. In a more recent version of ITRS (2015
edition) 1, devices such as flash memories are introduced as the potential products
for nanoimprint lithography due to their less sensitivity to defects. For example,
Toshiba has launched a project for production of next-generation flash memory
devices using nanoimprint lithography. Other more defect-tolerant domains such
as photonics and microfluidics can also gain from simple and cost-effective NIL-
based manufacturing. Roll-to-Roll nanoimprinting can be an excellent surrogate
technique for fast, high-throughput and large-area manufacturing of nanopatterned
polymer surfaces. To meet such objectives, however, a reliable NIL resist capable
of low defectivity, low shrinkage and robust mechanical property is an important
prerequisite.

This work was a modest attempt to fulfill some of the noted requirements by
introducing thiol-ene-epoxy systems as a novel class of resist for UV nanoimprint
lithography. This was confirmed by nanoimprinting of low-defect high-aspect-ratio
and hierarchical topographies in OSTE+ polymers.

To conclude, OSTE+ polymers can be considered as a promising class of re-
sists for nanoimprint lithography. Nonetheless, specific considerations should be
maintained for the successful commercialization of this product; the existence of
the epoxy monomer in the polymer network can potentially increase the risk of
template-polymer adhesion, leading to a rather high density of defects; the accu-
rate separation of two-stage curing can reduce such a risk by not activating the
thiol-epoxy reaction prior to the demolding process; another solution is to embed
hydrophobic monomers in OSTE+ formulation, facilitating the demolding process;
also, the OSTE+ formulation used in this research was mainly tuned for a direct
replication of polymer features as integral components of the device with no further
etching; for a wider use of such resists, however, specific formulations of the poly-
mers capable of pattern transfer are required; since thiol-ene polymers typically do
not feature a high etch resistance property, the addition of high silicone content
monomers or fillers into the resist formulation might be necessary.

The next chapter will discuss the use of micro and nano reaction injection mold-
ing for the fabrication and assembly of polymer microfluidic devices.

1https://www.semiconductors.org/resources/2015-international-technology-roadmap-for-
semiconductors-itrs/



Chapter 5

Micro and NanoRIM of Thiol-ene (-
epoxy) Systems

This chapter introduces Micro- and NanoRIM platforms for manufacturing of micro-
fluidic devices and nanostructuring of materials in thiol-ene and thiol-ene-epoxy
systems.

The first section presents the concept of µRIM using thiol-ene-epoxy systems.
The second section shows the use of µRIM for the fabrication and integration of

microfluidic devices including the batch fabrication of disposable cartridges.
The third section introduces the NanoRIM platform, for the first time, for sub-

micron structuring in OSTE polymer.
The last section discusses the results and the prerequisites for the dissemination

of Micro- and NanoRIM for potential commercial applications.

5.1 µRIM

As previously discussed, thiol-ene copolymers feature a prominent effect called “de-
layed gelation” that leads to a reduced extent of shrinkage and the resulting stress.
This along with the fast UV curing process and the solvent-free reaction render
such polymer systems as ideal candidates for reaction injection molding (RIM).
Moreover, adding epoxy to the thiol-ene network (OSTE+) and separating the
polymerization process into two different steps provide a unique feature for facile
back-end processing in such systems.
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Figure 5.1: OSTE+ RIM process flow: a) Precursor injection. b) First step UV curing.
c) Demolding. d) Trimming. e) Molds for different parts. f) Replicated OSTE+ parts. g)
Heterogeneous integration of different layers via second step UV/thermal curing.

OSTE+ µRIM Process

The details of the µRIM process for the fabrication of OSTE+ microfluidic parts
is discussed in paper 3 and figure 5.1. Prior to µRIM, the following items and
conditions need to be provided and fulfilled.

• Molds in aluminum or thermoplastic materials are standard candidates for
CNC micromilling. However, due to the exothermic nature of OSTE+ poly-
merization, a material with high thermal conductivity such as Al is preferred.
When replication of sub-100 µm features is intended, mold inserts made of sil-
icon, fused silica or quartz can be alternatively produced through cleanroom-
based methods such as photo- and e-beam lithography.

• A mold set-up including injection and ventilation ports for polymer precursor
filling along with clamps to hold the mold assembly are required. For the
UV-curable OSTE+ resin, one part of the mold assembly needs to be opti-
cally transparent (at 365 nm and 395 nm, depending on the photoinitiator).
Using a release liner film at the interface between the resin and the flat trans-
parent part of the mold setting facilitates the demolding and handling of the
intermediately polymerized replicas after the first UV curing stage. Using an
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Figure 5.2: Photographs of fabricated and assembled OSTE+ microfluidic devices filled
with color dye: a) An OSTEMER 322 microfluidic device. b) Magnified image of a
meander channel. c) Magnified image of a chamber d) Side-view of a OSTEMER 322
device. e) An OSTE+ 40 device.

active cooling set-up such as Peltier element for efficient heat dissipation is
also suggested.

• OSTE+ resin needs to be properly mixed and efficiently degassed to avoid
inhomogeneous curing or bubble formation.

The RIM process consists of three main steps:

1. Resin injection: The OSTE+ resin is injected inside the mold cavity.

2. UV curing: The resin is exposed to UV irradiation through the transparent
side of the mold set-up. At this stage, the thiol-ene reaction is triggered by
the UV irradiation and the prepolymer starts to crosslink.

3. Demolding: The release liner is separated from the mold, carrying the replica.

At this stage, the intermediately polymerized replica has rubbery-like mechani-
cal properties, comparable to that of PDMS. Besides, the OSTE+ replica containing
thiol and epoxide functional groups offers a reactive surface suitable for straight-
forward layer bonding or molecular binding.
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Figure 5.3: A photograph of a 4" wafer-size Al mold (right) and the replicated OSTE+
parts (left) with the embedded world-to-chip tube connectors.

(a) (b)

Figure 5.4: Photographs of glass-OSTE+ microfluidic hybrid devices: a) Several
fabricated devices. b) A device filled with aqueous color dye.
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Direct Covalent Layer Bonding

In the back-end processing stage, the intermediately polymerized parts were brought
in contact, manually aligned, and subsequently bonded. The resulted assemblies
were then exposed to different temperatures (RT-110°C) for different time spans
(several hours down to minutes, respectively) to achieve full polymerization. After
the second curing, the assembled OSTE+ parts can be easily detached from the
release liner films.

5.2 µRIM for Fabrication & Integration of Microfluidic
Devices

5.2.1 Demonstrator Devices

OSTE+ µRIM was utilized as a novel fabrication platform for microfluidic devices.
Figure 5.2 illustrates several OSTE+ replicas generated for microfluidic applica-
tions. The devices showed excellent bonding quality and proved to be leak tight
when exposed to high pressures (at least 4 bars). The devices also exhibited robust
mechanical properties and excellent optical transparency. Furthermore, OSTE+
µRIM induces a low residual stress and allows for a high replication fidelity. This
is mainly achieved through a shrinkage compensation provided by the backfilling
of resin into the mold cavity during polymerization. The capability of µRIM for
fabrication of polymer parts with embedded tube connectors was further evaluated
(see figure 5.3). Additionally, integration of polymer-glass hybrid microfluidic de-
vices was demonstrated. Figure 5.4 shows such devices consisting of standard glass
slides (75 × 25 × 1mm), coated with gold in the center (D = 5mm) and directly
bonded to OSTE+ parts containing microfluidic features.

5.2.2 Batch Fabrication of Disposable Microfluidic Cartridges
for Sensor Packaging

To show the feasibility of microfluidic cartridge production on commercial scale,
12 polymer parts per injection cycle were fabricated (Paper 4 ), see figure 5.5. The
OSTE+ µRIM process was performed by injecting OSTE+ 40/OSTEMER 322
precursor into the mold and the first curing step was initiated by exposure to an
unfiltered and collimated UV-light for 60 s. Then, 12 replicated OSTE+ parts
were demolded in a single step. This allows us to have a 5 second cycle time per
part. The disposable cartridges were later used for packaging of quartz crystal
microbalance sensors (see chapter 6).
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Figure 5.5: Photographs of an Al mold for batch fabrication of OSTE+ replicas (a),
with shadow mask (b), a magnified view (c) and batch fabricated replicas on a release
liner (d).

5.2.3 Microfluidic Cells for Electro-optical Applications

OSTE+ µRIM platform was used to fabricate a polymer microfluidic cell for in-
vestigating the electro-optical effects in Poly (3-hexylthiophene-2,5-diyl) (P3HT)
nanofibers colloid (Paper 5 ). Below, the fabrication and evaluation of the micro-
fluidic cells are discussed.

Fabrication of Microfluidic Cells

Two complementary parts of OSTE+ polymer were fabricated via µRIM, see figure
5.6. After the first curing step, thin layers of gold (20 nm) were deposited on the
designated areas using shadow masks. To protect the polymer from anisole solvent
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Figure 5.6: An illustration (left) and a photograph (right) of OSTE+ microfluidic cells
fabricated for nanofibers colloid.

and avoid polymer swelling, a thin layer of Teflon was spin coated on the desired
areas. Thereafter, the polymer parts with integrated electrodes were assembled,
and underwent the second curing step (at 120 °C, for 30 min). The interlocking
parts form a microfluidic chamber with the volume of 250 µl for the nanofibers
colloid.

Evaluation of Microfluidic Cells

After injection of P3HT nanofibers colloid inside the chamber, the bonding prop-
erty of the microfluidic cell was scrutinized; no sign of leakage, swelling or polymer
warping was observed. The quality of gold electrode integration and electrical con-
nections were also investigated. Despite using a very thin layer of gold, the coating
was crack-free and uniform. The integrated electrodes were successfully attached
to the signal source through gluing wires. The microfluidic cell also demonstrated
good transparency for the intended optical use.
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5.3 NanoRIM

High-resolution structuring of materials often entails demanding operation condi-
tions, resulting in complicated and expensive tooling along with laborious process-
ing. NanoRIM (Paper 6 ) was a curious attempt to investigate the boundaries of
RIM for high-resolution patterning of OSTE/OSTE+ thermosetting polymers.

To enable sub-micron structuring in OSTE polymer via RIM, a set-up (see figure
5.7) consisting of the following parts was fabricated and assembled:

• Mold insert: a millimetre-sized fused silica chip was e-beam patterned. The
patterns covered a broad range of features including cylindrical and cubical
wells and KTH logos. The mold structures were intentionally chosen as blind
holes to impose demanding conditions for the resin filling during injection.
The chip was then etched through reactive ion etching (RIE), delivering fea-
tures with the aspect ratios up to 5. To facilitate the demolding, the chip
was coated with an anti-sticking layer of hydrophobic silane. Thereafter, the
e-beam patterned chip was integrated inside a cm-sized PMMA part contain-
ing features of mm size. This provided a hybrid mold insert for the NanoRIM
process.

• Movable aluminum part: The topmost part as a carrier for the mold insert
which has a central hole in order to pass the UV light.

• The mold body with a cm-sized cavity which is accessed through injection
and ventilation ports.

• An O-ring, placed between the mold body and insert, which guarantees the
sealing where a mild cavity vacuum (20 mbar) was applied.

• Screw clamping to hold the assembly.
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Figure 5.7: Illustrations of a) NanoRIM-setup. b) Cross section showing different com-
ponents

NanoRIM Process

The mold insert was mounted inside the NanoRIM set-up and clamped before
applying the vacuum inside the mold cavity. OSTE resin was then injected and
UV cured (<10 s). The clamp was released, and finally the replica was demolded.
Figure 5.8 shows images of a cm-sized replica, embedded with features of mm,
µm and submicron sizes. NanoRIM demonstrates excellent replication fidelity for
such broad range feature sizes. The complete and homogeneous filling of resin
is demonstrated in figure 5.8.d where both a microfeature and its nanoroughness
on the top are fully replicated. An array of 850 nm thick pillars with AR>4
demonstrates the capability of NanoRIM for HAR structuring. The lateral size of
the features in KTH logos are 250 nm.
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Figure 5.8: Photographs and SEM images of OSTE replica and features: a) A cm-
sized OSTE replica with micron and submicron features. b) An overview of micron and
submicron structures. c) Several structures of 250 nm < size < 50 µm. d) A 50 × 50 µm
sized cubical feature. e) Pillar forest (D=850 nm). f) KTH logo with features down to
250 nm.



5.4. DISCUSSION & OUTLOOK 59

5.4 Discussion & Outlook

In this chapter, Micro- and NanoRIM were presented as potential surrogate methods
for the fabrication of polymer parts, containing micro- and nanostructures. µRIM
was used to manufacture microfluidic devices of different fluidic components such
as channels, chambers and tube connectors. The dual curing mechanism in OSTE+
polymers imparts versatility to RIM regarding easier demolding and facile bond-
ing. Also, the ability of µRIM for the batch fabrication of disposable microfluidic
cartridges along with direct integration of the gold electrodes inside microfluidic de-
vices were shown. The temperature stabilization in the OSTE+ RIM process allows
for a more precise temporal control over thiol-ene-epoxy two-stage curing systems.
All the fabricated devices showed high optical transparency, low shrinkage, low
residual stress and high replication fidelity. The facile integration of different poly-
mer parts resulted in the formation of robust and leak-free bonding interfaces which
can tolerate high pressures.

NanoRIM, as the first-time nanostructuring via reaction injection molding, was
further demonstrated in this work. NanoRIM features a simple and inexpensive
tooling with non-demanding operation conditions. Submicron structures with as-
pect ratios over 4 were demonstrated via NanoRIM.

Micro- and NanoRIM are facile, yet powerful methods for high-resolution struc-
turing of polymer materials. They facilitate cost-effective and straightforward pro-
duction of micro and nanofluidic devices on research laboratory scale. Micro- and
NanoRIM, moreover, have potential for industrial purposes; to achieve such an
objective, specific considerations should be taken into account:

• Mold materials and set-up should be adapted to standard (reaction) injection
molding machinery.

• OSTE/OSTE+ formulations need to be adjusted according to the industrial
demands.

• Suitable and durable anti-sticking formulations and coating standards for the
mold materials are required.

• Standard mold cleaning protocols should be developed.

• Optimized demolding techniques need to be implemented.

The next chapter will discuss the use of EBL, NIL and Micro/NanoRIM tech-
niques along with the surface functionality of thiol-ene and thiol-ene-epoxy systems
for different BioMEMS/NEMS applications.





Chapter 6

BioMEMS/NEMS Applications

This chapter describes the applications of the previously noted nanofabrication methods
in thiol-ene and thiol-ene-epoxy systems for different biomedical purposes.

The first section shows the direct biofunctionalization and subsequent protein
patterning on the polymer surfaces via EBL and NIL.

The second section describes the use of µRIM and imprinting techniques for si-
multaneous microstructuring and surface energy patterning. It further shows the
application of the resulting HIH microwell arrays for ultra-sensitive sensing in dig-
ital bioassays.

The third section shows the facile packaging of QCM sensors with disposable
polymer cartridges for potential use in PoC applications. And it further discusses
their performance.

The last section explains the results and present outlooks for the above-mentioned
applications.

6.1 Protein Nanopatterning

6.1.1 EBL-based Patterning

As discussed in chapter 2, the de facto e-beam resists do not provide any reactive
groups on the structures after the e-beam exposure and development. Therefore,
for building up robust bioassays on top of such resists, forming different types
of SAMs is often required. OSTE e-beam resist, on the other hand, offers reac-
tive thiol groups on the surface (see chapter 3) which can be readily utilized for
direct biofunctionalization (Paper 1 ). To demonstrate such capability, the biotin-
streptavidin bioassay was implemented on top of the OSTE e-beam resist in the

61
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Figure 6.1: a) Light microscopy image of a fractal tree structure featuring a trunk with
the width of 100 µm and branches down to 100 nm, structured via EBL in OSTE resist.
b) Fluorescence microscopy image of the fractal tree after protein patterning.

following manner: By addition of maleimide-PEG2-biotin on top of the e-beam
patterned OSTE, unreacted thiol groups and biotin linkers spontaneously and co-
valently bind together through thiol-maleimide Michael addition. Subsequently,
the fluorescently labeled streptavidin proteins are attached to the biotin molecules
and selectively immobilize the proteins on the OSTE patterns.

Figure 6.1 shows the light and fluorescence microscopy images of a fractal tree
before and after protein patterning, respectively. The tree features a 100 µm wide
trunk, along with branches and twigs of width as small as 100 nm. To thoroughly
investigate the limits of protein patterning on OSTE e-beam structured resist, ar-
rays of lines with the widths of 50 nm, 100 nm, 250 nm and 500 nm with the
corresponding pitches of 2x, 3x, 4x, 5x, 7.5x, 10x, 15x, 20x, 30x, 40x, 50x, 75x,
100x were e-beam exposed and subsequently patterned with the proteins (see fig-
ure 6.2). For the line widths above 250 nm and pitches above 1 µm, the patterns
are proved to be distinguishable under the fluorescence microscope. This was also
confirmed by protein patterning on OSTE pillars with 250 nm width and interspac-
ing, demonstrating high selectivity of protein patterning only on EBL structured
regions, see figure 6.3. However, For smaller and denser features, no conclusive
statement can be made. This is partially due to the weak intensity of the fluores-
cent signals and the light diffraction limit for characterization of features with nm
sizes. In addition, the lack of complete development for sub-100nm feature sizes
and dense structures results in non-selective binding of proteins to the non-exposed
regions.
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Figure 6.2: Fluorescence microscopy images of line arrays with the widths of 50, 100,
250, 500 nm and the corresponding pitches of 2x, 3x, 4x, 5x, 7.5x, 10x, 15x, 20x, 30x,
40x, 50x, 75x, 100x (x representing the multiplication by the width of the structure).
Lines are structured via EBL in OSTE and subsequently patterned with proteins.
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Figure 6.3: AFM images of circular pillars with 250 nm diameter and half-pitch; a)
Before protein patterning. b) After protein patterning. The AFM cross section profile is
also presented.
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Figure 6.4: a) Schematic illustration of biotin-streptavidin bioassay patterning between
the two curing stages in OSTE+ NIL. b) Fluorescence microscopy image of the protein
patterned pillars.



6.2. DIGITAL BIOSENSING 65

6.1.2 NIL-based Patterning
The same concept of direct biofunctionalization was also implemented on nanoim-
printed OSTE+ surfaces (Paper 2 ). Unlike the OSTE e-beam resist which ex-
periences only one stage of crosslinking via exposure to electrons, the OSTE+
nanoimprint resist undergoes two stages of UV and thermal curing. The excess
of thiol functional groups after the first UV curing, therefore, can be readily used
for direct biofunctionalization. The protein patterning follows the same protocol
similar to that of e-beam, but using biotin alkyne here, see figure 6.4.a. To avoid
exposing proteins to high temperatures and the risk of protein denaturation, the
second curing step in the NIL process was done at room temperature (for several
days). Figure 6.4.b shows a large array of 3 × 3 µm protein patterns with 1 µm
interspacing on a nanoimnpirnted surface.

6.2 Digital Biosensing

6.2.1 Surface Energy Mimicking by Area Selective Self-assembly
of Monomers

A recent study [165] has shown that through embedding certain monomers, OSTE
polymer can replicate the surface energy of a material to which it is exposed during
polymerization. This phenomenon is coined as surface energy mimicking and the
special formulation of the polymer, containing mimicking monomers, is referred to
as mimicking OSTE (mOSTE). When combined with a molding process, this en-
ables simultaneous microstructuring and surface energy micropatterning in a single
step. Such process obviates multi-step and labor-intensive back-end processing and
facilitates the translation of research products into the market.

6.2.2 RIM of HIH Microwell Arrays for Digital Biosensing
The capability of RIM for high-resolution polymer structuring, on macro, micro and
nano scales, was shown in the previous chapter. Using the mimicking concept in
OSTE polymers, reaction injection molding was employed for simultaneous struc-
turing and 3D surface energy micropatterning of polymer replicas in a single step
(Paper 7 ). µRIM technology applies its potential for scalable and high-throughput
manufacturing of HIH femtoliter well arrays with high seeding efficiency of magnetic
beads.

Fabrication of Surface Energy-patterned Molds

To replicate the surface energy from a mold into a replica, a mold with defined
hydrophilic and hydrophobic regions is required. In this study, a clean-room based
process for manufacturing of hydrophilic pillar arrays in a hydrophobic background
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Figure 6.5: Schematic illustrations of the mold insert fabrication (a-e); illustrations of the
µRIM using self-assembly of area-selective monomers (g-k); and the resulting microstruc-
tures and surface energies (f,l-n). (a) Photo-resist (yellow) coated on fused silica (blue).
(b) Patterned Cr after photolithography process and wet etching. (c) Micropillars in fused
silica with Cr on top next to dry etching. (d) The same micropillars after Teflon (red)
coating. (e) A finalized mold insert with hydrophilic arrays of pillars in the hydrophobic
background next to Cr lift-off. (f) SEM image of a mold insert with micropillars of 3.5
µm diameter. (g) The assembly of mold and resin injection. (h) The area-selective self-
assembly of monomers occurred on mold surfaces and the corresponding surface energy.
(i) UV-curing process and (j) A replica after demolding. (k) HIH wells in the replica. (l)
SEM image of replicated HIH microwells with 3.5 µm diameter and 8.5 µm pitch. (m,n)
Measured contact angles on hydrophobic and hydrophilic areas of the replica, respectively
(on 2D surfaces).
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is presented. The mold consists of two halves: A UV-transparent mold insert
featuring arrays of micropillars in fused silica, and an Al mold body containing the
mold cavity.

Fabrication of Mold Inserts

A fabrication method for microstructuring and surface energy patterning of the
mold inserts, without any need for complex alignments, was developed via pho-
tolithography, chemical and dry etching, Teflon coating and metal lift-off processes
(see figure 6.5). The mold insert is embedded with a 5 × 5 matrix of pillar arrays
(on a 4" fused silica wafer), having a total number of 1,843,650 pillars. The diam-
eter and interspacing of micropillars are in the range of 2.5-4.5 µm, and 7-9 µm,
respectively. Different mold inserts feature different micropillar heights in the range
of 3-4.5 µm. The process flow of mold insert fabrication and energy patterning is
illustrated in figure 6.5.a-e.

Mold Assembly & Demolding Set-up

Following the standard µRIM set-up, the mold body is comprised of a CNC milled
Al body with a cavity and inlet/outlet ports for the resin injection and connection
to the vacuum source. Using PMMA as an alternative material for the mold body
was also investigated. PMMA is not a good heat conductive material; however, its
transparent optical property is suitable when a non-transparent mold insert, e.g. a
silicon chip, is used. The assembly of the mold insert and body was performed via
different clamps, including a set of 3D printed frames, sealed by adhesive foam tapes
or a pair of toggle clamps, fixed on a substrate for applying a uniform pressure. A
custom designed demolding fixture with ejector pins was used for demolding of the
polymer replicas.

Mimicking OSTE Formulation

The mOSTE resin formulation developed in this work has five constituents of
which three exist in the common OSTE formulation, including tetra-functional thiol
(PETMP), tri-functional allyl (TATATO) and a photoinitiator (Irgacure 184); the
others are two monomer agents, HEMA and FDMA, to mimic the mold hydrophilic-
ity and hydrophobicity, respectively.

Area-selective Surface Energy Definition

µRIM process for the replication of microwell arrays (see figure 6.5.g, i and j) follows
the same protocol which was described in the previous chapter. However, due to
the use of mOSTE resin for surface energy replication, the potential effect of a
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Figure 6.6: Isolation of fluorescein microdroplets in femtoliter well arrays. (a) Schematic
illustration of fluorescein and oil on top of HIH well arrays followed by the fluorescein re-
moval. (b) Schematic of the femtoliter fluorescein microdroplets trapped and isolated
inside the microwells. (c) Fluorescence microscopy image (top view) of fluorescein micro-
droplets trapped inside HIH femtolitre-wells.

new processing parameter, referred to as incubation time, was also investigated.
The incubation time is defined as the time interval between the resin injection and
the curing steps. The incubation time was varied from 0 to 60 min. This allows
us to estimate the required time for the effective self-assembly of the mimicking
moieties at the resin-mold interface. Thereafter, the resin was UV cured for 15
seconds which results in structuring of microfeatures and the simultaneous surface
energy patterning in one step. After demolding, the manufactured microwell arrays
exhibited an excellent replication fidelity, concerning the well geometries, when
observed by optical microscopy and SEM imaging. The measured contact angles
were reported as 90◦ and 59◦ for hydrophobic and hydrophilic areas on 2D flat
replicas, respectively, with zero incubation time. By increasing the incubation
time up to 60 min, the hydrophobic contact angle reached to 105◦; in contrast,
no statistically significant changes were observed for the hydrophilic contact angle.
However, the acquired contact angles in zero incubation time were proved to be
sufficient for an efficient bead seeding. Moreover, the replicated surface energies
appeared to be stable over time (11 months).

Magnetic Bead Seeding & Bioassay Implementation

The 3D surface energy patterning in microwell arrays was further evaluated through
trapping femtoliter sized droplets of a fluorescein solution in microwells with a sub-
sequent oil sealing to avoid evaporation, see figure 6.6. The absence of signal from
the interspacing areas confirms the HIH nature of the microwell arrays. Another
evaluation was carried out through magnetic bead seeding of wells with the di-
ameter and depth of 3.5 µm and pitch of 8.5 µm (selected for optimized seeding).
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Figure 6.7: Schematic illustrations (a-d) and fluorescence microscopy images (e-g) of dig-
ital bioassay implementation on µRIM-based femtoliter microwell arrays; a) Streptavidin
coated beads with different concentrations of biotinylated -galactosidase b) Magnetic-
assisted bead seeding of microwell arrays. The microwells are subsequently loaded with
fluorogenic substrate (FDG). c) Sealing microwells with oil and FDG removal. d) Light
observed from entrapped beads capturing an enzyme. The fluorescent signals from 10 fM
(e), 100 aM (f) and 0 M (g) concentrations leading to 86.9%, 17.6% and 0.1% of active
wells, respectively.
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The seeding efficiencies of magnetic beads were reported as 75% and 87.2% for one
cycle and multiple cycles of seeding, respectively. Such high seeding efficiencies
are the manifestation of successful surface energy patterning in microwell arrays.
Preliminary analysis also confirmed the ability of µRIM-based microwell arrays for
digital bioassay applications; streptavidin-coated magnetic beads, mixed with dif-
ferent concentrations of biotinylated β-galactosidase (10 fM, 100 aM and 0 M),
were seeded manually into microwell arrays inside a magnetic field. Microwells
were then loaded with a fluorogenic substrate (FDG), proceeded by sealing with
oil (see schematics (a-d) in figure 6.7). Figure 6.7 (e-g) shows the fluorescence im-
ages of HIH microwells obtained after performing the digital bioassay with various
concentrations. These initial results are promising for digital bioassays that require
efficient and rapid seeding of magnetic beads.

6.2.3 Imprinting of HIH Microwell Arrays for Digital Biosensing
Here, imprinting technique was employed for the fabrication of femtoliter microw-
ell arrays in OSTE+ polymer (paper 7 ). A silicon master mold, embedded with
microwells (2-100 µm in diameter), was first fabricated via photolithography and
subsequent etching (see figure 6.8). A negative template was then replicated by
casting PDMS on the silicon master to form micropillars. The PDMS template
was then used as a stamp for imprinting of microwell arrays in mimicking OSTE+
(mOSTE+) resin that was previously spin-coated on a silanized glass slide. Differ-
ent concentrations of FDMA monomer, as the hydrophobic mimicking agent, were
mixed and evaluated. Subsequent to UV curing, the imprinted polymer microw-
ells on the glass slide substrate were demolded. Due to the self-assembly of the
hydrophobic monomer molecules on the surface of PDMS stamp, the surface of
the imprinted polymer structures features a hydrophobic property. Nevertheless,
the bottom of the microwells remains to be hydrophilic as the conformal contact
between the PDMS stamp and the glass slide inhibits the formation of any resid-
ual polymer layer. Therefore, hydrophilic-in-hydrophobic microwell arrays were
manufactured in a glass-polymer hybrid.

The hydrophilicity of the bottom of the wells and the hydrophobicity of the
interspacing areas were later validated by trapping both dyed water and fluorescein
microdroplets inside the wells, see figure 6.9. Imprinted microwells with the diame-
ter of 4 µm and depth of 3 µm were then used for seeding of magnetic beads upon 12
seeding cycles. The results show high seeding efficiencies up to 96%. Furthermore,
the ability of OSTE+/glass hybrid microwells for performing digital bioassays was
scrutinized through implementing a biotin-streptavidin assay similar to the protocol
stated before. A limit of detection (LoD) of 17.4 aM was obtained.
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Figure 6.8: Schematic illustrations of HIH microwell arrays fabricated via imprinting
technique; a) Casting PDMS on a silicon master containing well arrays. b) Replicating
the micropillar arrays in PDMS stamp. c) A silanized glass slide. d) mOSTE spin coating
on glass slide. e) Imprinting and UV curing. f) Replicated HIH microwell array. g-i)
Generating fluorescent signal via transporting a fluorogenic substrate over microwells.
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Figure 6.9: a) Microscopy images of a microwell array with printed water droplets; wa-
ter droplets are trapped inside wells while transporting an aqueous dyed water droplet
across the well array. b) An array containing 62500 microwells (D=5 µm) with the
printed droplets of fluorescein.

6.3 QCM Sensor Packaging

The importance of sensor packaging, in general, and QCM sensor packaging, in
specific, along with the shortcomings of state of the art techniques in this area were
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discussed in chapter 2. This work reports µRIM as a novel platform for the fab-
rication of OSTE+ polymer microfluidic cartridges for packaging of QCM sensors
(Paper 4 ). Such method offers a simplistic and minimalistic approach for QCM
sensor heterogeneous integration through leak-tight and direct covalent bonding
of QCM sensors to OSTE+ polymer cartridges. The technology also enables the
definition of microfluidic features inside the polymer cartridges. QCM OSTE+
cartridges consist of three components: a QCM crystal, a polymer top part and a
bottom substrate, see figure 6.10. The crystal has wrap-around electrodes to pro-
vide electrical connections. The top OSTE+ part includes fluidic ports, a cavity to
form a flow cell above the crystal and surface areas for bonding to the crystal and the
bottom substrate. The bottom substrate must also allow for electrical connections
to the crystal, either by embedding electrical connections on itself or by allowing
external electrical connections to pass through. In the latter design, the bottom
substrate can also be another molded polymer part. Based on the above-mentioned
criteria, two different designs and assemblies for QCM OSTE+ cartridges (type A
and type B) have been suggested and implemented, see figure 6.11. The details
of the cartridge fabrication, electrical interfacing, sensor integration and polymer
formulations are presented in table 6.1.

Micro-flow cell

Fluidic ports

Direct covalent
bonding

OSTE+ cartridge

Direct covalent
bonding

QCM

Figure 6.10: Illustration of proposed cartridge design and integration method (left) with
the respective photograph and QCM-OSTE+ device (right). The OSTE+ microfluidic
cartridge is integrated on a PCB substrate provided by QCM Lab AB.

6.3.1 Cartridge-sensor Integration by Direct Covalent Bonding
• Type A cartridge: For package assembly, first, the quartz crystal was inserted

into the cavity of the OSTE+ top part which results in a 2 mm wide contact
area at the peripheral edge of the quartz disk; then the stack was UV cured to
trigger the covalent bonding at room temperature. This stabilizes the crystal
in the top part, while the epoxide groups on the non-contacted surfaces of
the top part are still available for the full device assembly. The stack was



6.3. QCM SENSOR PACKAGING 73

Top-cartridge

QCM

Bottom-cartridge Top-cartridgeTube connectors

Bonding

O

S

H

C

C

OHO

O

H

S

H

UV

S

H
O

S

H
O

S

CH2

CHOH

CHOH

CH2

S

Bonding

Top-cartridge

Bottom-cartridge

Tube
Connector

UV

QCM

Electrical connections

Type A

Type B

RT

QCM

Top-cartridge

PCB with electrical contacts

Conductive
glue

RT

QCM

Figure 6.11: Schematic illustrations of QCM-OSTE+ cartridge integration

thereafter placed onto the bottom polymer part; subsequently, the OSTE+
tube connectors were placed on the top part, aligned with the inlet and outlet
ports and the whole assembly was exposed to unfiltered UV for 100 s. The
type A package was then electrically connected via two spring-loaded contacts
through the allocated openings inside the bottom part.

• Type B cartridge: The assembly of the cartridge top part and QCM sensor
is similar to that of type A cartridge. However, the bottom polymer part
here is replaced by a PCB substrate. Two different approaches for providing
electrical connections between PCB and QCM crystal were investigated: elec-
trically conductive Ag epoxy glue, and spring-loaded 30 µm Au wire loops,
wire bonded to the PCB contacts (see figure 6.12). Both robotic dispensing
of electrically conductive glues and wire bonding are industrially adapted for
high-volume and low-cost integration and manufacturing.

6.3.2 Sealing & Sensor Performance

Figure 6.13 shows photographs of the two types of integrated devices, as well as
details of the bond interfaces. Both sensors show excellent sealing properties when
are subject to injection of aqueous color dyes. The bonding strength of the QCM-
OSTE+ was further investigated by applying a differential pressure of 5 bars. The
packaged sensors showed no sign of delamination or leaking. To evaluate the per-
formance of the integrated devices, both QCM sensors (type A and B cartridges)
were benchmarked against a commercial sensor (QCM Lab, Sweden) in terms of
noise and drift, see figure 6.14, figure 6.15 and figure 6.16. Also, the type B QCM
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Table 6.1: Comparison of different packaging approaches (a), and OSTE+ polymer
cartridges (b).

(a) The two QCM sensor packaging approaches with their key overall design features 

 Type A Type B 

  
 

 

Packaging approach 3 parts: OSTE+ cartridge/QCM/OSTE+ cartridge 

3 parts: 

OSTE+ cartridge/QCM/PCB 

+ conductive glue/wire-bonding for electrical 

interfacing 

Assembly complexity compared to state of the art Very low Low 

Shielding from environment influences Only external electrical contacts Partially shielded 

Electrical contact stress Induced during mounting before operation Controlled during manufacturing 

(b) Descriptive comparison of the OSTE+ polymer formulations used for fabrication of the QCM sensor cartridges 

 OSTE+ 40 
OSTEMER 322 

(Mercene Labs, Sweden) 

Cartridge Type Type A Type B 

Curing step(s) Two steps UV-UV/thermal curing Two steps UV-thermal curing 

Excess of functional groups Thiol and epoxide groups after the first curing Thiol and epoxide groups after the first curing 

Bonding mechanism to QCM 
Gold-thiol 

Hydroxyl-epoxide 

Gold-thiol 

Hydroxyl-epoxide 

Glass transition temperature (Tg) 73℃ 69℃ 

Storage modulus at Tg 2.6 GPa 2.3 GPa 
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Figure 6.12: Figure 6. Photographs and illustrations of different electrical interfacing
methods in the type B cartridge.

OSTE+ cartridge was compared to the commercial sensor in terms of Q-factor
due to that both type B and commercial devices used the same QCM crystal and
were integrated on the similar PCB substrates (see figure 6.17). Over 20 minutes
of test, no significant drift for any of the cartridges was observed. The recorded
signal noises for the type A, B cartridges and the commercial device were ± 0.15
Hz, ±3 Hz and ± 0.15, respectively. While the noise levels for the type A and
commercial cartridges were low, the type B cartridge showed a higher noise; this
can be attributed to two main factors: a) Lack of a proper shield, e.g. metal block,
to isolate the type B cartridge from external interferences. b) Non-optimized elec-
trical connections. The Q-factors of 3700 and 3300 were also measured for the type
B and commercial cartridges, respectively, implying a less dampening in the type
B cartridge compared to that of the commercial one. This can be ascribed to the
covalent bonding between the sensor and the polymer cartridge and the lack of
clamping forces. In contrast, the QCM crystal in the commercial cartridge is more
prone to stress due to the screw mounting.
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Figure 6.13: Photographs of the two different types of fabricated and assembled QCM
packages: a) Type A: 1) The top view of the package filled with color dye. 2) The side
view of the cartridge. 3) The magnified top view of the bond edge showing no leakage. 4)
The magnified top view of the bond interface showing no voids or microcracks. b) Type
B: 1) The front side and 2) the back side of the packaged crystal to be assembled on PCB.
3,4) The flow cell and the bond interface before and after injecting the color dye.
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Figure 6.14: Drift and noise of the resonance frequency signal for cartridge type A.
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Figure 6.15: Drift and noise of the resonance frequency signal for cartridge type B.
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Figure 6.16: Drift and noise of the resonance frequency signal for the commercial car-
tridge.

6.4 Discussion & Outlook

This chapter presented novel and facile methods for high-resolution biofunctional-
ization and protein patterning, in-situ polymer microstructuring and surface energy
patterning for digital bioassays, and finally the direct integration and packaging of
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Figure 6.17: Estimated quality factors for type B (in blue) and commercial (in red)
cartridges.

QCM sensors with polymer microfluidic cartridges.

Direct Biofunctionalization & Protein Patterning

Using the reactive surface of off-stoichiometry thiol-ene based polymers, direct bio-
functionalization and the subsequent patterning of proteins were presented. EBL
and NIL were used to structure different geometries in OSTE and OSTE+, respec-
tively. The structures were then directly functionalized with biomolecules, result-
ing in protein patterning on a submicron scale. The benign processing condition,
enabled by thiol-ene reaction, allows for the implementation of a wide range of
biological entities including cells, proteins and nucleic acids [166–169]. In such pro-
cesses, biomolecules are not exposed to harsh processing environments, such as high
vacuum, high energy electrons or aggressive solvents; therefore, they maintain their
original functionality. Moreover, the high Young-modulus, up to 3 GPa, of these
polymers can potentially enable a broad spectrum of applications in BioNEMS and
biohybrid systems.

EBL can be a preferable choice when a low-defect and highly selective method
for protein nanopatterning is required; however, compromises should be made con-
cerning the low speed and the high cost of this process. On the other hand, NIL
offers a more rapid process with a lower cost; but it is more prone to defectivity;
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also, the existence of the residual layer makes it more suitable for applications that
require biofunctionalization with high surface-to-area ratio. To properly select the
method of protein nanopatterning, therefore, special considerations regarding the
scale of processing and the end application should be taken.

Surface Energy Definition in Digital Bioassays

Simultaneous microstructuring and surface energy patterning of microwell arrays
were achieved via µRIM and imprinting methods. The µRIM of mOSTE, presented
in this thesis, is the first reported molding technique capable of both microstruc-
turing and 3D in-situ surface energy micropatterning in a single step. Moreover,
it inherits all the advantages of the RIM technology including facile processing,
low cost of tooling and short cycle time. When the integration of microfluidic
components is envisioned, the reactive polymer surface also allows for stacking dif-
ferent layers through direct bonding. The resulting microstructured polymers were
presented as alternative materials to glass and optical fibers, commonly used for
bead-based digital bioassays. The HIH microwell arrays enabled high efficiency of
magnetic bead seeding up to 87.25% and 96% for µRIM-based and imprinting-based
fabrication methods, respectively. The short replication cycle time, demonstrated
in µRIM, offers a rapid and potentially scalable manufacturing technique for digital
bioassays. The current 15 s exposure time can be further reduced to below 5 s, i.e.
in line with state-of-the-art injection molding cycle times. Here, µRIM method was
used for a high-throughput replication of HIH femtolitre wells (millions of wells per
cycle). Fabrication of such populated microwell arrays are critical for enhancing the
sensitivity of digital biosensors. Imprinting technique was also used for fabrication
of HIH microwells in glass-polymer hybrid devices. The bioassay evaluation and
the resulting attomolar LoD show the potential of the method for manufacturing
of the ultra-sensitive biosensors.

While both imprinting and µRIM are simple and off-cleanroom methods for
structuring of HIH microwell arrays on research laboratory scales, µRIM has more
adaptability to commercial settings. In addition, polymer materials are often pre-
ferred to glass hybrids for disposable devices. And finally, the concept of microstruc-
turing and simultaneous surface energy patterning, offered by µRIM, can potentially
benefit other applications beyond digital bioassays.

QCM Sensor Packaging

A simplistic and minimalistic approach for packaging of QCM sensors was pre-
sented; µRIM enables versatility in designing microfluidic cartridges and packaging
QCM sensors. The direct covalent bonding and seamless integration of QCM sen-
sors with polymer cartridges obviates the need for additional back-end processing
and bulky assemblies, while offering a robust liquid sealing and low dampening.
The direct packaging of QCM sensors also eliminates the need for using additional
components such as O-rings and screws, minimizing the number of components
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per part. Facile electrical connection and direct bonding of disposable cartridges
to PCB provide a cost-effective and straightforward use of QCM sensors for field
applications. Using µRIM process also allows for high precision definition of micro-
fluidic features and components such as microchannels and tube connectors. More
specifically, the ability of fine-tuning of the flow-cell height minimizes the intrusive
impact of the liquid medium on the crystal performance. Furthermore, low-cost and
scalable manufacturing of polymer cartridges allow for their disposable use which
in turn prevents the risk of cross-contamination and the need for recalibration of
the devices. Such factors are important prerequisites for potential PoC application
of QCM sensors by untrained users.

Further optimization of the packaging techniques regarding the QCM sensor
performance and noise reduction along with designing more sophisticated micro-
fluidic systems may pave the way for real-life applications of such sensors in the
health-care domain and other field studies.



Chapter 7

Conclusions

This thesis has contributed to three major areas, mainly within BioNEMS and LoC
systems, targeting potential applications for life-science and personalized health-
care. These include: 1) High-resolution structuring of thiol-ene/thiol-ene-epoxy
polymer materials via both established and novel fabrication methods. 2) Develop-
ment of facile back-end processing techniques. 3) Applications in BioMEMS/NEMS.

Thiol-ene Micro- and Nanostructuring
Using thiol-ene and thiol-ene-epoxy systems, micro and nanostructuring of poly-

mer materials through both standard nanofabrication methods, as well as newly
established ones, were presented:

• Electron beam structuring of thiol-ene resist for the first time, resulting in
the smallest (20 nm) and densest features achieved in this polymer network
to date (Paper 1 ).

• Nanoimprinting of thiol-ene-epoxy systems for the first time, demonstrating
high-aspect-ratio and dense features with a low degree of defectivity, and
single-step structuring of hierarchical components (Paper 2 ).

• µRIM as a scalable fabrication method for manufacturing of OSTE+ micro-
fluidic devices with high optical transparency, low shrinkage, low residual
stress and robust mechanical properties. (Papers 3, 4, 5 and 7 ).

• NanoRIM as a novel nanofabrication platform for structuring of OSTE poly-
mer materials with a diverse range of feature sizes (Paper 6 ).

The above-mentioned innovations have opened new chapters in high-resolution,
low-defect and high fidelity replication of thiol-ene based materials. E-beam writ-
ing on the OSTE resist forms a polymer with high cross-link density and reactive
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surface. This potentializes the use of thiol-ene EBL resist for biohybrid appli-
cations. Nanoimprinting of thiol-ene-epoxy polymer enables robust structuring of
HAR and dense topographies with minimal feature collapse. This along with single-
step nanoimprinting of hierarchical features might smooth the path for large-area
replication of such dense features for a wide range of bioinspired applications such as
dry adhesive, anti-bacterial and anti-reflection surfaces. Micro and NanoRIM were
further presented as scalable platforms for fabrication of high-quality microfluidic
devices. Such techniques demand low capital investments and could be presented
in desktop formats as alternatives to the existing micro/nanoreplication methods
which are either costly, e.g. injection molding or not scalable, e.g. casting.

Facile Back-end Processing
By utilizing the reactive surface groups of OSTE/OSTE+ materials, or embed-

ding additional chemical moieties, single-step and straightforward back-end pro-
cessing techniques have been developed, including:

• Simultaneous molding/imprinting and selective surface energy patterning of
microstructures in a single process step (Papers 7 and 8 ).

• Seamless and heterogeneous integration of polymer microfluidic devices by
direct covalent bonding (Papers 3, 4 and 5 ).

• Simple electrical interfacing of microfluidic cells (Paper 4 and 5 ).

• Direct biofunctionalization on reactive polymer surfaces (Papers 1 and 2 ).

The native surface functionality of OSTE/OSTE+ materials can be harnessed
for a diverse spectrum of applications including layer bonding and molecular bind-
ing, as demonstrated in this thesis. Such simple back-end processing techniques
would obviate the need for complicated and demanding processes such as ther-
mal, ultrasonic or solvent-assisted bonding which often impose the risk of fea-
ture deformation and collapse or polymer swelling. Direct metal deposition on
OSTE/OSTE+ polymers is an excellent enabler for different microfluidic and MEMS
applications in which embedding electrodes is necessary for actuating or sensing
purposes. Moreover, addition of mimicking monomers in OSTE/OSTE+ formula-
tions provides in-situ molding and surface energy patterning. While surface energy
modification on 3D structures such as re-entrant features or side-walls are difficult
to achieve via conventional surface modification methods, the in-situ definition of
surface topology and surface energy do not impose such restrictions. Additionally,
long term stability of such modified surfaces, obtained in this work, cannot be eas-
ily realized via other techniques such as plasma activation in which the surface
modification is prone to degradation over time.

BioMEMS/NEMS Applications
The micro- and nanostructured OSTE/OSTE+ materials have been imple-

mented for the following applications:
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• Protein patterning of e-beam (Paper 1 ) and nanoimprint (Paper 2 ) structured
surfaces.

• Development of hydrophilic-in-hydrophobic femtoliter-well arrays for efficient
magnetic bead seeding in ultrasensitive digital bioassays, aimed for single-
molecule detection (Papers 7 and 8 ).

• Fabrication and integration of disposable QCM cartridges with well-defined
microfluidic geometries and features, aimed for field applications, in general,
and PoC diagnostics, in particular. (Paper 3 ).

Different applications of micro and nanostructured thiol-ene (-epoxy) systems,
presented in this thesis, substantiate the capability of these polymers to be used
in sensors, microfluidic and potentially other MEMS devices. Reactive surface of
e-beam structured thiol-one features offers a simple and direct biofunctionaliza-
tion; biosensors, in general, may benefit from such small-footprint immobilization
of proteins. Additionally, more complex bioassays, compared to the applied biotin-
streptavidin assay on e-beam resist, could further examine the applicability of this
method for sensing a broad range of biomolecules. Furthermore, nanoimprinted
OSTE+ structures may be of interest for lateral flow assays (LFA) in which scal-
able fabrication of micro and nanopatterned surfaces in tandem with facile protein
immobilization are often required.

HIH femtoliter microwell arrays, structured in thiol-ene (-epoxy) polymer net-
works, have enabled high seeding efficiencies of magnetic beads, up to 87% and
96%, which are significantly higher than that of existing commercial products, e.g.
SiMoA platform (40-50%). Also, in contrast to the slow and cumbersome etch-
ing of optical-fiber bundles, e.g. in Illumina commercial products, manufacturing
of 1,843,650 HIH femtoliter-wells within 15 s demonstrates the potential of µRIM
for high-throughput production of the polymeric devices, as the hardware for dig-
ital bioassays. The attomolar limit of detection, presented in this thesis, can be
promising for single-molecule detection in lowly-concentrated samples; therefore,
using digital ELISA, the detection of biomarkers and nucleoproteins for Alzheimer
and Norovirus can be examined as real-life applications.

Fabrication and integration of disposable polymer cartridges with QCM sensors
were further evaluated. Batch fabrication of OSTE+ cartridges and direct covalent
bonding to QCM were introduced as an alternative to the de facto QCM packaging
techniques. The standard methods for QCM packaging are commonly reliant on
clamping the crystal between compressible gaskets that imposes stress to the crys-
tal and prevents an estimation of flow-cell height; in contrast, µRIM enables the
determination of the flow-cell height with microprecision, and provides a low-stress
crystal-cartridge bonding. The performance of the QCM OSTE+ cartridges was
also shown to be on par with that of a commercial cartridge in terms of noise, drift
and Q factor. To investigate the potential of QCM OSTE+ cartridges for PoC ap-
plications, further studies regarding the optimization of cartridge design depending
on the targeted bioassay can be envisaged.
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Summary of Appended Papers

Paper 1: E-beam nanostructuring and direct click biofunctionalization of thiol-
ene resist

Electron beam lithography (EBL) is of major importance for ultraminiaturized
biohybrid system fabrication, as it allows combining biomolecular patterning and
mechanical structure definition on the nanoscale. Existing methods are limited by
multistep biomolecule immobilization procedures, harsh processing conditions that
are harmful to sensitive biomolecules, or the structural properties of the resulting
protein monolayers or hydrogel-based resists. This work introduces a thiol-ene EBL
resist with chemically reactive thiol groups on its native surface that allow the di-
rect and selective “click” immobilization of biomolecules under benign processing
conditions. We constructed EBL structured features of size down to 20 nm, and
direct functionalized the nanostructures with a sandwich of biotin and streptavidin.
The facile combination of polymer nanostructuring with biomolecule immobiliza-
tion enables mechanically robust biohybrid components of interest for nanoscale
biomedical, electronic, photonic, and robotic applications.

Paper 2: Bio-Inspired High-Aspect-Ratio and Hierarchical Nanoimprint Lithog-
raphy

Nature employs high aspect ratio and hierarchical nanostructured surfaces for
their dry adhesive, superhydrophobic and self-cleaning properties. Whereas biomim-
icking such surfaces is commonly used in various applications, lack of facile methods
for the dense and large-area synthesis of such surfaces limits their wide-spread
use. This work introduces high aspect ratio nanoimprint lithography (NIL) of off-
stoichiometric thiol-ene-epoxies and the direct, single-step, biofunctionalization of
such surfaces. The delayed gelation of the polymer precursor during UV curing
enables low polymer shrinkage and high replication fidelity, while the dual-cure
mechanism provides natively reactive surfaces that allow direct functionalization.
We demonstrate pillar structures of diameter 100 nm and aspect ratio 8; holes of
70 nm diameter and aspect ratio 28, and; complex hierarchical features with the
diameters of 400 nm on 4.5 µm and the respective heights of 550 nm and 3 m
fabricated in a single step. We further demonstrate the direct biofunctionalization
of the nanoimprinted surfaces with biotin-streptavidin assay. Our synthesis of high
aspect ratio structures with small lateral feature size in a UV-NIL process that has
an intrinsically low cost, high throughput, and high resolution, enables the facile
and widespread use of bio-inspired and synthetic nanostructures.

Paper 3: Reaction injection molding and direct covalent bonding of OSTE+
polymer microfluidic devices

In this article, we present OSTE+RIM, a novel reaction injection molding (RIM)
process that combines the merits of off-stoichiometric thiol–ene epoxy (OSTE+)
thermosetting polymers with the fabrication of high quality microstructured parts.
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The process relies on the dual polymerization reactions of OSTE+ polymers, where
the first curing step is used in OSTE+RIM for molding intermediately polymerized
parts with well-defined shapes and reactive surface chemistries. In the facile back-
end processing, the replicated parts are directly and covalently bonded and become
fully polymerized using the second curing step, generating complete microfluidic
devices. To achieve unprecedented rapid processing, high replication fidelity and
low residual stress, OSTE+RIM uniquely incorporates temperature stabilization
and shrinkage compensation of the OSTE+ polymerization during molding. Two
different OSTE+ formulations were characterized and used for the OSTE+RIM
fabrication of optically transparent, warp-free and natively hydrophilic microscopy
glass slide format microfluidic demonstrator devices, featuring a storage modulus
of 2.3 GPa and tolerating pressures of at least 4 bars.

Paper 4: Batch fabrication of polymer microfluidic cartridges for QCM sensor
packaging by direct bonding

Quartz crystal microbalance (QCM) sensing is an established technique com-
monly used in laboratory based life-science applications. However, the relatively
complex, multi-part design and multi-step fabrication and assembly of state-of-the-
art QCM cartridges make them unsuited for disposable applications such as point-
of-care (PoC) diagnostics. In this work, we present the uncomplicated manufactu-
ring of QCMs in polymer microfluidic cartridges. Our novel approach comprises
two key innovations: the batch reaction injection molding of microfluidic parts;
and the integration of the cartridge components by direct, unassisted bonding. We
demonstrate molding of batches of 12 off-stoichiometry thiol-ene epoxy polymer
(OSTE+) polymer parts in a single molding cycle using an adapted reaction injec-
tion molding process; and the direct bonding of the OSTE+ parts to other OSTE+
substrates, to printed circuit boards, and to QCMs. The microfluidic QCM OSTE+
cartridges were successfully evaluated in terms of liquid sealing as well as electrical
properties, and the sensor performance characteristics are on par with those of a
commercially available QCM biosensor cartridge. The simplified manufacturing of
QCM sensors with maintained performance potentializes novel application areas,
e.g. as disposable devices in a point of care setting. Moreover, our results can be
extended to simplifying the fabrication of other microfluidic devices with multiple
heterogeneously integrated components.

Paper 5: Electro-optical effects of high aspect ratio P3HT nanofibers colloid in
polymer micro-fluid cells

This Letter reports the electro-optical (EO) effect of Poly(3- hexylthiophene-
2,5-diyl) (P3HT) nanofibers colloid in a polymer micro-fluidic EO cell. P3HT
nanofibers are high aspect ratio semiconducting nanostructures, and can be collec-
tively aligned by an external alternating electric field. Optical transmission mod-
ulated by the electric field is a manifestation of the electro-optical effect due to
high inner crystallinity of P3HT nanofibers. According to our results, the degree of
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alignment reaches a maximum at 0.6 V/µm of electric field strength, implying a big
polarizability value due to geometry and electrical properties of P3HT nanofibers.
We believe that one-dimensional crystalline organic nanostructures have a large
potential in EO devices due to their significant anisotropy, wide variety of proper-
ties, low actuation voltages, and opportunity to be tailored via adjustment of the
fabrication process.

Paper 6: NanoRIM: Sub-micron Structuring with reaction injection molding
We report “NanoRIM”, the first reaction injection molding (RIM) replication

method for thermosets with demonstrated feature sizes down to 250 nm. NanoRIM
constitutes the first scalable manufacturing method for thermoset polymers that
allows combining large (> cm) and small (< µm) lateral feature sizes with varying
replica thickness in the same device. We demonstrate nanoRIM for manufacturing
replica in off-stoichiometry thiol-ene (OSTE) thermoset.

Paper 7: Reaction injection molding of hydrophilic-in-hydrophobic femtolitre-
well arrays

Patterning of micro- and nanoscale topologies and surface properties of poly-
mer devices is of particular importance for a broad range of life science applications,
including cell-adhesion assays and highly sensitive bioassays. The manufacturing
of such devices necessitates cumbersome multiple-step fabrication procedures and
results in surface properties which degrade over time. This critically hinders their
wide-spread dissemination. Here, we simultaneously mold and surface energy pat-
tern microstructures in off-stoichiometric thiol-ene by area-selective monomer self-
assembly in a rapid micro-reaction injection molding cycle. We replicated arrays of
1,843,650 hydrophilic-in-hydrophobic femtolitre-wells with long-term stable surface
properties and magnetically trapped beads with 75% and 87.2% efficiency in single
and multiple seeding events, respectively. These results form the basis for ultrasen-
sitive digital biosensors, specifically, and for the fabrication of medical devices and
life science research tools, generally.

Paper 8: Single-step imprinting of femtoliter microwell arrays allows digital
bioassays with attomolar limit of detection

Bead-based microwell array technology is growing as an ultrasensitive analysis
tool as exemplified by the successful commercial applications from Illumina and
Quanterix for nucleic acid analysis and ultrasensitive protein measurements, re-
spectively. High-efficiency seeding of magnetic beads is key for these applications
and is enhanced by hydrophilic-in-hydrophobic microwell arrays, which are unfor-
tunately often expensive or labor-intensive to manufacture. Here, we demonstrate
a new single-step manufacturing approach for imprinting cheap and disposable
hydrophilic-in-hydrophobic microwell arrays suitable for digital bioassays. Imprint-
ing of arrays with hydrophilic-in-hydrophobic microwells is made possible using an
innovative surface energy replication approach by means of a hydrophobic thiol-ene
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polymer formulation. In this polymer, hydrophobic-moiety-containing monomers
self-assemble at the hydrophobic surface of the imprinting stamp, which results
in a hydrophobic replica surface after polymerization. After removing the stamp,
microwells with hydrophobic walls and a hydrophilic bottom are obtained. We
demonstrate that the hydrophilic-in-hydrophobic imprinted microwell arrays en-
able successful and efficient self-assembly of individual water droplets and seeding
of magnetic beads with loading efficiencies up to 96%. We also demonstrate the
suitability of the microwell arrays for the isolation and digital counting of single
molecules achieving a limit of detection of 17.4 aM when performing a streptavidin-
biotin binding assay as model system. Since this approach is up-scalable through
reaction injection molding, we expect it will contribute substantially to the trans-
lation of ultrasensitive digital microwell array technology toward diagnostic appli-
cations.
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