
OSTE Microfluidic Technologies for Cell
Encapsulation and Biomolecular Analysis

XIAMO C. ZHOU

Doctoral Thesis
Stockholm, Sweden, 2017



Front cover picture:

Left: Overview image of the project
"Theracage".

Right: Close-up illustration of a core-shell
particle and its functions.

TRITA-EE 2017:171
ISSN 1653-5146
ISBN 978-91-7729-623-2

KTH - Royal Institute of Technology
School of Electrical Engineering

Department of Micro and Nanosystems
Osquldas väg 10

SE-100 44 Stockholm
SWEDEN

Akademisk avhandling som med tillstånd av Kungl Tekniska högskolan framlägges
till offentlig granskning för avläggande av Doctor of Philosophy in Electrical Engi-
neering fredagen den 15:e december 2017 klockan 9:00 i sal M2, Brinellvägen 64,
Stockholm.

© Xiamo C. Zhou, December 2017

Tryck: Universitetsservice US AB, 2017



iii

Abstract

In novel drug delivery system, the encapsulation of therapeutic cells in
microparticles has great promises for the treatment of a range of health con-
ditions. Therefore, the encapsulation material and technology are of great
importance to the validity and efficiency of the advanced medical therapy.
Several unsolved challenges in regards to versatile microparticle synthesis ma-
terials and methods form the main obstacle for a translation of novel cell
therapy concepts from research to clinical practice.

Thiol-ene based polymer systems have emerged and gained great popular-
ity in material development in general and in biomedical applications specif-
ically. The thiol-ene platform is broad and therefore of interest for a variety
of applications. At the same time, many aspects of this material platform
are largely unexplored, for example material and manufacturing technology
developments for microfluidic applications .

In this Ph.D. thesis, thiol-ene materials are explored for use in cell encap-
sulation. The marriage of these two technology fields breeds the possibility for
a novel microfluidic cell encapsulation approach using a novel encapsulation
material. To this end, several new manufacturing technologies for thiol-ene
and thiol-ene-epoxy droplet microfluidic devices were developed. Moreover,
core-shell microparticle synthesis for cell encapsulation based on a novel co-
synthesis concept using a thiol-ene based material was developed and inves-
tigated. Finally, a thiol-ene-epoxy system was also used for the formation of
microwells and microchannels that improve protein analysis on microarrays.

The first part of the thesis presents the background and state-of-the-art
technologies in regards to cell therapy, microfluidics, and thiol-ene based ma-
terials. In the second part of the thesis, a novel manufacturing approach of
thiol-ene-epoxy material as well as core-shell particle co-synthesis in micro-
fluidics using thiol-ene based material are presented and characterized. The
third part of the thesis presents the cell viability studies of encapsulated cells
using the novel encapsulation material and method. In the final part of the
thesis, two applications of thiol-ene-epoxy gaskets for protein detection mi-
croarrays are presented.

Keywords: Microfluidics, microfabrication, cell encapsulation, core-shell
particle, microparticle synthesis, off-stoichiometry-thiol-ene, OSTE, OSTE+,
lab-on-a-chip, surface modification, core-shell particle co-synthesis, microar-
ray, micromixer, bonding, surface modification, droplet microfluidics, protein
screening.

Xiamo C. Zhou, xiamo@kth.se
Department of Micro and Nanosystems, School of Electrical Engineering,
KTH Royal Institute of Technology, SE 100 44 Stockholm, Sweden.
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Sammanfattning

Inkapsling av levande celler i mikrokapslar för terapeutiska ändamål är
mycket lovande för frmatida behandling av många olika sjukdomar. Emeller-
tid är en behandlings effektivitet i hög grad beroende av vilka material som
används för inkapsling och vilken teknisk lösning som används för att ska-
pa mikrokapslarna. För närvarande återstår det många utmaningar för att
omvandla grundforskningresultat till klinisk verklighet, vilken kräver mer än-
damålsenliga tillvägagångssätt för att tillverka mikrokapslar i material som
är kompatibla med användningsområdena.

De senaste åren har tiol-en baserade polymerer har blivit mycket använda
för materialutveckling i stort och för biomedicinska tillämpningar i synnerhet.
Med tiol-en kemi kan en mycket stor mängd helt olika syntetiska material
framställas, vilket gör tiol-ener intressanta för en mängd applikationer. För
närvarande är dock mycket inom denna materialklass outforskat, t.ex. inom
material och tillverkningmetodik för mikrofluidiktillämpningar.

I denna avhandling används tiol-ener för cellinkapsling. Sammanslagning
av dessa teknologier möjliggör en ny typ av cellinkapsling med nya materi-
alegenskaper. En mängd olika tillverkningssätt där tiol-en eller tiol-en-epoxi
används för droplet-mikrofluidiksystem utvecklades. Core-shell mikrokapsel-
syntes för cell-inkapsling baserat på en ny metod för samtidig syntes av både
core och shell utvecklades och karaktäriserades. Slutligen utvecklades ett tiol-
en-epoxi system för enkel integrering med proteinmikroarrayer på objektsglas.

I avhandlingens första del presenteras bakgrund och dagens bästa teknolo-
gier för terapeutisk cellinkapsling, mikrofluidik och tiol-en baserade material.
I avhandlingens andra del presenteras en ny tillverkningsmetod för mikro-
strukturerade tiol-en-epoxi artiklar och samtidig syntes av core och shell för
mikrokapslar med användande av mikrofluidik. I den tredje delen presenteras
cellöverlevandsstudier för de celler som inkapslats med de nya materialen och
de nyutvecklade metoderna. I den avslutande delen beskrivs två specifika fall
där tiol-en-epoxi komponenter används för proteindetektion och mikroarrayer.

Nyckelord: Mikrofluidik, mikrofabrikation, cellinkapsling, cores-shell kap-
sel, mikrokapselsyntes, lab-on-chip, ickestökiometrisk tiol-en, OSTE, OSTE+,
ytmodifiering, samtidig syntes av core-shellkapslar, mikroarray, mikromixer,
sammanfogning, dropletmikrofluidik, proteindetektion.
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THE SCOPE, OBJECTIVES, HISTORY
AND STRUCTURE OF THIS THESIS

Microfluidics, i.e. the field of engineering dealing with the manipulation of fluid in
channels with dimensions between one to hundreds of micrometers, is an enabler
for many application areas, including chemical synthesis, medical therapies, and
bioanalysis, to which this thesis has made specific contributions via material and
technology developments.

SCOPE AND OBJECTIVES

The overall objective of this thesis is to contribute to the development of:

1. novel microparticle synthesis schemes in droplet microfluidic systems;

2. droplet microfluidic encapsulation of live cells for medical therapy; and

3. biomolecular analysis using microfluidic stickers applied to microarrays.

These contributions are achieved through novel developments within different as-
pects of the field specifically within:

• polymer systems,

• manufacturing methods,

• surface technologies,

• microfluidic design,

• microparticle synthesis methods.

vii



viii THESIS OVERVIEW

This thesis focuses on the development of the materials, methods and applica-
tions pursued. To keep the scope manageable, I have omitted an overview of all
underlying physical and chemical processes.

THE THESIS WORK IN A HISTORICAL PERSPECTIVE

The PhD work started with the challenge of core-shell encapsulation of therapeu-
tic cells in a droplet microfluidic system. This project involved the first droplet
microfluidic work developed at the KTH Micro and Nanosystems department.

At the start of the project, the off-stoichiometric thiol-ene-epoxy polymer system
(OSTE+) had just been invented in the lab, and its properties seemed promising for
the construction of droplet microfluidic devices, specifically because of the promise
of rapid prototyping and design flexibility of the material, including the ability
for efficient surface modification. The initial work thus focused on tuning the
basic material and manufacturing properties of this polymer system, as reflected in
papers 4 - 6. After 3.5 years, I came to the insight that off-stoichiometry thiol-ene
polymers (OSTE) would form and ideal candidate as the constituent shell material
for cell encapsulation, on top of, or instead of, for microfluidic device manufacturing.
My first tests were very promising, although the combination of OSTE particle
synthesis in an OSTE+ microfluidic device was cumbersome. Therefore I changed
to PDMS-based microfluidic systems for cell encapsulation, as reflected in paper 2.
At the same time, the OSTE+ microfluidic technologies could be easily tuned for
microfluidic capping of microarrays, which was further explored in papers 1 and 3.

This historical development is reflected in the structure of the thesis, where part
of the work focuses on generic thiol-ene polymer based material and manufacturing
techniques, and other parts focus on specific applications. In the remainder of
this section, I motivate, in more detail, the potential of OSTE+ as the constituent
material for microfluidic systems for cell encapsulation, despite abandoning this
specific technology development track during the course of my work.

INITIAL MOTIVATION FOR CHOOSING OSTE+ AS A PLATFORM FOR DROPLET
MICROFLUIDIC CELL ENCAPSULATION

Cell encapsulation in microfluidic platforms was proposed since the 2000’s and has
been continuously developed since, given the high repeatability and homogeneous
yield [1]. Details and challenges regarding cell encapsulation in microfluidic plat-
forms are described in Chapter 2. Performing microfluidic cell encapsulation re-
quires a robust and reliable device. The initial choice for OSTE+ as the preferred
microfluidic device material was motivated by the combination of the following
properties:

• OSTE+ can be readily microstructured: the microfluidic synthesis of mi-
crocapsules with core-shell morphology may require an intricate microfluidic
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channel design, and hence a material that is easy to microstructure is pre-
ferred.

• OSTE+ is easy to surface modify: when handling droplets or particles in a
microfluidic environment, the interaction between the droplets/particles and
the inner surface of the microchannels may dominate the flow behavior. The
microfluidic synthesis of microcapsules with core-shell morphology may thus
require specific optimization of the microchannel surface chemistry at different
regions within the device. Therefore, a versatile material whose properties can
be easily altered, was considered preferable.

• OSTE+ allows easy bonding of microfluidic layers: most microfluidic chips
are made by stacking two or more layers, where the bonding between material
layers is vital to the chip performance. The bonding needs to be leak free,
liquid adhesive free, and homogeneous.

• OSTE+ has good mechanical properties: to have a high yield of cell encap-
sulation, the finished microfluidic chip has to be robust, chemically inactive
and non-sensitive to the ambient environment. This guarantees an uninter-
rupted encapsulation process and a long service life where a variety of solvents
can be administrated without influencing the internal geometry and surface
material properties.

• OSTE+ has promising optical properties: on-chip cell encapsulation normally
includes a polymerization step using cell containing particles as templates
[2,3]. UV crosslinking is a common used polymerization scheme for hydrogel
and many other encapsulation materials, making the transparency of the chip
material to certain wavelengths important [3–5]. Optical properties of the
material are also important to consider, when monitoring and analysis of on
chip processes are required.

Whereas OSTE+ has a variety of benefits as the building material for cell en-
capsulation platform construction, several "building blocks" for a functional chip
prototype were still missing at the start of the thesis. Fig. 1 overviews the different
techniques that were developed within this thesis. The OSTE and OSTE+ formu-
lations used in this thesis and the corresponding formulations are summarized in
Table. 4.1.

THESIS STRUCTURE

This thesis first provides a background to the technologies and application areas
in focus: cell therapy (Chapter 1 ); microfluidics (Chapter 2 ); and thiol-ene poly-
mers (Chapter 3 ). Thereafter, the thesis overviews the developments I made on
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Figure 1. The work flow of chip manufacturing for cell encapsulation devices.

off-stoichiometric thiol-ene polymers, their manufacturing and applications (Chap-
ter 4 ); cell encapsulation (Chapter 5 ); and microarray stickers (Chapter 6 ). A
conclusion and outlook are provided in Chapter 7.

Chapter 1 provides a historical perspective of the project "Theracage" and the
story behind it: initial imagination and ingenuity as the initiation for my phD
project.

Chapter 2 provides an introduction to some aspects of fluidics on the microscale
as well as some materials and applications of microfluidics.

Chapter 3 provides the fundamentals and development of thiol-ene based materials
in which various mechanical and chemical properties of the material are reviewed
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and discussed.

Chapter 4 describes my work in technology development of OSTE+ microfluidic
chip manufacturing, and core-shell particle co-synthesis in microfluidics.

Chapter 5 introduces and discusses cell encapsulation using the droplet micro-
fluidic technologies described previously - "Theracage" - aiming for the realization
of "drug factory" containing cells encapsulated in polymeric beads, as a specific,
on-site, and high-dose treatment for non-operable tumors.

Chapter 6 introduces and discusses my work with protein screening using a novel
polymer as analytes compartment structure and as a passive mixer for continuous
analytes administration for multiplexed protein analysis.





CHAPTER 1

INTRODUCTION TO CELL ENCAPSULATION
FOR TARGETED THERAPEUTIC CANCER

TREATMENT

The first chapter describes the main project of this thesis, "Theracage", from a his-
torical perspective. It includes information about both cell encapsulation for cancer
treatment, and the specific story behind the "Theracage" project.

The first section discusses drug delivery systems for cancer treatments, includ-
ing essential drugs, pharmaceutical carriers, and delivery methods.

The second section reviews the background of therapeutic cell encapsulation.
The last section describes the origin, goal, and outlook of the project "Ther-

acage", as a general background for this thesis work.

Inoperable tumors pose a particularly difficult challenge to the medical system,
which leads to fatal clinical outcomes, underscoring the need for new therapeutic
options [6]. Although refined use of cytotoxic drugs somewhat improves the prog-
nosis, the accumulated level of systemic delivery of cytostatic drugs is close to its
dose limit, and many of the patients suffer from severe side effects of the intensive
treatment. Solid tumors have many common morphological traits, in particular
vascularization, which delivers nutrients to the solid tumor. This pathway can be
used as an avenue for targeted delivery of high concentrations of cytotoxic drugs
directly to the tumor, leaving the surrounding tissue unaffected [7].

One method that can facilitate targeted cytotoxic drug delivery is “microphar-
maceutical factories”, i.e. polymeric microparticles encapsulating genetically mod-
ified cells in their polymer matrix. These microparticles that contain transfected
cells are thereafter implanted, via the vascular structures of the tumor, at the tar-
geted sites [8].

1



2 CHAPTER 1. CELL ENCAPSULATION

Thereafter, a low toxic prodrug1 is systematically administrated, which is con-
verted by these cells lodged at the tumor sites, a high dose of cytostatic drug
locally.

This thesis will focus on the development of novel pharmaceutical carriers with
the combination of essential drugs, i.e. therapeutic cells converted ifosfamide.

1.1 DRUG DELIVERY SYSTEM

Many drugs, even those developed using advanced biomolecular strategies, have se-
vere side effects that stem from interactions between the drug and healthy tissues.
One of the reasons this occurs is that conventional drug delivery relies on the ab-
sorption of drugs across biological membranes, making no distinction between sick
and healthy issue. As side effects limit the ability to design optimal medications for
many diseases such as cancer, neurodegenerative and infectious diseases, alternative
"smart delivery" methods are needed. This "smart delivery" system should be tai-
lored for each kind of drug with the aim to prolong, localize, and target treatment
while protecting healthy tissue from being harmed [10].

One approach is the so called drug delivery systems (DDS), defined as systems
composed of a variety of engineering technologies for targeted drug delivery at con-
trolled rate and dose during a certain period of time [11, 12]. DDS contain, the
actual medications (i.e. essential drugs for treatments), drug carriers and the ad-
ministration routes [13]. Recent progress in biomedical engineering has furthered
the understanding of transport and movement of drugs inside the circulatory sys-
tem, tissue, and vessels, which has allowed for rapid development of DDS. The
systems are capable of increasing the concentration of the medication at specific
location in the human body, and controlling the subsequent release or conversion
of therapeutic agents. The purpose of this is to simultaneously enhance the drug
efficiency and reduce adverse effects [14].

1.1.1 ESSENTIAL DRUGS FOR CANCER TREATMENT

Effective cancer treatment relies on early detection, accurate diagnosis, and access
to suitable medications and/or surgeries. The World Health Organization (WHO)
defines those "essential drugs" as medicines, that can "satisfy the priority health care
needs of the population" [16]. Patients should have access to sufficient amounts of
these essential medications as needed.

WHO recommended essential drugs for cancer therapy can be divided into three
priorities: 1) drugs for curable cancers; 2) drugs that have certain advantages
clinically; and 3) drugs that provide pain control rather than an effective treatment
of cancer care. The most commonly used chemotherapy is developed based on these

1A prodrug is a medication or compound that can be converted within the body into a phar-
macologically active drug after administration [9].
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Figure 1.1. Overview figure of drug delivery system for inoperable tumors. The
combination of essential drug components and a functional pharmaceutical carrier
(for drug loading and subsequent delivery to specific tumor sites) is the key point
prior to drug administration. (Figures adapted from [15])

essential drugs, and shows efficacy in breast cancer, pancreatic cancer, osteogenic
cancer and so on [16].

The limited list of essential drugs available indicates that the development of
new drugs is difficult, expensive and time consuming. As a result, many researchers
have turned to improving the safety-to-efficacy ratio of current essential drugs using
various methods. One of these, delivering the drugs in a targeted fashion and at a
controlled rate, is an attractive method and has been pursued vigorously.

1.1.2 PHARMACEUTICAL CARRIERS

Pharmaceutical carriers are substrates that improve the efficacy, safety, and selec-
tivity during the drug delivery process. They are primarily used to control the
release of drugs, either by controlling the diffusion of the drugs or by triggering
the release using specific stimuli at the target sites. In some cases, pharmaceuti-
cal carriers can also be used to improve the bio-availability and pharmacokinetic
properties of drugs with poor water solubility or membrane permeability.

The most popular pharmaceutical carries to date are liposomes, polymeric mi-
celles, microspheres, and nanoparticles (Fig. 1.1, leftmost) [17]. Congruently, differ-
ent methods of drug attachment to the carriers include encapsulation, adsorption,
and covalent bonding [18] have been developed. In this thesis, the encapsulation
of drug-conversion cells in pharmaceutical carriers is described and examined in
detail.

1.1.3 DRUG ADMINISTRATION ROUTES

A route of administration is the path by which a drug is taken into the body.
The choice of a drug administration route depends on patient acceptability, the
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drug properties (e.g. solubility), access pathways to targeted location, and drug
effectiveness for specific disease [19].

In general, drug administration routes can be divided into [20]:

• Enteral, which includes oral, sublingual, buccal and rectal administration
methods. This method is convenient and cheap, but sometimes inefficient.

• Parenteral, by which the drug is administrated using an injection or infusion
by needles or catheters inserted into the human body, or by inhalation. This
method provides high drug accessibility systematically, however, it is not
convenient and less safe.

• Topical, which is the application of a drug directly to the surface of a skin.
This can result in local therapeutic effects since the transdermal route offers
steady drug level in the system, however, this method may not result in an
efficient absorption of the drug.

1.2 THERAPEUTIC CELL ENCAPSULATION

Cell encapsulation was first proposed in 1964 [21], where ultra thin polymer mem-
brane capsules were used to transplant cells and act as "artificial cells" with immuno-
protection. Xenograft islet cells were first successfully implemented 20 years later
and were used to treat diabetes in rats [22]. Since then the concept of bioencap-
sulation has became a cornerstone in research focusing on therapeutic treatments
towards diabetes [23], cancer [24], renal failure [25], and hemophilia [26].

Cell encapsulation in microcapsules allows for the in-situ delivery of secreted
therapeutic molecules. The process involves immobilization of cells within a semi-
permeable medium that permits the bidirectional diffusion of molecules, specifically
the influx of oxygen, nutrients, growth factors, as well as the outflux of waste
products and therapeutic molecules. At the same time the medium also needs to
prevent antibodies and immune cells from destroying the encapsulated cells (Fig.
1.2).

Cell encapsulation has both technological and biological challenges. Techni-
cally, there is a lack of clinically suitable materials and the production of uniform
capsules is not yet fully developed. Recent progress has produced modified natural
materials, design of synthetic materials, as well as more controlled manufacturing
methods. Biologically, the selection of suitable cell types and transplantation sites
remain a challenge. The state-of-art uses gene-engineered cells that can provide
sustainable therapeutic substances. Furthermore, ethical and regulatory issues also
need to be taken into consideration.

Therefore, the intriguing properties provided by cell encapsulation should be
improved and validated both methodologically and biologically.
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Key parameters associated with cell encapsulation include: encapsulation mate-
rial and its biocompatibility, capsule permeability, durability, and lastly, mechanical
stability.

1.2.1 BIOCOMPATIBILITY OF CELL ENCAPSULATION MATERIAL

Biocompatibility is a term which is used ambiguously, and generally in reference to
a specific material. However, it should rather be used in reference to a complex sys-
tem, as the interactions between a material and organic tissue are time dependent2

[29, 30].
A material is considered non-toxic (one definition of "biocompatibility") if it can

interact with tissue without significantly stimulating the immune system. How-
ever, direct and specific synergistical interactions between the material-tissue sys-
tem should be more strictly evaluated for true biocompatibility, e.g. the up-
regulation/proliferation/differentiation of cells with appropriate gene expression.
Such direct interactions are largely controlled by surface properties of the material:
surface energy, topography, chemical mobility, as well as bulk properties of the
material such as composition, water content, porosity, degradation profile, leach-
able/contaminant toxicity, and elasticity [31].

Biocompatible materials are widely used in implantable devices where long-
term host responses have to be taken into consideration. Several common major
characteristics of such responses include: fibroblast behavior, clotting cascade acti-
vation, immune response, acute hypersensitivity, reproductive toxicity, and tumor
formation [32]. The most commonly used material in implants are titanium al-
loys (dental implants and heart valves), poly(methyl methacrylate) (PMMA, bone
cements), silicone (soft tissue augmentation and ophthalmological devices), polyte-
trafluoroethylene (PTFE), and polyester(vascular grafts) [33].

Degradable material for implants used in e.g. tissue engineering and sophisti-
cated cell, gene, drug delivery systems, can regularly cause inflammatory responses,
however, such responses will disappear when the implants are fragmented [34].

The most commonly used biomaterials for cell encapsulation include alginate,
collagen, gelatin, chitosan, agarose, and cellulose sulphate [35]. A detailed discus-
sion of cell encapsulation materials can be found in Section 2.3.2.

1.2.2 REQUIREMENTS FOR CELL ENCAPSULATION TECHNOLOGIES

The influx and outflux of molecules are essential for successful cell encapsulation.
The permeability of the capsules has a great influence on the cell viability as well
as on the amount and rate at which the therapeutic product is delivered. The

2"Biocompatibility" refers to the ability of a material to perform with an appropriate host re-
sponse in a specific situation [27]. The ambiguity use of this term reflects the ongoing development
of insights into the interactions between biomaterials and human body that eventually determine
the clinical success of a medical device. Modern medical devices are often made of several material
so it might not be sufficient to discuss the biocompatibility of a specific material [28].
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impermeability of the capsules to immuno factors also protects the encapsulated
cells (Fig. 1.2)[36].

The mechanical stability of the capsules plays an important role in protecting
the cells from physical and osmotic stress. In in-vivo applications, a ruptured
capsule can raise the immunoreaction of the cells, potentially harming the host.
Mechanical stability and durability of the capsules are thus important, especially
when continuous release of therapeutic products is required [36].

Applying therapeutic cell encapsulated microcapsules in cancer treatment has
great potential. So far, two different approaches have been implemented: 1) encap-
sulation of genetically modified cells that can secret certain substances for tumor
suppression [37]; and 2) encapsulation of angiogenesis inhibitor-generating cells,
which prevent the release of growth factors for tumor cells [38, 39]. A detailed
discussion of cell encapsulation technologies is in Section 2.3.2.

1.3 BACKGROUND OF THE "THERACAGE" PROJECT

Cell containing capsules have been widely used in cell-based drug delivery system
as a vehicle. In the treatments of cancer, three strategies are mainly used for tumor
suppression: the anti-tumor immunotherapy, the anti-angiogenic therapy, and the
gene-directed enzyme prodrug therapy. In this thesis, the last strategy of cancer
therapy listed above is used.

1.3.1 THE BEGINNING OF THE "THERACAGE" PROJECT

In 1998, a mouse model system for pancreatic cancer was used to study the effi-
cacy of implanting microcapsules containing genetically modified cells. These cells
were modified to express cytochrom P450 2B1 enzyme3, which can convert the
chemotherapeutic agent ifosfamide4 to cytotoxic metabolites. Ifosfamide, a pro-
drug, is administrated systematically in the murine model and converted into the
cytotoxic drug at the site of the microcapsule implants. The microcapsules were
synthesized by dripping a solution containing cells and cellulose sulfate from a nee-
dle into a polydiallyldimethyl ammonium solution. The microcapsules were between
200 - 500 µm in diameter and remained intact for 6 weeks. The tumor-bearing mice
that received such implants showed partial or complete tumor ablation. This ap-
proach demonstrated, for the first time, in-situ chemotherapy with polymer capsule
encapsulated enzyme expressing cells and its success in treating rodents [41].

On the basis of these results, an encapsulated cell therapy product, NovaCaps®,
was tested in a phase I/II clinical trial for the treatment of pancreatic cancer in
humans [42]. It has recently been designated by the European Medicines Agency

3The first demonstration of this method is done using genetically modified epithelial cells, but
the results were reproduced using HEK293 cells [40]. In addition, it is also possible to activate
other prodrugs such as cyclophosphamide and related agents using cytochrome P450 enzyme.

4WHO added ifosfamide to "2015 Model List of Essential Medicines" [16].
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(EMEA) as an orphan drug in Europe. A further phase I/II clinical trial using the
same product confirmed the results of the first trial: almost doubling the survival
time for patients with stage IV pancreatic cancer [8]. However, regulatory bodies
halted NovaCap® based on concerns in regards to the encapsulation material and
methods, as well as the lack of strategies for assessing cell viability in each bead.
The cellulose sulfate polymer beads were inhomogeneous and could not be tuned
into smaller size range using the current fabrication method. This caused a subop-
timal drug delivery profile when the beads were injected into the vascular system.
In addition, the cellulose sulfate experiences batch-to-batch variations and can con-
tain inflammation-inducing components, hindering the function of the encapsulated
cells.

It has proven to be very difficult to synthesize spherical particles with adequate
properties using a single starting material [43]. This is due to the difficulties in
managing two aspects simultaneously: the inner microenvironment of the capsule
should be mild, to main a high cell viability; and the outer layer of the capsule
should be mechanically and chemically robust, to protect the cells and avoid degra-
dation over time.

One successful strategy involves using a material that is polymerized, preferen-
tially at the bead boundary, creating a dense shell like structure and a less dense
core [44]. However, problems regarding repeatability prevent commercial scale pro-
duction of such single material beads. True core-shell morphologies that make use
of two consecutively polymerized materials are with each of the materials optimized
for their particular role: the microcapsule core serves as an extracellular matrix for
cell embedding, and the shell provides both mechanical support for the capsule
and selective molecule filtration, preventing host immune factors from entering the
capsule while allowing transport of tumor suppressive drug molecules.

Traditionally, materials for the shell have been limited to biopolymers and gels,
which bear drawbacks such as low repeatability, poor mechanical properties, and
the need for an extra porogen to ensure the shell nanoporosity. A microfluidic
platform for cell encapsulation has several advantages over traditional synthetic
methods5. However, such synthesis has, until now, required complicated micro-
fluidic manipulations and suffered from a low degree of controllability of the shell
morphology. Novel encapsulation materials and new encapsulation technologies are
thus in need to solve these challenges.

1.3.2 THE AIM OF THE "THERACAGE" PROJECT

The aim of this project is to create a core-shell particle synthesis platform for ther-
apeutic cell encapsulation. The preferred core morphology consists of a hydrogel
matrix, providing a benign microenvironment for long-term cell survival; adequate
storage modulus; and enough nutrient and oxygen influx and cell attachment ca-
pabilities resembling that found in vivo. The shell should be a heavily crosslinked,

5Detailed discussion of cell encapsulation technologies is in Section 2.3.2.
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Figure 1.2. Overview of the "Theracage" project. Left: transfected cells are mi-
croencapsulated on a microfluidic chip, and the on-chip synthesized microparticles
are thus collected and stored prior to in vivo administration; zoom-in insert: the
via-vascular administrated core-shell microparticles are "stuck" at the tumor site
for targeted treatment. Right: the core-shell microparticle allows the nutrients,
oxygen and prodrug diffuse across the shell membrane, whereas antibodies and
immune cells are excluded. After the prodrug conversion by transfected cells, the
cytostatic active drug can also diffuse out from the particle.

nano-porous polymer barrier, which is able to prevent immune response and provide
strong mechanical support that prevents the deformation of capsule structures at
the targeting sites. This will allow the particles to accumulate the required dose in
a highly controlled fashion. Most importantly, the core-shell structure should allow
influx of the prodrug for conversion, as well as the outflux of the converted cyto-
static drugs. In this thesis, a full set of technological and material developments of
such a synthesis platform is presented. Encapsulated cells shows more than 90%
viability in short term after encapsulation. Running the long-term validation of
cells requires a much more systematic study of the platform in a precise order, i.e.
study each single component in the cell mixture, the sterilization of the instruments
and polymers, as well as a reliable method to tackle the cell viability test over a
long period of time. I leave the continuation of this project with several initial tests
of precursor components in the system. However, to steer this project so that it
can be used as a functional clinical product in vivo, such elaborated experimental
construction cannot be avoided.



CHAPTER 2

INTRODUCTION TO LAB-ON-A-CHIP
AND THEIR APPLICATIONS

Microfluidics refers to the science and technology of systems that manipulate fluids
in channels with a size of one to hundreds of micrometers. Lab-on-a-chip (LOC) are
microfluidic systems that constitute miniaturized bio/chemical laboratories. Such
systems can be used to perform analytic chemistry, often referred to as micro to-
tal analysis systems (microTAS), or synthetic chemistry. Both type of applications
have been pursued within the course of this thesis work. This chapter provides a
background to lab-on-a-chip materials, fabrication, components, and applications.

The first section provides a brief introduction to the material systems used in
lab-on-a-chip fabrication.

The second section provides a background on microfluidic components and sys-
tems, with a special focus on micromixers and droplet microfluidic systems.

The last section reviews microfluidic applications in biomedical research, with
a special focus on microparticle synthesis, including core-shell particle synthesis,
and on cell encapsulations, for the latter including a background introduction of
technology, material, and challenges in the development of cell encapsulation in
microfluidics.

2.1 LAB-ON-A-CHIP MATERIALS

This section provides first a short introduction to commonly used technologies for
lab-on-a-chip fabrication. To achieve the goal of the desired application of the
microfluidic device, it is not only enough to adapt the microchannel geometry de-
sign, but also necessary to choose the correct material. In research, materials
are generally selected based on their versatility and performance. For commercial
applications, materials with low production cost, high reliability, and easy imple-

9
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mentation are preferred.
A variety of materials are used for building lab-on-a-chip, such as inorganic

materials, polymers, porous materials and composites. Inorganic materials such as
metals, silicon, glass and ceramics have benefits that they can build on an existing
infrastructure for micro/nanostructuring, and that they allow for covalent surface
modification. Their main drawback lays in the cost of microfabrication of these
materials. Also, they are typically hard, stiff and brittle, which makes valve or
pump designs based on large mechanical deflections hard to integrate. Polymer-
based microfluidic materials, i.e. elastomers, thermosets and thermoplastics, grant
a larger flexibility in material selection properties than their inorganic counterparts,
due to their low manufacturing cost, easy accessibility, and vast range of chemical
and physical properties. More details about some of these materials are described
in the following part of this section.

SILICON

Silicon is the original material for microfluidic device fabrication [45]. The field of
microfluidics started with the fabrication of fluidic structures in silicon using MEMS
technologies. Specific benefits of silicon include its high organic solvent resistance,
high thermo-conductivity, and ease for metal deposition [46]. Drawbacks beyond
the above mentioned cost and mechanical properties are its opacity to visible light,
which makes on-chip imaging and detection hard to achieve.

GLASS

Glass is the traditional recipient material in chemistry, with all its related benefits
[47]. The main advantage of using of glass labs on a chip is its optical trans-
parency and electrical insulation [48, 49]. Glass is biocompatible and has a low
fluorescent background, allowing for biological detection and analysis. However,
high fabrication cost and gas impermeability constrain the use of glass in versatile
chip fabrication and long-term biological applications.

ELASTOMERS

Elastomers are polymers with a relatively loose crosslinking network and weak in-
termolecular forces. This means that the polymer chains can be stretched or com-
pressed by applying an external force, and then recover to original shape without
external forces.

An example of an elastomer is polydimethylsiloxane (PDMS), which was first
introduced for use in lab-on-a-chip in 1997 [50]. PDMS is the most widely used ma-
terial in microfluidic research today due to its reasonable cost, gas impermeability,
and optical transparency. The ease of implementing PDMS into complex micro-
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fluidic systems and its capability of "soft lithography"1 have been driving forces
in the development of microfluidics. The advantages of using PDMS have been
repeatedly addressed in each of its applications:

• the robust bondability to itself, glass, plastics, and other materials.

• the cheap and easy implementation of PDMS into current small scale research
[52].

• the possibility of doing surface energy patterning, from originally hydrophobic
to hydrophilic, by plasma treatment [53].

• the low elastic modulus (300 - 500 kPa), which allows for the removal of del-
icate molds (e.g. silicon) as well as allows implementation of on-chip valving
and actuation [52].

• the gas permeability that allows the in/out flux of oxygen and carbon dioxide
in cellular studies [54,55].

Despite all the listed benefits of PDMS that enabled its rapid adaption in re-
search labs, there are several limitations associated with implementing the material
in biomedical research [56]. For example, the leaching of oligomers from PDMS
contaminates the samples on chip and the absorption of small molecules indicates
that PDMS is not suitable for all microfluidic applications [57]. The arguably most
important drawback, however, is that PDMS is hard to surface modify in a robust
fashion.

THERMOPLASTICS

Thermoplastics are highly crosslinked materials that can be remolded multiple times
by warming them to their glass transition temperature (Tg) and then retain the
molded shape after cooling. Their rigid properties make them suitable for microma-
chining, and the optical transparency and impermeability to small molecules make
them suitable for biomedical applications [58]. The most commonly used thermo-
plastics in microfluidics are polystyrene (PS) [59], polycarbonate (PC) [60], perflu-
orinated compounds (PFEP/PFA/PFPE), polyurethane (PU) and poly-ethylene
glycol diacrylate (PEGDA) [61]. Thermoplastics are fabricated by using thermo-
molding [62], which is ideal for batch production for commercial use; however, they
are not suitable for prototyping. In addition, thermoplastics cannot form conformal
bonding with other surfaces, and further activation or coatings are required to alter
the surfaces properties [63].

1In technology, soft lithography is a family of techniques used for fabricating or replicating
structures using "elastomeric stamps, molds, and conformable photomasks" [51]. It is called "soft"
because it uses elastomeric materials, most notably PDMS.
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THERMOSETS

Thermosets are materials where the polymer chains in the network are irreversibly
crosslinked from prepolymers. They have the advantages of being non-swelling,
insoluble, highly resistant to creep, non-melting, gas permeable, as well as high
mechanical strength [64]. The most commonly used thermosets in microfluidics
fabrication are photoresists such as SU-8 [65]. A novel thermoset material, OSTE
polymers [66], will be discussed in more depth in Chapter 3, as a material intended
to bridge the gap between lab prototyping and commercial production.

POROUS SUBSTRATES

Examples of porous substrates used for lab-on-a-chip are paper and nitrocellulose.
Paper is a flexible, cellulose-based material that has emerged as a promising micro-
fluidic substrate for biochemical analysis as well as medical and forensic diagnostics.
The emergence of porous substrates as microfluidic devices opens the microfluidic
field where channels are not necessarily sealed [67]. Porous substrates are excel-
lent in absorbing liquids, capillary forces can thus guide the liquid through certain
modified regions [46].

Advantages of using porous substrates lays in their portability and low manu-
facturing cost, especially in point of care applications [68]. On the contrary, paper-
based microfluidic devices have limited detection sensitivity due to the irregular
fabric matrix, difficulties for the integration of some of the microfluidic compo-
nents, and problems of liquid evaporation from open channels.

OTHER MATERIALS

Composite material such as cycle-olefin copolymer (COC) [69] and hybrid mate-
rials are also used in microfluidic device manufacturing. Also, low-temperature
cofired ceramic (LTCC) is used for microfluidic devices [70]. Low cost and ease of
implementation of sensors and electronics make LTCC an attractive material.

Each material listed in this section comes with its own set of advantages and dis-
advantages. So far, PDMS is still the most commonly used microfluidic material.
With the development of new materials and composites presenting interesting fea-
tures, mass production of microdevices with lower-price and greater adaptability is
within reach.

2.2 MICROFLUIDIC COMPONENTS AND SYSTEMS

This section provides first a short overview of common lab-on-a-chip components
and systems, followed by a more detailed background to the three component/systems
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developed in this thesis: microfluidic ports, microfluidic mixers and droplet micro-
fluidic platforms.

2.2.1 BACKGROUND TO LAB-ON-A-CHIP COMPONENTS AND DE-
VICES

To integrate a chemical lab onto a chip requires miniaturizing a number of fun-
damental functions. During the past years, the microsystem integration of micro-
channels, wells, reservoirs, pumps, valves, mixers, reaction chambers, sensors, elec-
tronics, and so on, has been shown [71,72].

From a system integration perspective, a few lab-on-a-chip systemic approaches
have gained specific interest due to their versatility or suitability for specific appli-
cations. Examples include rotational microfluidics (lab-on-a-CD) [73], electrowet-
ting on dielectric (EWOD) based systems [74], droplet microfluidic based systems
[75,76], and capillary driven systems[77].

2.2.2 MICROFLUIDIC PORTS

Since the invention of µTAS concept, a variety of microfluidic materials and de-
vices have been demonstrated for different applications. However, the connection
of a microfluidic device with the world, i.e. chip-to-world interface [78], remains
an unsolved hurdle [79]. This is due to the fact that liquid samples are normally
transferred in the range of microlitres to milliliters, whereas the microfluidic liquid
handling are in nanolitres or picolitres. The sample transferring from macro- to
micro- requires skilled personnel, restricting the feasibility of microfluidic applica-
tions in general. Therefore, chip-to-world interface development must be addressed
prior to commercial success of any microfluidic systems.

Methods for solving the problem of chip-to-world connections includes:

• Wells [80]. This is a primitive and primary method, which is simple and
standardized, and also has the potential of matching with microplates. The
disadvantages of such method is that it requires priming station or manual
loading.

• Integrated interconnects [81]. This method can achieve leak-free connection
with the possibility of applying pressure or vacuum, as well as linking multiple
devices together. The disadvantages lays in its complicated manufacturing
steps and unavoidable dead volume.

• Modular interface [82]. This interface is reusable and useful for densely-packed
ports. However, it requires efforts for assembling and precise alignments.

• Reagent amortization [83]. This method requires a sample introduction chan-
nel, which is fabricated together with the microdevice, in milliliter scale, to
match with the macro- liquid administration system. The advantages of using
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such method is that the liquid samples can be efficiently used and adminis-
trated continuously. The disadvantage is that it requires complex microfluidic
components and is only applicable to a large array.

2.2.3 MICROFLUIDIC MIXERS

MIXING ON THE MICROSCALE

Rapid mixing is critical for microfluidic assays involving multiple reagents or ana-
lytes. Mixing involves the transport of reactive species from their position in the
sample fluid to the reaction zone, the latter is often surface-based. In macroscale,
advective flow is the typical dominant transport flow regime. In the size ranging
from 10 µm to 1 mm, laminar effects typically dominate, meaning that the fluid ele-
ments typically stay within their flow line, and mass transport of molecular species
between flow lines occurs by diffusion only. Moreover, in microscale, the non-slip
flow condition prohibits efficient advective transport of the samples to a reaction
surface, and the diffusion is rather slow as well. This results in the depletion of
reagents within their flow line, establishing a diffusion barrier in the liquid, which
slows down further reactions [84].

OVERVIEW OF MICROFLUIDIC MIXERS

Microfluidic mixers are generally used to achieve a rapid and thorough mixing of
multiple samples in microfluidic devices. One method is to enhance the diffusive
effects, an another approach is to increase the contact area (by folding the samples
multiple times as they flow along the channels) and time (by longer mixing channels)
between the samples.

Microfluidic mixers are typically divided into two main categories: "passive"
mixers, in which the contact area and time of samples increase by microchannel
configurations that are specifically designed, and "active" mixers, where the samples
are perturbed by applying external motion to the fluids [85].

Passive mixing schemes can often be achieved by incorporating different micro-
fluidic channel geometries such as zig-zag, intersections, slanted wells, grooved
staggered herringbones (Fig. 2.1), or even by introducing surface chemistry for
heterogeneous electrical charges on the channel walls [86–88].

Active micro mixers use acoustic/ultrasonic or pressure perturbation, dielec-
trophoretic force, thermal actuation, or other flow perturbation methods [89–91].

HERRINGBONE MIXERS

Similar to macro-scale fluid mixing, rips or grooves on channels can generate chaotic
advection. In microscale, three-dimensional "staggered herringbone mixer" (SHM)
was first introduced by Stroock et al. [92], where a passive mixing of steady
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Figure 2.1. Staggered herringbone mixer (SHM). A) Schematic illustration of
one-and-a-half cycles of the SHM. A mixing cycle is composed of two sequential
regions of ridges: the direction of asymmetry of the herringbones switches with
respect to the centerline of the channel from one region to the next. The horizon-
tal positions of the centers of rotation, the up- and down- wellings of the cellular
flows are indicated by c, u, and d, respectively; B) Images of vertical cross sections
of a channel as shown in A) with two streams of fluorescent solutions injected; C)
vertical cross section view of the mixing effect after 1 - 5 cycles and after 15 cycles
[92]. (Figures adapted from the given references)

pressure-driven flows in microchannels at low Reynolds number (Re = 1 - 100)
were presented.

As discussed earlier, one way to introduce a chaotic flow is to subject fluid to a
repeated rotation and extension manner [93]. SHM consists of a repeated sequence
of herringbone shaped grooves being alternatively presented as a function of axial
position in the channel (Fig. 2.1a). This change of SHM orientation between half
cycles exchanges the position of both the rotation center and the up- and down-
wellings in the transverse flow. Therefore, chaotic mixing can be achieved [92,94].

The integration of SHM into microfluidic systems can facilitate an effective
chaotic mixing within a short time and mixing length. Its 2.5D structures also
makes it easy to fabricate with the standard lithography or molding without in-
volving any complicated 3D microstructures.

A herringbone micromixer for improving mass transport in on-chip protein
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analysis will be discussed in detail in Section 6.3 and paper 3.

2.2.4 DROPLET MICROFLUIDIC SYSTEMS

Microdroplet generation using microfluidics is motivated by two applications: for
material science (e.g. pharmaceuticals) and for lab-on-a-chip where droplets act as
individual microreactors.

Microfluidic droplets create a new platform for chemical and biological research
[75]. Droplets offer a compartment where reactions can be isolated from each other
and from their surroundings [95]. Thanks to their monodispersity and ultralow
sample volume, droplets provide opportunities for quantitative studies of biological
species or chemical reactions [96]. Microdroplets allow for studies on single cell and
single molecule [97–99], opening for a wide variety of new experiments with high
throughput. Furthermore, the possibility to polymerize the liquid droplets on chip
enables applications involving cell, protein, and DNA encapsulation [100].

This section overviews different technologies that have been developed for droplet
formation, fusion and sorting in microfluidic devices. Cell encapsulation will be dis-
cussed in detail in the later section of this chapter.

DROPLET GENERATION

The power of generating microdroplets using microfluidics lies in the formation of
uniform droplets. Thus, it is critical to control the size, shape, and monodispersity
of the droplets [101]. The most widely used method to form droplets is emulsifi-
cation of two immiscible fluids (e.g. water and oil). The same concept can also
be applied when forming air-in-liquid droplets. The formation of microdroplets
depends on three parameters: viscous forces, fluid density, and surface tension be-
tween the two phases. Surfactants are widely used to stabilize the droplet formation
by lowering the droplet surface energy [102].

The two most well-established methods for droplets formation in 2D micro-
fluidics are T-junctions [103] and flow-focusing mechanisms. These methods both
generate monodispersed droplets at a rate up to 10 kHz. Control over the droplets’
size and yield can be achieved by altering channel geometry, fluid hydrodynamics
or fluid feeding rates.

A T-junction designed for droplets formation, consists of two perpendicular inlet
channels containing either the dispersed phase or the continuous phase each (Fig.
2.2a). If the fluids have a low capillary number, the two phases will form an interface
at the intersection (T-junction). The dispersed phase will enter the main channel,
thus restricting the flow of continuous phase. This creates a big pressure difference
between the two ends of the emerging liquid, and the head of the dispersed phase
will elongate into the main channel until its neck thins out and eventually breaks
off, forming a droplet.

In flow-focusing configurations, there are four different regimes for droplet for-
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Figure 2.2. Three principle microfluidic geometries for droplet generation. a)
T-junction; b) flow-focusing; and c) co-flow. In flow-focusing mechanism, there
are four different regimes: 1) squeezing; 2) dripping; 3) jetting; and 4) threading.
The difference between 1) and 2) is that in regime 1), the pinch-off is controlled
by blockage of the constriction; while in regime 2) the pinch-off is controlled by
viscous drag on the fluid. In the simplest settings, all these droplet generation
regimes can be realized by water and oil emulsion. (Figures adapted from the
given references)

mation: squeezing, dripping, jetting2 and threading (Fig. 2.2, 1 - 4) [104]. In the
squeezing/dripping regime, the dispersed and continuous phases are both forced
to flow through a narrow region. The symmetric shear force from the continuous
phase sandwiching the dispersed phase, ensures a break-off of the dispersed phase
thus forming droplets. This method provides more control and stability than T-
junctions. Both jetting and threading regimes occur when a long and thin liquid
thread forms and subsequently breaks up due to capillary instabilities.

Co-flow can occur when a small cylindrical channel is aligned with a larger
channel [105]. The breakup of the liquid stream from the inner tube can occur in
two regimes: 1) dripping, where droplets are pinched off at the tip of the inner
tube; and 2) jetting, where droplets are pinched off from an extended liquid thread
downstream of the inner tube tip. The transition from regime 1) to 2) depends on
the flow rates, viscosities, and the interfacial tension, of the two phases.

In these two-phase systems, surface properties of both the fluids and the channel
determine the behavior of the dispersed and carrier phases. In most cases, the

2"A classical signature of nonlinear instabilities."[101]



18 CHAPTER 2. MICROFLUIDICS AND APPLICATIONS

channel surface and the carrier fluid share the same wettability. More complex
systems integrating multiple junctions of the types described above can be applied
as well.

Besides the above described methods, electrohydrodynamic systems can also be
used to generate droplets. Here, an electric filed is applied to pull droplets from
a liquid reservoir (dielectrophoresis, DEP) [106] or to change surface energy to
induce droplets formation (electrowetting, EWOD) [74]. In these systems, no extra
pumping systems are required and droplets can be generated in parallel.

DROPLET FISSION, FUSION AND SORTING

Each microdroplet can serve as a reaction flask. Splitting and merging of these
"flasks" enhances the experimental throughput, like in a real scaled-up chemistry
or biology lab. Moreover, splitting droplets can also be used to control the con-
centration of the droplet ingredient. The common methods available for droplet
fission (splitting) and fusion (merging) can be divided into either passive or active
schemes. Passive droplet fission [107] and fusion [108] are generally achieved using
the channel geometry (e.g. a channel splits into branches or two channels merge).
Active droplet manipulation is accomplished by applying external power such as an
electric field and by using electrowetting [109].

Sorting of the microreactors is a critical component of analysis in microfluidics
as it allows for isolation of the droplets of interest, purification of the synthesized
samples, and the segregation of a heterogeneous mix of droplets. Additionally,
sorting mechanisms enable individual control of single droplets within a population,
instead of having a series of "flasks" trapped on a conveyor belt in an assembly line
[76]. Passive sorting is usually done by either altering the channel geometry, or by
utilizing gravitational differences between droplets [110]. Active droplets sorting
systems manipulate the movement of the droplets and sort droplets based on the
content, functionality or other parameters [111].

SURFACTANTS IN DROPLET MICROFLUIDICS

Surfactants affect the stability of droplet interface, the biocompatibility of the sys-
tem, and the molecular exchange between droplets [102]. Several standard surfac-
tants used in droplet microfluidics and their roles are discussed here.

Dynamic properties of microdroplets, interfaces and emulsions are important to
understand in microdroplets. Amphiphilic molecules, i.e. molecules with different
groups having affinities for different immiscible phases, are commonly used to stabi-
lize the droplet interface. Although the formation of droplets does not require any
stabilizers, surfactants are generally needed to prevent the coalescence of droplets
after formation. The amphiphilic property of these molecules drives them to the
droplet interface thus decreasing the surface tension in between the two phases
[112–114].
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Figure 2.3. An overview of several droplet-manipulation modules. a) droplets
with different sizes formed in the same channel with different flow rates; b) Janus
particles formation in microfluidics; c) surfactant-stabilized droplets with high
monodispersity in a reservoir [118]; d) two kinds of droplets generated at the
same cross-junction; e) droplet fusion mediated by channel geometry [120]; f)
electrosorting of droplets [121]; g) droplets splitting mediated by channel geometry
[122]; h) mixing the contents of droplets in a winding channel [123]; i) droplet
storage in parking lots in a microfluidic device [124]. (Figures adapted from the
given references)

Commercially, Span 80 [115], Abil EM, Triton-X [116], and Tween 20/80 [117]
are the most widely used surfactants. However, surfactants used in cell studies need
to be both biocompatible and stable over time [118]. Fluorinated surfactants are
generally more biocompatible than others, PFPE based surfactants also have been
reported for use in cell containing microdroplet formation [119].

DROPLET-IN-DROPLET MICROFLUIDICS

"Emulsions in emulsions" in microfluidics refer to the generation of microdroplets
encapsulating smaller droplets. Microfluidically generated multiple emulsions can
avoid the polydispersity of droplets that are emulsified through a sequential bulk
process. Techniques for generating monodispersed multiple emulsions have previ-
ously been shown. However, it is still difficult to achieve precise control over the
droplet structure, size, or high-order multiple emulsions. Double, triple or multi-
ple emulsions in microfluidics can be achieved by implementing a series of cross-
junctions, utilizing either flow-focusing or co-flow mechanism. By manipulating the
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feed ratio and the timing, it is possible to generate droplets as well as droplets with
multiple layers. Fig. 2.4 shows an overview of microdroplets formation with either
water-in-oil-in-water (W/O/W) or oil-in-water-in-oil (O/W/O) double emulsions.

Multiple emulsions in microfluidics are useful when it is necessary to control the
internal droplet structures. However, new materials or new fabrication techniques
are needed to realize the required complex channel geometries. Automated pump-
ing systems for manipulating several fluid flows simultaneously are also needed to
reduce the complexity of operating such a platform. Double emulsified droplets
are common templates for core-shell beads polymerization on-chip, which will be
discussed later in Section 2.3.1 of this chapter.

2.3 APPLICATIONS OF LAB-ON-A-CHIP

Among microfluidic applications, tools for studying biology and diagnosis are cur-
rently the two dominant applications for labs on a chip. The reason behind this
is that microfluidic systems provide an unparalleled "sample-to-answer" capability
in biomedical research by providing the following unique features: low sample vol-
ume consumption, low cost, optimized output results, high scalability in screening,
multiplexed processing, and microenvironment simulations for organic studies.

This thesis pursues three applications of microfluidics: high throughput screen-
ing of proteins (paper 1 & 3), synthesis of microbeads (paper 8), and synthesis of
cell containing microcapsules (paper 2). A background to microfluidic challenges
related to throughput screening of proteins will be given in Section 6.1. The remain-
der of this section will give a deeper background in microfluidic particle synthesis
and cell encapsulation.

2.3.1 MICROFLUIDIC PARTICLE SYNTHESIS

Particles with monodispersity can be used in chromatography, toners, spacers, and
calibrations [132–134], as well as for more advanced applications such as encap-
sulation of drugs and biomolecules [135], medical diagnostics [136] and photonics
[137]. In contrast to conventional particle synthesis3, using microfluidic synthesis it
is possible to take control of the particle size, distribution, morphology, shape, com-
position, and internal structure (Fig. 2.5) [100]. Microfluidic synthesis of particles
can be categorized into two methods:

1. Single phase particle synthesis in a continuous fluid stream, with UV illumi-
nation of the fluid through a patterned photomask (2.6b)[138], or through
polymer nanoparticle precipitations [139].

3Conventional particle synthesis methods include, but not limited to, emulsion, dispersions,
precipitations, and suspensions. These synthesis methods are out of the scope of this thesis, so
there will be no further discussions.



2.3. APPLICATIONS OF LAB-ON-A-CHIP 21

Figure 2.4. An overview of several methods for droplet-in-droplet emulsion
in microfluidics [125]. a) production of W/O/W emulsions using two serial
T-junctions with different wettability [126]; b) production of double emulsion
droplets using co-flow flow focusing geometry [127]; c) production of O/W/O
double emulsion in two steps using two consecutive emulsification steps [128]; d)
production of O/W/O double emulsion in one step using two serial cross junctions
[128]; e) production of W/O/W emulsions in a non-planar device [129]; f) produc-
tion of double emulsion in a coaxial capillary microfluidic device in a single step
[130]; g) production of double emulsion with distinct inner drops in a two-step
emulsification [126]; h) a glass capillary device for generation of drops with four
distinct inner drops [131]. (Figures adapted from the given references)
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Figure 2.5. Comparison of particle synthesis methods : a)conventional bulk
synthesis, and b) microfluidic synthesis (Adapted from [100]).

2. Multiple phase particle synthesis in microfluidic droplets (2.6a, c, d, e, f), by
emulsification of liquid monomers, or gelation of the droplet precursor. The
gelation method can use both physical and chemical approaches. Physical
methods includes ionic cross-linking [140], solvent extraction [141], or ther-
mosetting [142], whereas chemical methods include polycondensation, cata-
lyst/crosslinker addition, and radical polymerization4 [142–144].

PARTICLE SYNTHESIS WITH DIFFERENT MORPHOLOGIES IN MICROFLUIDICS

Rigid polymer particles can be synthesized on-chip in microfluidics by crosslinking
of liquid droplets composed of a mixture of monomer(s) and crosslinkers [127].
These particles can be loaded with inorganic nanoparticles, liquid crystals, small
molecules, or solvents, by adding the components to the dispersed liquid phase
[142,145].

Gel polymer particles can be synthesized on chip by rapid, photoinitiated radical
polymerizations or cross-linking reactions [146, 147]. Such synthesis takes place
when: 1) two liquid phases are mixed on chip (Fig. 2.6e); 2) UV or thermal stimuli
from outside triggers the reaction inside droplets (Fig. 2.6a&b); or 3) the crosslinker
or reaction trigger ingredient diffuse from the continuous phase into the dispersed
phase (Fig. 2.6c&d).

Irregular particle synthesis can also take place in microfluidic channels. Janus
particles and core-shell particles can be generated using different emulsion methods
(Fig. 2.3b). Particles with non-spherical structures can also be synthesized as well,
either by channel confinement (plug-like, disk-like) or by UV lithography in the
continuous flow or by stop-flow under a patterned mask (Fig. 2.6b).

4Radical polymerization will be discussed intensively in the later parts of this thesis.
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CORE-SHELL PARTICLE SYNTHESIS IN MICROFLUIDICS

Core-shell particle synthesis in microfluidic is the main focus of the research in this
thesis. While most of the core-shell particle synthesis in microfluidics is done by
crosslinking double emulsified droplets on chip, as discussed in Section 2.2.4, there
are also several other strategies:

• Interfacial polymerization at the droplet boundary. This mechanism can be
used to achieve a liquid core with a thin membrane shell (Fig. 2.6d).

• Diffusion controlled core-shell particle synthesis. The crosslinker diffuses
from continuous phase into droplets. This synthesis method forms a highly
crosslinked shell with a less or non- crosslinked core, with the same material.
The shell thickness is controlled by the diffusion time (Fig. 2.6c).

• Deposition and assembling of colloids or other nanoparticles (shell) at the
boundary of a polymerizable droplets (core). It is also possible to do the
opposite, with colloids in the core and a photocurable shell.

Fig. 2.6 summarizes the presented methods of core-shell particle synthesis in micro-
fluidics [100]. A distinguished novel synthesis method , which will be discussed in
Section 4.4 of this thesis (paper 2).

2.3.2 CELL ENCAPSULATION

As described in Section 1.2.3, cell microencapsulation is the technology that immo-
bilizes cells in a physically isolated microenvironment, where cells can be protected
from the outside environment and maintain their cellular functions [155][156]. Ma-
terials that have been used to construct such microenvironments are commonly
hydrogels due to their good biocompatibility [157]. In addition, because most hy-
drogels are porous, cells encapsulated in hydrogels can not only receive nutrients
and oxygen from the outside environment but also are able to release continuously
metabolic products and/or therapeutic agents to the outside. Therefore, cells en-
capsulated in hydrogels can be treated as sources for sustainable drug release and
have been used for cell-based drug delivery and therapy [158].

There are three key parameters for cell encapsulation that needs to be carefully
considered [159]:

• The encapsulated cell line

• The encapsulation material

• The microencapsulation technology

Two of these, the cell encapsulation materials and the microencapsulation techno-
logies are discussed in this section.
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Figure 2.6. An overview of the mechanisms for particle synthesis methods in
microfluidics. a) particle synthesis on-chip by UV crosslinking of the template
droplets generated in single or double emulsions [148]; b) particle synthesis using
stop-flow lithography, where the hydrogels are polymerized in the microchannel by
UV light through a photomask and a microscope objective [149]; c) liquid core -
gel shell particle synthesis on-chip by diffusing crosslinking ions from the carrier
fluid into the droplets to form a crosslinked shell with a liquid core [44]; d) liquid
core - gel shell particle synthesis by electrostatic interaction of the polycation and
polyanion across the droplet interface, thus form a shell using interfacial poly-
merization [150]; e) particle synthesis on-chip by mixing three liquid inside the
microdroplets via thiol-Michael addition mechanism [151]; f) core-shell particle
synthesis using two-fluid co-axial electrojetting [152]. (Figures adapted from the
given references)
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Figure 2.7. An overview of the core-shell particles synthesized in microfluidics.
a) scanning electron microscopy (SEM) images of microcapsules prepared by
microfluidic interfacial polymerization [153]; b) Colloidal crystalline array confined
in polymeric shells [154] ; c) different ionically cross-linked hydrogel beads using
diffusion polymerization [44]; d) core-shell particles with different shell thickness
(the core and the shell are labeled with different color) [148]; e) liquid core - gel
shell particles crosslinked by interfacial polymerization [150]. (Figures adapted
from the given references)

CELL ENCAPSULATION MATERIALS

Hydrogels are crosslinked polymers that can take up water content but does not
dissolve in water. Hydrogels are, so far, the most widely used cell encapsulation
material due to its high water content volume, tissue-like elasticity, and biocompat-
ibility. Hydrogels can be divided into two groups: natural hydrogels and synthetic
hydrogels [160]. The most commonly used hydrogels are listed in Table. 2.1 [155].

Natural hydrogels are normally crosslinked via ionic or physical interactions un-
der physiological conditions, whereas synthetic hydrogels are crosslinked covalently
by either radical chain polymerization or step-growth polymerization.

Natural hydrogels have innate features similar to extracellular matrix (ECM)
and can interact directly with cells to promote cellular functions, whereas synthetic
hydrogels support little cell-gel interactions. On the other hand, most natural
hydrogels have poor mechanical properties and are difficult to modify their chemical
functionalities [161].

Synthetic hydrogels, on the other hand, can be designed to have fine-tuned ma-



26 CHAPTER 2. MICROFLUIDICS AND APPLICATIONS

Table 2.1. Hydrogels for cell encapsulation

Hydrogel type Hydrogel name

Natural hydrogel proteins Collagen, gelatin, and fibrin

Natural hydrogel polysac-
charides

Alginate, hyaluronic acid, chi-
tosan, and agarose

Synthetic hydrogels
Poly(ethylene glycol),
poly(acrylic acid), and
poly(vinyl alcohol)

terial properties and can easily be produced in large quantities. Synthetic hydro-
gel crosslinking methods include ionic crosslinking [162], enzyme-triggered gelation
[163], thermally induced gelation [164], and covalent crosslinking. Light-activated,
free-radical crosslinking of hydrogels is of particular interest in biomedical applica-
tions where in-situ, non-toxic gelation is required. Photopolymerization provides
rapid reaction rate that can result in uniform hydrogel properties with excellent
temporal and spatial control.

One of the most widely used synthetic hydrogel category for cell encapsulation is
polyethylene glycol-based (PEG-based) hydrogels. PEG is bioinert and can reduce
the immunoresponse when used in vivo. It is also easy to tune to achieve the desired
polymer chemistry. PEG-based hydrogels can be implemented into microfluidic sys-
tems and its UV initiated crosslinking enables in-situ polymerization using droplets
as a template.

PEG-based hydrogels can be polymerized in several different ways: radicals,
Michael addition, click chemistry, as well as enzyme-catalyzed reactions [165].
Among these, radical polymerization is the most efficient and by-product free pro-
cess when it comes to cell encapsulation.

PEGDA, as PEG-based hydrogel with two acrylate functional groups, has previ-
ously been shown to have outstanding cell encapsulation properties. Its key features
include: excellent biocompatibility, low immunogenicity, being an FDA (US Food
and Drug Administration) approved biomaterial for clinical applications, simple
modification of the originally bioinert PEG into a bioactive form, and low cytotox-
icity with unreacted diacrylate. Moreover, PEGDA does not get deformed when
subjected to bending [166], and its original hydrogel network is impermeable to pro-
teins larger than 22 kDa [167]. The latter makes it suitable for in vivo applications
that require immune factor isolation and nutrition transfer.
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CELL ENCAPSULATION IN MICROFLUIDICS

Cell microencapsulation is a concept which is several decades old [21, 22, 168], and
with many applications such as cell therapy [169], cell biosensors [170], cell immo-
bilization for protein and antibody production [171].

Conventional cell encapsulation methods such as bulk emulsion results in a
polydispersed particle size, ranging from hundreds of microns to several millimeter.
Microfluidics provides a highly controllable platform for cell encapsulation, and can
generate particles in a much smaller size, down to several microns, which is useful
when it comes to single cell encapsulation [97]. Cells are normally administrated in
solutions as dispersed phase, and hydrophobic solutions are used as the continuous
phase. Fig. 2.8 shows several cell encapsulation examples using microfluidics.

The advantages of cell encapsulation using microfluidics are:

• The droplet size distribution is homogeneous, and can be controlled by alter-
ing flow rates and solution viscosities.

• The channel geometry configurations define the shape of the cell capsules,
resulting in the formation of highly repeatable cell containing capsules of the
desired shape.

• The cell containing capsules can be synthesized with different mechanical
structures in microfluidics, such as porous, multiple layered or even air con-
taining capsules.

Challenges associated with cell encapsulation in microfluidics are:

• Overgrown cells inside the encapsulating particles leak out and trigger im-
mune responses. Therefore, it is important to be able to control overgrown
cells in the matrix.

• Most of cell-containing particles are synthesized in a water-immiscible liquid,
such as oil. Although most of the studies show that the oil phase can be
removed by simply centrifuging the particles, getting rid of the liquid from
continuous phase completely from particles, particularly from soft particles,
is still a challenge.

• During the process of encapsulation of cells in microfluidic channels, cells may
experience high shear stresses, causing damages to the cells. Development of
mild conditions for cell microencapsulation in microfluidics is thus needed5.

• There is also a lack of approach to detect the mobility and time-dependent
distribution of particles in vivo after the cell-loaded particles have been in-
jected into the body. Future research in this area is of great interest for
clinical applications.

5To resolve this, the stop-flow lithography is a promising approach [149].
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Figure 2.8. Examples of the cell encapsulation in microfluidics. core-shell par-
ticles synthesized in microfluidics. a) microfluidic Jurkat cell encapsulation in
alginate[172]; b) microfluidic encapsulation of murine embryonic stem cells in
agarose [173]; c) microfluidic encapsulation of NIH-3T3 fibroblast cells in PEGDA
using stop-flow lithography [149]. (Figures adapted from the given reference.)



CHAPTER 3

INTRODUCTION TO THIOL-ENE BASED
POLYMER SYSTEMS

In this chapter, thiol-ene polymeric systems are introduced and some of their key fea-
tures are discussed. On top of the versatile UV-curable thiol-ene "click" chemistry,
we developed both binary and ternary off-stoichiometry thiol-ene(-epoxy) systems
suitable for microfluidic prototyping. The unique characteristics of these mate-
rials and the further developments of thiol-ene-epoxy networks are presented and
discussed. I start with introducing three thiol-ene systems that were originally in-
troduced outside the scope of this thesis, but here further developed.

In the first section, a stoichiometric thiol-ene polymer network and some of its
merits related to microfluidic device prototyping is introduced.

In the second section, an off-stoichiometric thiol-ene (OSTE) polymer network
is introduced as a novel material developed specifically for lab-on-a-chip applications.
Its related features such as the capabilities of microstructuring, surface energy pat-
terning, dry bonding and biocompatible cell handling are discussed.

In the third section, an off-stoichiometric thiol-ene-epoxy (OSTE+) dual-cure
polymer network, which can tackle the drawbacks of existing OSTE systems and its
reaction mechanisms, is described.

3.1 THE THIOL-ENE SYSTEM

Thiol-ene polymeric systems are based on the concept of "click reaction" which
differentiates itself from other organic reactions by its insensitivity to oxygen and
water, its simple reaction conditions, its byproduct-free reaction and its high reac-
tivity towards a variety of available starting compounds [174]. Thiol-ene reactions
can be triggered either by a radical reaction or a Michael addition reaction (Fig.

29
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Figure 3.1. Thiol-ene reaction can be achieved either by a) free-radical, or b)
Michael addition reactions. In both idealized reactions, a single thiol reacts with a
single ene to yield the product.

3.1). The mild reaction conditions together with its nature of quantitative monomer
conversions make thiol-ene polymers applicable in high performance required fields,
especially in the biomedical field for applications such as drug and bioactive com-
ponent synthesis and processes [175].

Thiol-ene chemistry is known for its step-growth copolymerization. Almost
all multifunctional thiols and enes can undergo a reaction of high conversion, low
shrinkage, and low stress [176]. Such chemistry has very high potential for targeted
and highly specific applications such as surface patterning [177], biomaterial synthe-
sis [178]. polymer modification, optical components fabrication [179], microdevice
fabrication, lithography, and protective coating[180][175].

The growing amount of applications combined with the relatively easy synthe-
sis procedure has lead to the emergence of an increasing amount of commercially
available thiols and enes. This has in turn spurred the rapid development of new
thiol-ene polymeric systems. Important and partly unique material properties of
thiol-ene systems include:

• The polymer network is nearly ideal in the aspects of: 1) delayed gelation
caused by the formation of low molecular weight oligomers that tend to re-
duce the network shrinkage stress, as well as achieve a higher double bond
conversion; 2) the homogeneous polymer network formed exhibits robust me-
chanical properties with a narrow glass-transition1 step which is difficult to
achieve using other functional groups [182–185].

• The simple reaction mechanism of thiol-ene contrasts with conventional free
radical polymerization in that it affords a rapid and efficient crosslinking
combined with a high monomer conversion. This leaves few residual reactive
groups and few dangling chain ends in the final polymer. This characteristic
is essential for microfabrication where control and high reactant conversion
are required to ensure high material stiffness and avoid monomer leaching
[186].

• The thiol-ene reaction can take place where oxygen and water are present,
since even a small amount of thiols can carry the radical propagation forward

1The glass transition is the reversible transition in amorphous materials from a hard and
relatively brittle "glassy" state into a viscous or rubbery state as the temperature is increased
[181].
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Figure 3.2. Scheme of thiol-ene reaction in the presence of oxygen during radical
polymerization.

(Fig. 3.2). This property allows the polymerization to take place in most
environments [187].

• Other properties such as biocompatibility, porosity, amenable glass transition
temperature (Tg) are discussed in the later sections of this chapter.

From an application perspective, important properties of thiol-ene systems in-
clude: their high optical transparency, UV-patternability, and surface energy pat-
ternability, which make these polymeric systems an outstanding platform for syn-
thetic chemistry with a wide range of applications.

3.2 OFF-STOICHIOMETRY THIOL-ENE SYSTEM

When the ratio of functional groups in the thiol-ene system is unbalanced by the
excess of one monomer, i.e. off-stoichiometry (equation 3.1), new material proper-
ties arise, expanding the toolbox provided by the stoichiometric thiol-ene system.
The off-stoichiometric ratio is defined as:

S = mx

ny
− 1 (3.1)

where mx 6= ny; m and n present the thiol and ene monomer functionality; x and
y present the number of thiol and ene monomers (Fig. 3.3) [188].

New advances in the properties of such material can be summarized with:

• UV patternable surface modifications can be realized on the thiol- or ene-
excess polymer surface by using the so-called "grafting-to" and/or "grafting-
from" procedures (Fig. 3.4), with homogeneous unreacted group density and
high stability over time. This is critical in applications where surface treat-
ment is required to alter the original wettability, or to add bio-probes to
functionalize the non-biomolecular incorporated surface. Tedious processing
steps can be reduced to a simple UV anchoring of desired molecular chains to
the anchors (thiol- or ene- groups) that are defined by the off-stoichiometric
ratio.
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Figure 3.3. Illustration of off-stoichiometry thiol-ene systems. a) Two monomers
in the system; b) after UV initiation, the surface functional groups with different
monomer mixtures. Reaction scheme can be found in Fig. 3.7 (b).

• Tunable mechanical properties can be achieved due to the large number of
available thiol and ene monomers. These can be used to customize the me-
chanical properties of stoichiometric thiol-ene systems ranging from hard ma-
terials capable of high impact sustaining without cracking/fracturing, to elas-
tomeric materials with low modulus. The mechanical properties can be fine
tuned by altering the off-stoichiometric ratio due to a shifted glass transition
temperature caused by a differently cross-linked network.

• Direct, dry, room temperature, adhesive/solvent free, and thermal free bond-
ing can be realized by anchoring molecules to the unreacted functional groups
on the surface, to which similar materials can be covalently bonded. Other
surfaces can be integrated with an additional surface functionalization step
[189].

3.2.1 PHOTOLITHOGRAPHY OF OSTE
PDMS and SU8 are two commonly used materials in academic research labs. Their
fabrication technologies are mature and live up to microfabrication standards [62,
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a b

c d

Photoinduced “grafting to” Michael addition  “grafting to”

Photoinduced “grafting to” Photoinduced “grafting from” Michael addition  “grafting from”Michael addition  “grafting to”

Photoinduced “grafting from”

Figure 3.4. Surface modification approaches with thiol-click reactions: a) thiol-
ene and thiol-Michael addition reactions using "grafting to" approach; b) photoin-
duced "grafting from" approach; c) differences between photoinduced "grafting
to" and "grafting from" approaches; d) differences between thiol-Michael addition
"grafting to" and "grafting from" approaches. (Adapted from [186])

71]. Although these materials are capable of high-resolution microstructuring with
adequate fabrication time, they entail several drawbacks such as:

• The poor mechanical strength of PDMS creates a risk for deterioration of the
microstructures (e.g. micropillars, microchannels, micro trenches and etc.).

• The chemical properties of PDMS such as component leaching, solvent intoler-
ance and invariable surface energy limit the flexibility in designing functional
chips.

• SU8 is natively inert, meaning that the surface requires chemical activation
to allow bonding or further processing. SU8 also requires soft baking as post-
processing, which limits the film thickness to a few hundred microns [190,191].

OSTE overcomes the disadvantages of PDMS and SU8 in aspect of intrinsic ma-
terial properties. Moreover, from the perspective of manufacturing, the capability
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Figure 3.5. Photolithographically defined micro pillars of stoichiometric thiol-ene
(lower right) and OSTE (upper right). Confocal Raman microscopy data (left)
shows Broadened polymerization under the photo mask area of stoichiometric
thiol-ene (red bulk and line), whereas the broadening is reduced in OSTE (blue
bulk and line). (Adapted from [193])

of UV patterning of thiol-ene systems is inherent in OSTE due to the their radical
initiated network polymerizations and low stress, low shrinkage curing process. Un-
like the radical-initiated stoichiometric thiol-ene systems, where an extra inhibitor
is required for high fidelity shadow mask lithography [192], OSTE systems maintain
an excellent lithographic performance with much reduced pattern broadening under
the dark mask (Fig. 3.5). This surprisingly precise lithography can be explained by
the extra monomer added in OSTE systems: in a photolithography polymerization
reaction, radicals from the illuminated area always diffuse to the masked region,
causing pattern broadening. In the off-stoichiometric case, this effect is mitigated
by the rapid depletion of the deficient monomer in the dark area, leaving diffusing
radicals from the illuminated zone in a highly off-stoichiometric environment with
little probability of network formation, i.e. pattern broadening [193].

This unique property of off-stoichiometric thiol-ene systems enable high-resolution
photo-patterning of microdevices.

3.2.2 SURFACE ENERGY PATTERNING OF OSTE

Similar to the UV geometry patterning of OSTE, surface energy patterning can also
be achieved by UV initiation. Hydrophilic/hydrophobic methacrylates are dissolved
in toluene with an initiator and applied onto the cured OSTE-thiol surface. With a
photomask defining the to-be-patterned area on top, photo-grafting of methacrylate
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chains covalently onto the OSTE surface in a "grafting to" and "grafting from"
fashion can be performed (Fig. 3.4). This method allows for photopatterning of
both hydrophilic and hydrophobic regions on the same OSTE-thiol surface with
contact angles ranging from 43◦ to 106◦ [194].

Another method of surface energy patterning is by molecular self-assembly in
the bulk OSTE prepolymer mixture according to the surface energy of the master
mold during UV curing. This requires the addition of hydrophilic and hydrophobic
methacrylate into the OSTE prepolymer, so when the prepolymer is casted to the
master mold, hydrophobic methacrylates align against hydrophobic regions of the
mold, and hydrophilic methacrylates align against hydrophilic regions. This method
combines the molding of geometry and surface patterning in one step with surface
contact angles varying from 64◦ to 110◦. However, a master mold with identical
surface properties as the desired OSTE surface must be pre-fabricated [195].

The hydrophilic properties of OSTE-thiol polymers with mixing polyethylene
glycol (PEG) in the bulk prepolymer and plasma treatments afterwards can also
be dramatically improved. The contact angle of OSTE-PEG can be reduced to
minimum 20◦ with 20% thiol excess and 20% w/w PEG in the prepolymer mixture
[196].

3.2.3 CELL AND TISSUE GROWTH ON OSTE POLYMER

Cell manipulation in microfluidics is an emerging topic due to the feasibility of
single cell screening and manipulation, cell encapsulation, and cell behavior studies
[75, 97, 155, 197]. Traditionally, PDMS has been used for cell studies owing to its
optical transparency, auto-fluorescence and monomer leaching free surface, and,
most importantly, its gas permeability. Despite these advantages, concerns with
PDMS involve control of micro environment, absorption of molecules, and non-
permanent surface functionalization [198,199].

Cell growth on OSTE surface with various thiol-ene mixtures with different
off-stoichiometric ratios were compared with widely used petri dish (polystyrene)
surfaces. Similar cell viability, but lower cell growth, were observed on OSTE
surfaces after six days of incubation. The OSTE mixture of penaetrythritol tetrakis
(3-mercaptopropionate) (PETMP) and triallyl triazine trione (TATATO) with a
lower off-stoichiometric ratio resulted in the highest viability compared to other
mixtures and mixing ratios. The leaching of free hanging monomers from OSTE
system could be the main cause of cytotoxicity [200].

Cell patterning on OSTE surfaces with different off-stoichiometric ratios also
shows that the lower off-stoichiometric ratio can benefit cell viabilities. OSTE
surfaces with allyl excess have in general better cell compatibility than that with
thiol excess [196].
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3.2.4 DRY ROOM TEMPERATURE BONDING

Due to the excess of thiol on the surface of the finished OSTE material, adhesive-free
bonding to a variety of materials have been reported:

• OSTE cartridge bonding with a gold coated quartz crystal sensors as pack-
aging material demonstrates a void free and homogeneous bonding with suc-
cessful detection of albumin [201].

• OSTE can be bonded to itself with another excess monomer present on its
surface, e.g. full OSTE chip manufacturing was previously demonstrated
with a final bonding step of one thiol- and one allyl- excess layer, or multiple
alternative thiol- and allyl- excess layers.

• A permanent bonding of OSTE polymers to silanized silicon wafers at 37
◦C shows potential for batch fabrications of OSTE packaging on wafer scale
[202].

Some other applications of OSTE include protein surface patterning [203], tun-
able superhydrophobic functional hydrogel networks with back-end patterning [204],
neuron probe design with temperature dependent material stiffness [205], and elec-
trodes with gold nanoparticle layers in OSTE [206,207].

The novel OSTE polymer with intentionally imbalanced stoichiometric ratios
between thiol and ene monomers extend the current stoichiometric thiol-ene tool-
box to: UV precision patterning, one-step UV defined or "mimicking" surface en-
ergy patterning, tunable mechanical properties, and room temperature, leakage free
bonding. This thiol-ene based platform overcomes several disadvantages of PDMS
while maintaining the qualities and fabrication conveniences associated with PDMS.

3.3 OFF STOICHIOMETRY THIOL-ENE-EPOXY SYSTEM

The previously discussed off-stoichiometry thiol-ene system, although having chemi-
cal advantages in regards to microfluidic applications, also has some intrinsic draw-
backs such as leaching of unreacted monomers which induces cytotoxicity, low glass
transition temperature constraining the operating temperature, and non-achievable
identical material bonding rendering different surface chemistry on microchannel
walls.

To address these drawbacks, a ternary polymer system with a third epoxy com-
ponent added into the current OSTE prepolymer was developed (Fig. 3.6). The
material is coined "OSTE+" where "+" represents the added epoxy component.
Such system reformulation aims to provide a chemically inert material both in bulk
and on the surface, while maintaining the highly customizable properties of OSTE.

The ternary thiol-ene-epoxy system reacts in two orthogonal reactions, thiol-
ene and thiol-epoxy, generating an on-demand dual cure system where the OSTE
reaction takes place first, followed by a stoichiometric reaction between the excess
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Figure 3.6. Illustration of an off-stoichiometry thiol-ene-epoxy system with a
dual-cure process: a) Initially, three types of monomers are mixed in the system;
b) after the first UV cure all the ene monomers and part of the thiol monomers
are reacted, forming an initial polymer network; c) after the second thermal cure
all the monomers left in the system are reacted, forming a fully reacted net-
work with an inert surface. Several hours as shelf life in between two cures as an
"intermediate" state of the material can be maintained, which can be used for
intermediate processing. Reaction scheme can be found in Fig. 3.7.

thiol and the epoxy. Between these two cures, an intermediate state of the material
with a defined shape and a reactive surface allows intermediate processing (e.g.
surface patterning). The second cure is generally used for dry bonding due to the
high bondability of epoxy to different kinds of materials.

The two curing steps are separated by their different initiation processes: free
radical polymerization of thiol-ene and anionic polymerization of thiol-epoxy. Such
clear separation of the two curing steps gives the material a shelf life2. This property
allows for:

• Material processing between two cures while still guaranteeing a good bonding
at a later stage.

• The possibility of separating material processes in chemical labs with material
applications in other labs, allowing for an intermediate transportation.

• The unique soft molding with a rigid finish due to the change of mechanical
properties between the two cures.

These three features of OSTE+ will be utilized in new technological developments
discussed in Section 4.1.

2Shelf life is defined as the time in between two curing steps where intermediate processing
can be carried out



38 CHAPTER 3. THIOL-ENE SYSTEMS

O

O

HS

HS

O

O

SH

SH
O

O

O

O

O

NN

N OO

CH2

CH2

H2C

O
CH2 CH CH2

O

CH2

O
CH2 CH CH2

O

O
CH2 CH CH2

O

CH2

n = 0.7

PETMP (thiol) TATATO (allyl)

D.E.N.TM 431 (epoxy)

Initiation
(1)PI I·

I· R-SH+ IH R-S·+ (2)

Propagation

(3)R-S·

(4)

CH2=CH-R’+ R-S-CH2-C·
H

R’

Chain transfer

R-SH+ R-S-CH2-CH2-R’

Termination

2 R-S-CH2-CH-CH-CH2-S-R
R’

R’

R-S· + R-S-CH2-CH-S-R
R’

2 R-S· R-S-S-R

(5)

(6)

(7)

R-S·+R-S-CH2-C·
H

R’

R-S-CH2-C·
H

R’

R-S-CH2-C·
H

R’

R3  N
+ H’’’R-SH + R3  N’’’ R-S - +

CH2 CH

O

R’’R-S - +

+

+

(9)

(10)

(11)

(12)

(13)

(8)

-CH2 CH-O
R’’

R3  N
+ ’’’  CH2 CH-O

R’’
 CH2 CH-O

R’’

-

n-1

Propagation I

Initiation I

Initiation II

Propagation II

Propagation III (homopolymerization)

R-S-CH2- CH-R

O-

’’

R-S-CH2- CH-R

O-

’’ R3  N
+ H’’’+

+ R3  N’’’R-S-CH2- CH-R

OH

’’

CH2 CH

O

R’’+R3  N’’’ CH2- CH-R

O-

’’R3  N
+-’’’

CH2- CH-R

O-

’’R3  N
+-’’’ R-SH

+ R3  N’’’R-S-CH2- CH-R

OH

’’

CH2- CH-R

O-

’’R3  N
+-’’’ CH2 CH

O

R’’n

a

b

c

Figure 3.7. Reaction scheme of an off-stoichiometry thiol-ene-epoxy system with
a dual cure process. a) Typical thiol, ene, epoxy monomers used in the system; b)
thiol-ene reaction process: initiation, propagation, chain transfer, and termination
(1 -7); c) thiol-epoxy ring-opening reaction (8 - 10), and epoxy homopolymeriza-
tion (11 - 13). Detailed illustration of thiol-epoxy reaction is in Fig. 3.8.

3.3.1 THIOL-EPOXY CLICK REACTION

According to the pioneering work of Fringuelli et al., the reaction mechanism of
thiol-epoxy entails a nucleophilic ring-opening by a deprotonated thiol, which is
generated from the corresponding thiol by the addition of a strong base [208].
However, although the mechanism of a base-catalyzed thiol-epoxy reaction remains
unverified, the quantitative polymer conversion powers the rapid development of
thiol-epoxy reactions in drug synthesis, as well as biological and organic processes.
Photoinitiated trialkyl amine base catalysts are increasingly being used for effi-
cient thiol-epoxy reactions, and with the combination of radical photogenerators
for radical chain growth, these photobase generators can provide spatially medi-
ated initiation of thiol-ene and thiol-epoxy reactions for new material synthesis.
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Figure 3.8. Reaction scheme of catalyzed ring-opening reaction between thiol
and epoxy.

3.3.2 THIOL-ENE-EPOXY REACTION

The ternary polymer system in a dual-cure process with a customizable interme-
diate state (Fig. 3.6) can be extremely useful when these two curing steps have
distinct chemical and mechanical stages, as such clear separation can provide ad-
equate time and stable chemistry for intermediate processing. Previous studies
have demonstrated thiol-ene-epoxy formulations featuring UV/thermal reactions:
an OSTE+ network with different mechanical properties and degree of conversions
upon different curing orders [209], a rapidly curing of thiol-ene together with a
slower thiol-epoxy reaction suitable for self-alignment of micropatterned structures
in microfluidics [210, 211], adhesive wafer bonding [212, 213], and the use of such
networks for tuning the flexibility of neural probes [205].

Carlborg et. al. also presented another UV/UV OSTE+ system where both
curing steps are photo-initiated followed by a post-baking process [214]. The sepa-
ration of the two cures is realized by different wavelengths for the radical initiator
(TPO-L) and photobase generator (DBN). This separation was characterized with
FTIR where the allyl peak disappeared after the first cure and epoxy peak disap-
peared after the second cure. Dynamical Mechanical Thermal Analysis (DMTA)
measurements further proved the distinct storage modulus of two cures and a clear
shift of Tg. However, the intermediate state of such polymer can only be maintained
for 10 - 24 hr after the first cure, due to a change of storage modulus without sec-
ond photobase initiation. This indicates that the second thiol-epoxy reaction is
self-initiated somehow even without the UV initiation of photolatent base due to
the basic character of the initiator in its unactivated form.

None of the previous studies exhibit a sufficiently long shelf life of OSTE+, so
the main advantage of separating the two curing steps as discussed in the beginning
of this section has not yet been fully realized.
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3.3.3 MICROSTRUCTURING OF OSTE+

OSTE+ has improved capabilities compared to OSTE in regards to microstructur-
ing.

OSTE+ prepolymers can be casted onto a pre-fabricated mold (e.g. a soft
mold like PDMS and rubber, or a hard mold like PC and COC) and removed
after performing the first cure. This easy demolding process is achieved because
of the soft mechanical strength after the first cure (storage modulus of 3.2 MPa).
After this, a half-cured OSTE+ slab can be transferred to another substrate and
form a rigid polymer network after the second cure (storage modulus of 2.3 GPa)
[215][214]. This stiff and rigid mechanical end property of the fully cured OSTE+
also allows for direct micromachining.

Reaction injection molding (RIM) of OSTE+, with high-resolution micro- and
nano-structures, was demonstrated by Sandström et al. [216, 217]. RIM takes the
advantages of the low network shrinkage of OSTE+ during the curing process. The
implementation of RIM makes it possible to achieve a combination of small, well-
defined features down to 250 nm as well as larger structures up to 4 cm in one
molding process during the first cure. This allows, for the first time, the fabrication
of a complete microdevice with optical transparency and warp-free molding with
nm to cm pattern structuring.

3.3.4 DIFFERENT MECHANICAL PROPERTIES OF OSTE+

The mechanical properties of OSTE+ can be tuned not only by different stoichio-
metric ratios like for OSTE, but also by employing modified monomer compositions.
For example, in contrast to the previously demonstrated tetrathiol and triallyl sys-
tem, rubber-like OSTE+ material consisting of a mixture of trithiol and diallyl
exhibits much lower storage modulus (2.8 Mpa compared to 2.3 Gpa) [218]. Pneu-
matic valves can either be molded or photolithographically manufactured using
this rubbery OSTE+. These valves have similar performance as those made of
PDMS, but do not suffer from problems related to molecular absorption and gas-
permeability [219]. The possibility of a wide range of mechanical property tuning,
from several Mpa to Gpa as storage modulus, allows OSTE+ to be implemented
into microdevices for a wide range of intended applications.

3.3.5 OPTICAL PROPERTIES OF OSTE+

OSTE+ is also transparent to wavelength regions of the most prominent fluorescent
probes in cell biology (400 - 1100 nm). Noteworthy is that while OSTE+ absorbs
UV below 380 nm and has an intrinsic elevated auto-fluorescence (3, 1.8 and 4 times
higher than glass, COC, and polystyrene, respectively), fluorescent images taken
through OSTE+ are still of good quality [217, 220]. This excellent optical trans-
parency makes OSTE+ suitable for biological analysis and photonic applications
[221].
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Figure 3.9. Absorption per mm (material thickness) against wavelength for
OSTE+ 40, compared with COC, PMMA, glass, polyethylene terephthalate
(PET), and PC. Dashed lines at 395 and 365 nm indicate common wavelengths for
UV sources and UV sensitive initiators. (Adapted from [217])

The developments of OSTE+ materials have great advances owing to its dual cure
process and inert bulk chemistry. This material not only solves the problems asso-
ciated with OSTE but, most importantly, brings the material into the bioanalysis
field with its customizable surface property and inert bulk chemistry.

The high design flexibility of OSTE+ material is the key component for chip
fabrication of microfluidic systems where specific high performances such as reliable
bonding to a variety of materials, including itself, and naturally robust chemical
properties, are required.

The OSTE and OSTE+ material mentioned in this chapter are generally referred to
as "OSTEmer". Besides the aforementioned advantages of OSTEmers in different
applications, several microfluidic fabrication technologies based on OSTE+, with
respect to its unique chemical and physical properties, will be demonstrated in the
next chapter.





CHAPTER 4

DEVELOPMENTS OF OFF-STOICHIOMETRY
THIOL-ENE(-EPOXY) BASED

TECHNOLOGIES

This chapter overviews the developments made on off-stoichiometry thiol-ene(-
epoxy) materials, specifically the development of a thermal-first-UV-second cur-
ing scheme for OSTE+, microfabrication technologies for UV-first-thermal-second
OSTE+ materials, and droplet microfluidic generation of OSTE-based beads.

In the first section, I describe the development of a thermal-first-UV-second cur-
ing scheme for OSTE+.

In the second section, a short review of current technologies available for ro-
bust cell encapsulation platforms is presented. This is followed by a description of
several microfluidic chip manufacturing technologies that can serve to fabricate a
prototype microdevice for functional cell encapsulation.

In the third section, on-chip synthesized beads using the developed OSTE techno-
logies as a primary prototype for on-chip particle synthesis is presented and shortly
discussed.

In the last section, a novel method for co-synthesis of core-shell cell capsules us-
ing an adapted microfluidic platform and modified encapsulation material selections
is introduced and characterized.

4.1 THIOL-ENE-EPOXY SYSTEM WITH REVERSED CUR-
ING STEPS

Since the two curing steps of OSTE+ can be separated to some degree by their
different initiation mechanisms, it is natural to consider the outcome of switching

43
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Figure 4.1. Illustration of thiol-ene-epoxy reaction scheme with reversed curing
steps. a) Three monomers in the system; b) after the first thermal cure; c) after
the second UV cure. This figure can be compared with Fig. 3.6. Reaction scheme
can be referred to Fig. 3.7, first reaction in (c), and second reaction in (b).

the order of these two cures. We found that the thiol-epoxy reaction is the bot-
tleneck of achieving a long pot life1 and shelf life. This bottleneck reaction can
be attributed to that the self-initiated, base-catalyzed, reaction proceeds slowly at
room temperature, with a processing window of about 4-6 hours before oligomer-
ization was noted by a viscosity increase in the network. Therefore, by performing
the unstable thiol-epoxy reaction first, a much longer shelf life and a more stable,
yet reactive, intermediate state can be achieved. Furthermore, the second thiol-
ene reaction is, in this case, UV facilitated, which hinders the thermal accelerated
treatment of original second thiol-epoxy cure, thus opening the possibility of direct
OSTE+ bonding to biosurfaces. This reversed OSTE+ will be further discussed in
Chapter 6 as a material designed for room temperature bonding with biosurfaces
and in this case, protein microarrays.

In paper 1, this reversed material is demonstrated and characterized for its che-
mical and mechanical properties after the two curing steps, respectively. Figure.4.2
shows the chemistry change after two cures, indicating the complete reaction of
corresponding monomers in each curing step, and a clear separation of two curing
steps without monomer peak shift with the time span of 4 hrs - 2 months. The
DMTA test also shows similar mechanical storage modulus of non-reversed OSTE+
polymer [214]. However, unlike the non-reversed OSTE+ with room temperature
Tg after the first cure and around 90◦ C after the second cure, the Tg shift of
reversed OSTE+ from about 3◦ C to 40◦ C after the second cure (crossing room
temperature), allowing for a perfect conformal contact to a substrate when it is soft
after the first cure, and remains an intimate contact after the second cure, when
the material turns stiff (Fig. 4.3a&b).

The surprisingly long shelf life between the two cures is largely due to the

1Pot life is defined as the time before the oligomerization of monomer mixtures.
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Figure 4.2. Monitoring of thiol, allyl and epoxy (a) as well as single thiol (b),
epoxy (c), allyl (d), hydroxyl (e) absorption peak after the prepolymer stage, after
the first thermal cure, and after the second UV cure. (From paper 1)
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Figure 4.3. Comparison of tan delta and storage modulus of the reversed and
non-reversed OSTE+ after the 1st and 2nd cure. a) Glass transition temper-
ature (Tg) of the reversed OSTE+ shifted from 3 °C to 40 °C after second cure,
b) Reversed OSTE+ is soft and compliant after the first cure (Tg < 25 °C), but
hard and robust after the second cure (Tg > 25 °C); c) Tg of non-reversed OSTE+
after second cure, and it shows a higher Tg compared with reversed cure in a); d)
storage modulus of non-reversed OSTE+ and shows similar mechanical properties
as that of reversed OSTE+. a) and b) are form paper 1,whereas c) and d) are
from [214])

restricted mobility of free thiols and enes in the already cross-linked thiol-epoxy
network after the first cure. Thus, the free monomers’ ability to react spontaneously
as they would normally do within a few hours if in a liquid mix (i.e. the short pot
life of thiol-ene system) is largely reduced. It is only by triggering the radical
initiation with UV-light, that enough radicals can be created to start the thiol-
ene polymerization chain reaction as the second curing step. Although both non-
reversed and reversed cured OSTE+ polymers have an intermediate network with
reduced reactivity of unreacted monomers, the thiol-epoxy reaction is more active
than the thiol-ene when it comes to self-initiation in solid networks.

The finished reversed-OSTE+ material shows low absorption of small molecules
(Rhodamine B, Rh. B) compared with PDMS, extremely low leaching to harsh
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Figure 4.4. a) Comparison of a glass slide with laser printed texts, and a pre-
viously patternless reversed-OSTE+ polymer slab, after it was bonded and
debonded from the laser printed glass slide, copying the patterns on that glass
slide; b) zoom-in figure of the reversed OSTE+ surface; c) zoom-in figure of the
laser printed glass slide surface. (From paper 3)

solvents, and strong bonding to different substrates even with biomolecules being
present2. We believe this is due to the mechanical lock (Fig. 4.4) of the OSTE+
polymer to the bonded surface during the second cure and/or spontaneously re-
action between thiol groups and molecules on the substrates. The fully-cured
reversed-OSTE+ polymer can also be removed from the bonded surface by sim-
ply pulling, leaving no residues or damages to the bonded surface (Fig. 4.4c&d).

4.2 NOVEL MICROFABRICATION TECHNIQUES FOR OSTE+

The unique UV/thermal dual-cure process of OSTE+ allows for UV photostructur-
ing in the first step, resulting in a reactive surface ready for different intermediate
material processing and a long shelf life [214]. The secondary thermal reaction step
serves as a bonding step, where the unreacted thiol- and epoxy- groups in the hybrid
matrix assist a dry bonding to a variety of materials [211,212]. Beyond the chemical

2A detailed demonstration of bonding to biosurfaces is in Section 6.2.
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Table 4.1. OSTE+ formulations presented in this thesis

Thiols Allyls Epoxies Mixing
ratio Initiators Related work

PTMP TATATO D.E.N.
431 1.2:1:0.2 TPO-L,

DBN
OSTE+ lithography,
(paper 4)

PTMP TATATO AGE 1.2:1:0.2 TPO-L,
DBN

OSTE+ surface modifica-
tion, (paper 5)

PTMP TATATO D.E.N.
431 1.5:1:0.5 TPO-L,

CGI1193

OSTE+ interface and
chip fabrication, (paper
6)

PTMP TATATO - Different TPO-L OSTE beads synthesis
(paper 8)

PTMP TATATO - 1.4:1:0.4
LAP,
Irgacure
2959

core-shell microparticles
synthesis (paper 2)

Table 4.2. Acronyms used in this thesis

Acronyms Full name

PTMP pentaerythritol tetrakis (3-mercaptopropionate)

TATATO 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione

AGE 1-allyloxy-2,3-epoxypropane, allyl 2,3-epoxypropyl ether

LAP Lithium Phenyl (2,4,6-trimethylbenzoyl) phosphinate

Irgacure 2959 2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone

DBN diazabicyclo(4.3.0)non-5-ene
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properties of OSTE+, the mechanical properties of the polymer open up for new
features and approaches in chip manufacturing. In the following subsections, three
novel fabrication technologies are described for non-reversed OSTE+ chip fabri-
cation: 1) photostructuring of microscale features in OSTE+, 2) photolithography
defined surface energy patterning inside microchannels, and 3) molding of OSTE+
microfluidic devices with integrated screw-threaded chip-to-world connectors for
high pressure fluid administration.

4.2.1 PHOTOSTRUCTURING OF MICROSCALE FEATURES IN OSTE+
OSTE+ overcomes the disadvantages of PDMS and SU8 described in the previ-
ous chapter, enabling both casting, molding, and direct photostructuring for facile
microstructure fabrication with direct back-end processing including surface mod-
ification and bonding. The lithography mechanism is similar to that of OSTE
[192, 193], described in Section 3.2.1, although the inhomogeneous material bond-
ing and monomer leaching of OSTE are solved by OSTE+ [222,223].

The manufacturing protocol for creating a lithographically defined microdevice
using OSTE+ is shown in Fig. 4.5a - d. Fig. 4.5e - h show the initial pho-
tomask, the final microdevice with pillars, reservoirs, and channels, as well as a
close-up on the micropillars with an aspect ratio of 1:10. All the components of the
microdevice are defined by photolithography in one step. This simple method for
fabricating OSTE+ microfluidic devices, including only photolithography pattern-
ing and adhesive-free dry bonding, results in high design flexibility as well as fast
turn-over time.

Fig. 4.5h shows the resulting high aspect ratio of 10 of OSTE+ micropillars,
and a robust and rigid microdevice with pillars, reservoirs and channels all defined
by photolithography in one step. The simple method of fabricating OSTE+ micro-
fluidic devices using only photolithography and adhesive-free dry bonding gives
high geometry design flexibility and short lab benchmark turn-over time.

4.2.2 PHOTOLITHOGRAPHY DEFINED SURFACE ENERGY PATTERN-
ING INSIDE OSTE+ MICROCHANNELS

The aim of achieving a microdroplet generator device makes surface wettability
a key component. The carrier fluid, in our case, an organic solution, needs a
hydrophobic microenvironment to maintain flow stability. Thus, it is important to
control the surface energy of the inner walls of the microfluidic channels.

Previously, surface modification of microchannels has been achieved either by
plasma activation, silanization [224], or surface chemical reactions followed by adhe-
sive bonding [225]. However, these surface energy modifications are either unstable
or inhomogeneous. Calborg et. al. demonstrated the surface modification inside
closed channel of OSTE, where two different polymer materials are needed to close
the channel [188, 194, 226]. Hence, different surface modification chemistries
are required for OSTE chip surface energy conversion, which complicates the
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Figure 4.5. a) - d): The fabrication of OSTE+ polymer microfluidic devices
using direct lithography; e) the plastic foil photomask; f) a lithographically fab-
ricated microfluidic device filled leak-tight with dyed water; g) a close-up picture
of the microdevice; h) two pillars of OSTE+ with an aspect ratio of 1:10 on
methacrylate silanized silicon surface. (Adapted from Paper 4)
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modification process. It is challenging to realize homogeneous surface energy pat-
terning in closed channels due to the inefficient UV facilitated initiation of hy-
drophobic/hydrophilic monomer grafting in corners and undercuts.

OSTE+ provides an "all-in-one" solution to this problem thanks to the introduc-
tion of epoxy groups into the polymer matrix. This does not only give the device
a permanent surface energy conversion defined by lithography, but also allows for
surface energy patterning onto an open surface prior to dry, adhesive free bonding.

Surface modification is done by lithographically UV-grafting of hydrophilic/
hydrophobic monomers from solution applied on open OSTE+ surfaces. The men-
tioned solution is composed of hydrophilic/hydrophobic methacrylates dissolved
in toluene with benzophenone (BP) as a photoinitiator. The introduction of an
adhesion monomer, AGE, is the key component in this surface patterning pro-
cess. With its double bond and epoxy group presenting at two ends, AGE can be
grafted covalently with surface functional methacrylates, and the epoxy group on
the grafted AGE monomers can facilitate bonding after surface patterning. The
modification protocol and bonding mechanism are shown in Fig. 4.6 and further
described in paper 5.

The contact angle of the modified surface can vary between 18◦ and 118◦ com-
pared to 70◦ for the native surface(see Fig. 4.7a). A microfluidic demonstrator
with channels of different surface modification was prepared in accordance with
Fig. 4.7c. The capillary filling pattern of the fabricated microdevice clearly shows
the success of the surface energy patterning. The surface energy remained un-
changed after more than 3 months shelf life. Chip bonding tests (Fig. 4.7b) show
more than 5 bars of bonding strength between two surface modified OSTE+ layers.

4.2.3 MOLDING OF OSTE+ MICROFLUIDIC DEVICES WITH INTE-
GRATED PORTS

Microfluidic chip-to-world interfaces are needed for analyte or solution transport
to and from the chip, as discussed in Section 2.2.2. Among all the macro-to-micro
interfaces, the most common microfluidic chip-to-world connections are through-
holes (simple but unreliable), luer connectors (standard and reliable, but can only
tolerate low pressures), and threaded ports (standard, reliable, and designed for
high pressure) [79]. Among the threaded ports, one can either use commercially
available ports that require adhesive for integration, e.g. NanoPorts®, or thermoset
plastic with threaded port molding/extruding [227].

The main disadvantage of the commercial ports is that they require extra adhe-
sives for integration. The unreliable, manually applied adhesives create a risk for
channel blockage when the adhesive is not solidified, as well as leakage in case of
non-homogeneous adhesive-bonding. The molded thermoset plastic ports, on the
other hand, require either an expensive and difficult molding/demolding process or,
as the screw molding extruder is introduced in the last step of chip manufacturing,
generate unwanted debris that can contaminate/block the finished chip.[228]
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Figure 4.7. a) Contact angle measurement of surface modified OSTE+ surfaces,
and different surface patterning on same surface; b) blister test of the bonding
strength between two surface modified layers; c) demonstration device with differ-
ent surface patterned channels. (Adapted from paper 5)

A simple, and reliable solution is in need to create a robust interface integration.
As discussed in section 3.3, OSTE+ expresses two different mechanical properties:
the material is compliant and rubbery after the first cure and rigid after the second
cure. By taking advantage of these mechanical properties and demolding OSTE+
after the first cure against a soft mold, it is possible to generate geometrical repli-
cations which cannot be realized otherwise, such as small undercuts, and in our
case, screw threads (see Fig. 4.8). Traditionally, thread molding is done by un-
threading the mold from the replica, which is a cumbersome process that requires
different mold inserts if the device contains more than one threaded port. Instead,
replica removal by pulling requires a less complicated mold design and demolding
process. For more complicated undercut geometries (e.g. rectangular undercuts)
where demolding by screwing is not feasible, pulling is typically the only alternative
for demolding.

In Section 3.3,3, RIM for OSTE+ molding was introduced. However, the alu-
minum mold used requires precision milling and precise control of the temperature
during first cure is of great importance for the subsequent demolding step.
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Figure 4.8. Comparison of a) undercuts molding problem in traditional way,
and b) the solution presented in paper 6.

In this part of the thesis, the advantages of using PDMS as a mold for rapid
prototyping in a research setting are introduced:

• PDMS molds can easily be reproduced with minimum time and effort.

• The master mold for PDMS can be made from a wide range of materials due
to the non-sticky surface and rubber-like property of PDMS. Examples of ma-
terials commonly used for the master mold are SU8-silicon, glass, aluminum
and other thermosets.

• PDMS is gas permeable, which can be a drawback when used as a microfluidic
chip material. Here, vacuum preparation of the PDMS [229] is used to remove
trapped gas pockets present in the prepolymer or inside the mold cavity during
injection molding.

Paper 6 describes the fabrication of an OSTE+ microfluidic chip with integrated
ports created using injection moldings in a PDMS mold, as shown in Fig. 4.9(e -
f). SU8, silicon and commercially available Polyether ether ketone (PEEK) female
ports were used to create the master mold.

By combining deformable PDMS molds with a compliant replica (first-cured
OSTE+), easy demolding can be achieved by simply pulling. This novel method
allows for molding microfluidic channels in conjunction with threaded port connec-
tors during the first cure, and direct glue-free bonding to close the channels during
the second cure. A detailed fabrication protocol is shown in Fig. 4.9a, and the
replicated threaded ports are shown in Fig. 4.9b - d.

The benefits of using this molding method include:

• One-step molding of connectors and microfluidic geometry on two sides of one
OSTE+ layer results in a simple and rapid self-aligned manufacturing process
with high design flexibility.

• The integrated port interface can withstand high pressures and mechanical
loads. We demonstrated more than 8 bars of port pressure and resistance
against torque from any direction.
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Figure 4.9. a) Illustration of fabrication protocol for OSTE+ chip, legend: 1)
OD=0.8mm metal pins; 2) coned port from NanoPortT M ; 3) silicon substrate with
SU-8 pattern; 4) PDMS thread molded from ANSI 6-32 coned NanoPortT M ; 5)
1 mm thick hollow aluminum spacer; 6&8) glass slides; 7) aluminum spacer; 9)
first-cured OSTE+ upper layer; 10) another first-cured OSTE+ featureless bot-
tom layer; b) photograph of NanoPortT M port and OSTE+ port; c) bottom view
photograph of OSTE+ monolithic upper layer with self-aligned through-hole
and black tubing with zero dead volume; d) photograph of an OSTE+ port
cross-cut and its zoom-in; e) OSTE+ chip made of molding with integrated con-
nectors; f) OSTE+ chip presented in (e) with commercial PEEK male connectors.
(Adapted from Paper 6)
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• The interface molding can be versatile, depending on the intended male thread
connector (Fig. 4.9), which allows for customized interface integrations.

4.3 MICROBEAD SYNTHESIS IN AN OSTE+ MICROFLUIDIC
CHIP

The technologies described above can be implemented to build a fully functional
droplet microfluidic device. Microbeads are widely used in the biosensing field for
capturing bioanalytes onto their mobile solid surface [230,231]. With a high surface-
to-volume ratio, the beads act as a transportation vehicle for biomolecules, and can
be used for further reactions or quantitative biomolecular analysis [232,233].

Paper 8 introduces a droplet microfluidic device, made of OSTE+, for the in-
situ synthesis of OSTE beads. The chip is manufactured by subsequent molding,
surface modification and bonding. The hydrophilic patterning of the channel walls
facilitate oil-in-water emulsion formation on chip. Fig. 4.10 illustrates the complete
synthesis process. Thiolated microbeads are of great interest since they offer stable
covalent bonding sites for a variety of biomolecules [234]. The use of OSTE as a
bead synthesis material in droplet microfluidics features:

• Homogeneous bead size distribution and simple size tuning with the feed rate
of two phase microfluidics.

• A homogeneous surface thiol distribution on the beads’ surfaces, which can
act as anchors for covalent surface modification. This provides spatially con-
trolled binding sites for a wide range of capturing targets. Moreover, the
surface probe density can be pre-defined by the off-stoichiometric ratio in the
prepolymer.

• Ultrarapid (~1 s) UV exposure and stable OSTE bead synthesis provides
a simplified yet robust bead synthesis method, regardless of the synthesis
platform.

The surface probe density control of synthesized OSTE beads using different
off-stoichiometric ratios in the prepolymer is characterized by Michael addition of
a colorimetric reagent [235]. This results in a color intensity proportional to the
amount of free thiol or allyl probes on the surface (Fig. 4.11).

The OSTE microbeads synthesis in an OSTE+ microdevice demonstrates the
versatile applications of OSTEmer materials in microfluidics: from chip fabrication
to particle synthesis.
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Figure 4.10. a) OSTE droplets generation via flow-focusing mechanism and
subsequent UV crosslinking; b) illustration of tunable surface probes (thiol); c)
off-chip visual colorimetric reagent adhesion and washing steps; d) reaction scheme
of Michael addition of the reagent to OSTE beads surfaces. (Adapted from paper
8)

4.4 CO-SYNTHESIS OF CONCENTRIC CORE-SHELL MICRO-
PARTICLES IN A MICROFLUIDIC DEVICE

This section describes the microfluidic synthesis of concentric core-shell micro-
particles. The following subsections describe the state-of-the-art, the novel synthe-
sis method, the synthesis of PEGDA-GPTA core-shell particles in OSTE+ micro-
fluidic devices, and finally the synthesis of PEGDA-OSTE core-shell particles in
PDMS microfluidic devices.
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Figure 4.11. a) OSTE beads with different off-stoichiometric ratio (A: OSTE-
Allyl-60%; B: OSTE-Thiol-20%; C: OSTE-Thiol-30%; D: OSTE-Thiol-40%; E:
OSTE-Thiol-60%); b)the plot of measured color intensity of OSTE beads (red
dots: A-E; evaluated after background subtraction), and thiol-surface density from
previous work (blue cross) versus the thiol polymer excess (negative values~allyl
excess) in the prepolymer. Assuming a linear relation between color intensity and
probe density allows comparing our work with that of Lafleur et al. [203]. (From
paper 8)

4.4.1 BACKGROUND TO CELL ENCAPSULATION IN CORE-SHELL PAR-
TICLES

Previous methods used to encapsulate cells in core-shell particles include step-
by-step synthesis and double emulsion synthesis. In step-by-step synthesis, the
cell-containing core is synthesized in a first polymerization step either in a droplet
microfluidic platform [236] or in a bulk emulsification process (electrospray) [237],
followed by the shell synthesis in a second polymerization in bulk. This approach
suffers from the difficulty in controlling bulk polymerization, which results in geo-
metric variations of the shell (with coefficient of variation (CV), ranging from 5%
- 19% [238]). Moreover, the need for two polymerization chemistries induces stress
on the encapsulated cells due to the extended processing time.

Double emulsion synthesis, on the other hand, is performed in a double junc-
tion microfluidic system that generates droplet-in-droplet geometries, which sub-
sequently are polymerized (Section 2.2.4 ). Difficulties to control the triple phase
microfluidic systems may result in a large particle-to-particle geometry variation,
an off-centered or a moon-like core-shell structure, and, typically, a thick shell
[43,152,239–242]. Fig. 4.12 illustrates the general problems with core-shell particle
morphology using double emulsion synthesis. Something that all previous methods
have in common is that they separate the core and shell formation: either by two
steps or by different polymerization mechanisms.
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Figure 4.12. Overview of the general problems of core-shell particle synthesis in
microfluidics using double-emulsion. a) Mechanism of core-shell particle synthesis
using double emulsion in microfluidics, the particles are normally synthesized by
the solidification of the double-layer droplets; b) general problems of the morphol-
ogy of such synthesized core-shell particles; c) a "moon-like" core-shell particle
using double-emulsion synthesis [243]; d) off-centered core-shell particles using
double-emulsion synthesis [244]; e) "snow man" shaped core-shell particles using
double-emulsion synthesis [244]; f) double-emulsion can result in one layer droplets
as side products (red arrow), which may require subsequent sorting [245].

4.4.2 A NOVEL CO-SYNTHESIS CONCEPT

Here, a novel concept that synthesizes concentric core-shell particles in a single
UV exposure is introduced. Such bead co-synthesis is performed in a simple two-
phase microfluidic system, with only two components (core and shell prepolymers)
and one single UV initiation for on-chip crosslinking. The mechanism of this co-
synthesis is illustrated in Fig. 4.13. Microscale droplets of core prepolymer solution
are formed in a continuous phase of a shell prepolymer containing solution. The
droplets containing core solution define the core of the particles and contain core
material monomer and a photoinitiator. The continuous phase contains the shell
monomers, but lacks photoinitiator. A UV exposure polymerizes the core, while
creating free radicals that can diffuse throughout the core material. When the
radicals reach to the droplet interface, the shell is formed by grafting.

This process requires only a single UV exposure and a simple two-phase micro-
fluidics device, and also ensures a concentric core-shell morphology.
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Figure 4.13. a, b) Cleavage of I2959 and LAP into substitute radicals fol-
lowing photon absorption; c) PEGDA structure; d) scheme of radical PEGDA
homopolymerization; e) thiol-ene radical coupling; f) mechanism of PEGDA-OSTE
co-synthesis with the same radicals upon a single UV exposure.
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4.4.3 PEGDA-GPTA CORE-SHELL MICROPARTICLE SYNTHESIS

PEGDA was chosen as the core material for all core-shell particles in this thesis
due to its proven properties a cell encapsulation material. A careful selection of the
shell material is also needed. As the co-synthesis scheme described above is based
on the core and the shell cross-linking by the same radical mechanism, there is a
limited selection of materials that can be used for the shell:

• The material needs to be radically polymerized.

• The material needs to be biocompatible to serve as a in-vivo drug delivery
carrier in a later stage.

• The polymerization needs to be self-constrained or confined to a certain degree
to avoid over-polymerization of the carrier fluid.

• Either the boundary between polymerized and unpolymerized shell material
needs to be clear; or the formed oligomers need to be removable by washing.

Selecting a proper shell material that can meet all the criteria listed above and that
can be implement into the microfluidic system is not straightforward. Previous
studies of the use of poly lactic acid (PLA), a thermoplastic aliphatic polyester, as
a biodegradable microsphere containing bioactive agents, showed excellent biocom-
patibility of PLA in therapeutic applications. Acrylated PLA, which can be radical
polymerized while maintaining its biocompatibility, was selected primarily as the
shell material [246,247].

Considering the high cost of acrylation of PLA, in paper 7, we used glycerol
propoxylate triacrylate (GPTA) as a cheaper substitute for diacrylate-PLA. In
this prototype system, the carrier fluid (shell solution) contains GPTA dissolved
in toluene with span 80 as surfactant; and the dispersed phase (core solution) is
comprised of PEGDA dissolved in water, a hydrogel material that is most widely
used in cell encapsulation, as discussed in Chapter 1 and 2.

This prototype of core-shell structure co-synthesis features a new synthetic
method: simultaneous synthesis of core-shell microparticles in a two phase micro-
fluidic system with one step UV initiation.

4.4.4 PEGDA-OSTE CORE-SHELL MICROPARTICLE SYNTHESIS

This section describes the PEGDA-OSTE core-shell microparticle co-synthesis,
which is used for cell encapsulation in the later part of the thesis. The mate-
rial selection, specifically OSTE as the shell material and LAP as the initiator is
presented first; thereafter the synthesis process is presented, including the micro-
fluidic device and particle handling; and finally the characterization of the resulting
microparticles are demonstrated.
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MATERIAL SELECTION

The successful synthesis of PEGDA-GPTA core-shell particles with in-situ UV poly-
merization paves the way for a brand new, greatly simplified synthesis method.
However, neither GPTA nor PLA is ideal as a shell material:

• The shell thickness is hard to control since the shell crosslinking time is tens
of seconds, posing problems of over/under polymerization of the shell.

• As described in Chapter 1, an advantage of having a nanoporous shell is to
provide a tailored selectivity of molecule influx: the porous shell would allow
pro-drug diffusion yet prevent the interchange of macromolecules. Using PLA
or GPTA as shell components would require the implementation of a porogen,
which adds another degree of complexity to the system.

• Finding a biocompatible solvent for acrylated PLA is difficult. Pharmaceuti-
cal researchers often employ chloroform in the preparation of PLA, however,
post processing steps such as vacuum evaporation or nitrogen gas flow are
needed to deal with the solvent. Benzyl benzoate is also considered as a can-
didate solvent, however, elevated temperatures (50 - 80 ◦C) are required for
complete dissolution and PLA tends to precipitate from the solution at room
temperature (25 - 30 ◦C).

• In microfluidics, on-chip in-situ polymerization requires the droplet being
exposed to a polymerization environment while traveling in a microchannel
or being immobilized at a fixed location [3–5]. Polymerizing during droplets
traveling for tens of seconds is difficult: the shape of the droplets might
be "bullet-like" due to the flow dynamics, and the constant fluid movement
around the droplet interface interferes with the crosslinking of the shell at
the droplet surface. On-chip immobilization of droplets, on the other hands,
does not only add extra complexity to both chip design and manufacturing,
but also requires a high degree of flow manipulation. This raises challenges
to both the flow pumping system and the bead collection downstream.

• Surfactants are needed to stabilize the droplets formation in microchannels,
complicating polymerization at the droplet interface. The selection of a bio-
compatible surfactant is another challenge [102].

To find a suitable shell material, a rapid UV crosslinkable polymer that can be
polymerized within a few seconds (similar to that of PEGDA) and with tunable
properties such as porosity, density is needed.

Combining these need with results from OSTE bead synthesis described in the
previous section, it seems that the ideal solution would be to use OSTE as an outer
shell material. OSTE is suitable based on:

• OSTE allows for further chemical/biological molecule anchoring. This post-
coating process can improve the degree of biocompatibility or inertness of the
bead’s surface, a benefit for future in vivo tests.



4.4. CORE-SHELL MICROPARTICLE SYNTHESIS 63

• The naturally incomplete crosslinking of OSTE network can be used to influ-
ence the shell porosity and the mechanical strength as OSTE with different
off-stoichiometric ratios have different crosslink density and mechanical pro-
perties.

• The curing time of OSTE is rapid, within a few seconds, thus allowing for
in-situ on-chip polymerization with a small UV exposure window, reducing
the disturbance of flow hydrodynamics.

• OSTE has previously been reported to be non-toxic for cell and tissue growth.

• Previous studies show that OSTE has a high photolithography resolution,
indicating that the polymerization is highly controllable by the UV dose.

• The balance in viscosity of OSTE and the hydrogel precursors allow for a
surfactant-free system.

Since cells are present during the hydrogel gelation in encapsulation, the num-
ber of chemistries and reaction formulations that can be used are limited. Light-
activated photopolymerization of the hydrogel is of great interest due to the rapid
reaction rates and uniform hydrogel crosslinking with excellent temporal and spa-
tial control. However, the selection of photoinitiator is critical for cytocompatibility
during encapsulation.

The cytocompatibility is affected by several factors: the type of photoinitiator,
its concentration, the irradiation intensity, and the irradiation wavelength. More-
over, overexposure to toxic radicals or a rapid increase of radical dose can cause
a reduction of cell or protein bioactivity. Optimization of all these affecting fac-
tors is critical to achieve a maximum cell viability with retained functionality after
encapsulation.

The following aspects should be taken into consideration when selecting a suit-
able initiator for the co-synthesis process presented in this thesis:

• Free radicals created by the initiator should be able to polymerize both the
core and the shell under mild conditions and with high crosslinking efficiency.

• The initiator should be both biocompatible and non-toxic to cells.

• The initiator should preferably be water-soluble and OSTE-insoluble, which
would restrain the OSTE polymerization to the PEGDA core boundary and
simultaneously provide a high PEGDA polymerization efficiency.

Previous studies of several widely used initiators for PEGDA and their corre-
sponding cell viability or protein bioactivity identified Irgacure 2959, Irgacure 184
[248], and Lithium Phenyl (2,4,6-trimethylbenzoyl) phosphinate (LAP) [249–252]
as suitable photoinitiators (Fig. 4.13).

In this thesis, LAP is identified as the best initiator for co-synthesis of core-shell
particles. It has the highest water-solubility (1g/100g water), suitable initiation
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wavelength (365nm and above), the highest polymerization efficiency, and lowest
cytotoxicity [249]. Cell viability test with LAP and Irgacure 2959 at different
concentrations are described in Section 5.2.2.

Cell encapsulation using microfluidics is complex. To find the simplest and most
practical solution, as few as possible chemicals are preferred. For this purpose,
surfactants for droplets stabilization and toluene for reducing the viscosity of the
OSTE phase are omitted from the system. In particular, this simplified system
with less chemicals involved, reduce the requirements posed on the chip material.

CO-SYNTHESIS METHOD

The idea of generating and maintaining PEGDA-OSTE droplets in OSTE+ man-
ufactured chip is not without challenge. OSTE oligomers formed during UV ex-
posure can attach to the OSTE+ channel surface and interrupt the encapsulation
process. Although the OSTE beads synthesis in OSTE+ chip has been described
earlier (paper 8), using OSTE prepolymer as the continuous phase poses a higher
challenge than using it in the dispersed phase.

PDMS is the material most widely used in microfluidic chip prototyping, as
discussed in Section 2.1. Traditional PDMS chip manufacturing has advantages
over OSTE chip in this specific case because:

• The manufacturing step for PDMS is simple and the technology is mature.
Using SU-8 silicon wafer as master mold can also provides high design flexi-
bility.

• This simple two phase droplet generation system does not require high pres-
sure, thus the punched through-holes on rubbery PDMS are robust enough as
chip-to-world interfaces. This "plug-and-play" reduces the chip manufacturing
time and speeds up the redesign cycles.

• PDMS is oxygen permeable and since the free radicals generated in the core-
shell crosslinking process can be terminated by oxygen, it serves as a natural
OSTE oligomer attachment-free material as the channel surface.

• Using pure OSTE as the shell material and carrier fluid eliminates the need
for strong solvents, which can destroy PDMS.

• Previous studies show UV light absorptions of OSTE+ below 380 nm, whereas
PDMS is optical transparent to 240 nm – 1100 nm wavelengths, thus allowing
higher on-chip UV polymerization efficiency.

Fig. 4.15 illustrates the novel approach for core-shell particles co-synthesis in
PDMS chip.

Several different chip designs were manufactured and evaluated, and compo-
nents designed for different purposes are listed in Table. 4.3. All the designs were
manufactured and tested using SU8-silicon as master mold for the PDMS chip,
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Table 4.3. Microfluidic chip design components

Components Purposes Design
number

On-chip
filter

on-chip filtration of both core and shell solu-
tions 1

On-chip
fluctuation
resistor

On-chip damping of setup fluctuation or tubing
movements 2

Droplet
generation

Using flow-focusing mechanism for droplet gen-
eration at the channel cross 3

Droplet
separation

Add carrier fluid in between each pair of
droplets to prevent droplet collision 4

Droplet
parking
lanes

Separate droplets into several parallel lanes to
slow down the droplets during UV exposure 5

On-chip
washing and
collection

Conduct liquid exchange of carrier fluid from
OSTE to water after beads polymerization and
then guide the beads to an outlet collector while
disposing the unpolymerized OSTE

6

which served as the water-in-oil droplet emulsion platform. We chose to have the
design containing only on-chip filtration and droplet generation components as the
final design for the real cell encapsulation.

Microfluidic chip designs containing components 1 , 2, and 4, with a flow-rate of
1 µl/min for OSTE phase and 0.12 µl/min for PEGDA phase, were used throughout
the studies in this thesis.

After synthesis, the particles should be stored in a water-based solution for fur-
ther investigation. This means that the unreacted OSTE monomer/oligomer must
be removed by implementing a washing step. On-chip washing can be achieved, as
described in Fig. 4.14c. However, another off-chip particle washing method with
less flow manipulation is used in the real cell encapsulation (described in Section
5.2.3 ).

An illustration of core-shell particle co-synthesis in microfluidic is in Fig. 4.15,
however the cells depicted are not included in the tests described in this chapter.
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Figure 4.14. a) Chip designs with different components as illustrated in Table.
4.3; b) water-in-oil droplets emulsion using the design with microfluidic com-
ponents No. 3, 4, and 5; c) water-in-oil droplets emulsion using the design with
microfluidic components No. 6 (droplet guided rail is indicated with a white dash
line), as a method to perform on-chip washing.

CHARACTERIZATION OF THE CORE-SHELL MICROPARTICLES

The characterization of the different chemical and physical properties of the core
and the shell can be broken down into different key parameters, as shown in Table.
4.4. The tuning of these key parameters can be done orthogonally, meaning that
the result of changing one parameter is independent of other parameters. In this
section, core-shell particles without cells are investigated and characterized.

Previous studies of PEGDA networks with low molecular weight monomers (2
kDa - 8 kDa) show similar properties in polymerization kinetics and crosslinking
density. The crosslinked PEGDA mesh size and average molecular weight ranges
from 15 - 35 nm and 150 - 750 g/mol, respectively. Moreover, PEGDA hydrogels
with these molecular weights are impermeable to proteins with a size equal to or
larger than myoglobin (22 kDa) [167].

20% w/v PEGDA 6 kDa, and LAP 0.1% w/v dissolved in phosphate buffered
saline (PBS) is used throughout this thesis. Because this hydrogel precursor is
easy to dissolve, with handleable viscosity in microfluidics, and has previously been
used in cell encapsulation tests. The UV station used is house-made and provides
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Figure 4.15. a) Illustration of the one step curing mechanism for core-shell
particle synthesis in a droplet microfluidic setup; b) microscopy image of the
microfluidic two phase junction; c) Microscopy image of the UV exposure area; d)
microscopy image of a core-shell particle that contains cells. (From paper 2)

Table 4.4. Control parameter tuning of co-synthesized core-shell beads

Resulting characteristic Accordingly adjusted parameter(s)

Core mechanical property PEGDA concentration in core solution mix-
ture

Core crosslinking effi-
ciency

Initiator concentration and/or UV dose (cell
toxicity needs to be considered)

Shell thickness UV dose (intensity or exposure time)

Shell porosity OSTE off-stoichiometric ratio in shell solu-
tion mixture
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10mW/cm2 with a 365 nm exposure wavelength to the plane of the PDMS channel.
The maximum UV exposure time on-chip is tuned to 3 s for the chosen flow rate.
Different UV exposure time is achieved by placing aluminum masks with various
sized holes to allow UV illumination onto the chip.

An initial screening identified which concentration of photoinitiator (PI) could
be used in the later cell experiment. Detailed cell viability tests with different PI
concentration are presented in Chapter 5. Given the fixed UV source and channel
geometry, PEGDA precursor droplets cannot be polymerized when the PI concen-
tration is and lower than 0.05% w/v.

To verify the shell existence, water-in-OSTE microparticles were synthesized
using the similar protocol described in Fig. 4.13. The only difference is PEGDA
in the core solution was substituted by PEG (no functional groups for crosslinking
under UV exposure).

PEG containing particles with OSTE shell membrane were synthesized with 2.5
s UV exposure (Fig. 4.16 a and b). Fig. 4.16 c - e illustrates the morphologies
of core-shell particles. The OSTE shell is characterized by two parameters: the
thickness and the porosity. Figure. 4.17 shows that the shell thickness varied with
the UV exposure time, where 1.7 s, 2.15 s and 2.5 s exposure resulted in a 7.05 ±
0.59 µm, 9.34 ± 0.92 µm, and 12.98 ± 1.28 µm average shell thickness, respectively.
The OSTE applied is with an off-stoichiometry of 40%.

The OSTE shell porosity was characterized by studying the diffusivity of molecules
with different molecular weights: DI water (18 Da), glucose (180 Da), Rhodamine
B (480 Da), and LIVE/DEAD cell viability reporters (600 - 850 Da). DI water
and glucose were encapsulated inside the OSTE shell, and the detection was per-
formed by examining the outflux of encapsulated molecules. Rh.B and the viability
reporters were incubated together with the PEGDA-OSTE particles, and evalua-
tion was done by examining the influx. Fig. 4.18 shows that the OSTE shell is
impermeable to molecules larger than 400 Da and allows the diffusion of molecules
smaller than 180 Da.

This novel method allows, for the first time, for synthesizing the first synthesis of
particles with a hydrogel core and a solid yet nanoporous shell. The morphology of
the core-shell structure is with a 100 µm PEGDA core with a tunable shell thickness
between 7 and 13 µm by varying the UV exposure. The shell is permeable to low
molecular weight species (< 180 Da) but impermeable to higher molecular weight
species (> 480 Da) at an off-stoichiometry of 40%. The unique material properties
and the orthogonal control of key parameters that our approach offers enables
an acceleration of translating novel cell therapy concepts from research to clinical
practice.
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Figure 4.16. a) Liquid PEG containing particles with wrinkled OSTE shell
membrane after certain water loss; b) broken liquid PEG containing particles with
OSTE shell membrane and liquid core; c) core-shell microparticles with partly
ruptured shell membrane; d) comparison of core-shell microparticles with and
without shell membrane; E) microscopic image of core-shell microparticles; and F)
SEM image of a core-shell microparticle with partly ruptured shell membrane.
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Figure 4.17. a-c) Different shell thickness with different UV exposure time; d)
measured average core diameter and different shell thickness. (Adapted from Paper
2)
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Figure 4.18. OSTE shell diffusivity measurements from left to right: 1) DI water
(18 Da) can diffuse out, resulting in wrinkled shells; 2) glucose (180 Da) can dif-
fuse out, resulting in high measured current by glucose sensor than that of PBS;
3) Rh.B (480 Da) cannot diffuse in, resulting in the absence of fluorescent dye
in the core; 4) LIVE/DEAD cell viability reporters (600-850 Da) cannot diffuse
in, resulting in non-dyed cells and weak reflection fluorescent signals around the
particles. (Adapted from Paper 2)





CHAPTER 5

CELL ENCAPSULATION AND CELL
STUDIES

This chapter describes the in-situ cell encapsulation on a microfluidic chip, utilizing
the core-shell microparticle synthesis platform described in Chapter 4.

The first section describes the cell preparation and how to achieve a homogeneous
cell suspension for efficient encapsulation.

The second section describes the preparation of the cell solution, containing cells,
PEGDA monomers, and initiators. The subsequent on-chip cell encapsulation and
collection are also presented. Finally, the cell encapsulation efficiency using this
method and settings is investigated.

The third section describes the characterization methods of cell viability after
encapsulation are presented, both for short term and long term.

The last section describes a comprehensive protocol for cell encapsulation using
a microfluidic device is presented, as a practical summary of the previous sections
in this chapter.

5.1 CELL PREPARATION

The cells used for encapsulation in this work are HL-60 Leukemia cells, derived
through leuko-phoresis from a 36 year old Caucasian female with acute promyelo-
cytic leukemia. HL-60 cells are non-adherent and resistant to stress, making this
cell line easy to handle and fast to culture in a large amount. The reason for choos-
ing HL-60 cells as an exemplar for core-shell microparticle encapsulation is thus
pragmatic, rather than for their derivation or genetic characteristics.

73
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5.1.1 HL-60 CELL PREPARATION AND VALIDATION

In the cell preparation stage, cell viability is validated using two different methods.
The first being the addition of trypan blue into the cell containing solution at a
1: 1 ratio, followed by incubation for 5 minutes, after which the dyed, and thereby
dead, cells are counted using a microfluidic cell counter. The second method is
the addition of a LIVE/DEAD® assay kit (2 µM calcein AM and 4 µM EthD-
1) into the cell containing solution or hydrogel matrix, followed by incubation at
room temperature (RT) for 20 min. The subsequent cell counting of the fluorescent
images is performed using Image J. A more detailed discussion of cell viability
reporters is provided in Section 5.3 in this chapter.

The HL-60 cells are prepared according to the protocol below:

HL 60 cell preparation protocol
1: Cell culture HL-60 were cultured in DMEM/F-12 (1:1) (1X), and kept under

standard conditions (37 ◦C, 5% CO2).
2: Cell handling Cells were then centrifuged (2000 rpm, 5 min, RT) and washed

twice with PBS pH 7.4 prior to encapsulation.

5.1.2 HOMOGENEOUS CELL SUSPENSION PREPARATION

The density difference between cells and the medium they reside in is responsible
for cells settling on the bottom of their recipient. The density of cells is defined, to
a large extent, by the ratio between water content and dry mass in the cells. In cell
encapsulation, the administration of cells into the microfluidic chip can be tricky if
either or both scenarios listed below occurs:

• Cell sedimentation happens before the cells reach to the encapsulation site
on chip. This can lead to a non-homogeneous cell distribution in the micro-
particles, and in the worst case, to that no cells are transferred to the chip or
to that sedimented cell clusters clog the tubing and/or microfluidic channels.

• Cell-cell adhesion is often unavoidable over time. Cell clustering disturbs the
encapsulation homogeneity and affects the flow dynamics in microfluidics,
causing uncontrolled flow behavior, which interferes with the yield of the
synthesized beads.

To avoid such cell sedimentation or adhesion, chemical methods and physical
methods were tested using pancreatic stellate cells (PSCs) and HL-60 cells, as
described in detail below.

CELL SUSPENSION PREPARATION USING CHEMICAL ADDITIVES

In cell handling, water solutions containing colloidal silica nanoparticles with estab-
lished non-toxicity, low viscosity and low osmolarity density gradients are widely
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Figure 5.1. Cell sedimentation test with different Percoll® concentration at 30
min (left) and 60 min (right). The white dotted frames indicate the observed
pellet.

used to isolate cells while still maintaining intact morphology with little effect on
the downstream process. Percoll® is one such commercially available solution with
silica nanoparticles of 23% w/v emulsified in water.

The cell sedimentation test protocol using Percoll® is:

Cell precipitation test protocol
1: Cell mixture preparation 1.5x107 PSCs are suspended in DMEM with the

addition of three different concentrations of Percoll® ( 25%,50% and 75% v/v)
to a total volume of 1 ml. The mixtures are vortexed to achieve homogeneous
cells distribution and are set horizontally at room temperature.

2: Cell precipitation observation Cell sedimentation is observed when cell-
liquid separation occurs.

The cells without Percoll® precipitated within 10 minutes, upon which a clear
pellet became visible at the bottom of the tube. The mixture containing 20% v/v of
Percoll® allowed the cells to stay in solution longest, for 30 min, which is a suitable
operating window for the current cell encapsulation prototype (Fig. 5.1).

Similar experiments were conducted with natural cellulose ((C6H10O5)n), and
the samples with 1.3 % w/v showed an operating window longer than 30 min.

A drawback of adding silica colloids or cellulose into the system is that the addi-
tives complicate the core solution components thus change the chemical properties
and flow behavior. E.g. the addition of cellulose affects the droplet generation
by making droplet break-off unstable. This is reversible by adding a surfactant
(Span 80) to the continuous OSTE phase. However, such method is not prefer-
able as both the surfactant and the cellulose may pose complications in terms of
biocompatibility.
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Figure 5.2. In-house made stirring system. a) Cross-section view of the mag-
netic stirring device: round hollow PC board with four coils (M1 - M4) embedded
inside, and the opening in the middle is for syringe placement. During the core
solution administration process, the coil circuit in M1 - M4 is turned on one by
one, meanwhile the other 3 are off (in the illustration, M1 is on and M2 - M4
are off, thus the stirring rod (gray) is magnetically placed close to M1), and the
stirring rod is rotated consequently at 1 Hz; b) photograph of the device with four
magnetic blocks, and the syringe loaded with core solution is placed in the middle
of the device; c) syringe loaded with core solution: a sterile stirring rod is place in-
side the solution for magnetic conducted stirring, and a PDMS plug approximately
to the size of the syringe tip is used to reduce the dead volume which the stirring
rod cannot reach.

CELL SUSPENSION PREPARATION USING PHYSICAL STIRRING

Physical stirring can keep the cells suspended in the solution over time. In this work,
a device made in-house consisting of four magnetic blocks in distinct directions
with a 1 Hz rotation rate is used to rotate a stirring rod inside the syringe (Fig.
5.2a&b). The core solution inside the syringe can thus be stirred until the tube
connecting point. This physical disturbance of the cell solution can at large reduce
the cell precipitation and adhesion to a level suitable for performing encapsulation.
Commercial syringe-to-tubing interfaces leave dead volume at the syringe tip, where
stirring is hard to perform due to geometrical constrains. A PDMS connector is used
in this work to reduce such dead volume (Fig. 5.2c). This method provides roughly
1 hr homogeneous cell suspension in the syringe with no observed precipitation. It
is also insensitive to changes in fluid viscosity or flow feeding rate.

5.2 CELL INTEGRATION IN THE MICROFLUIDIC SYSTEM

Using the methods discussed above, it is possible to achieve a homogeneous cell
suspension, making the cells ready to be mixed into the core solution before on-
chip encapsulation. In this section, cell integration into the existing microfluidic
platform, as well as the cell viabilities of different preparation protocols of the core
solution are discussed.
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5.2.1 CELL DENSITY SELECTION

A high encapsulation efficiency can be achieved by choosing the size of droplets
based on the cell density [253]. For example, if the density of the cell suspension is
8× 106 cells/ml, every cell will occupy a volume of the solution of 1.25× 10−13m3,
with the assumption that cells are well dispersed in the solution. In order to achieve
100 % encapsulation efficiency, meaning that every droplet contains at least one cell,
the smallest volume of a droplet should be 1.25× 10−13m3, which equals a droplet
with a diameter of 62 µm. However, according to the Poisson distribution, droplets
with 100 µm in diameter containing 8× 106 cells/ml only have 85% encapsulation
efficiency1 [254].

As the size of droplets can be controlled conveniently by adjusting the flow rates
in a microfluidic setup, and cell density can be determined during the preparation
step, cells can be encapsulated with a high efficiency. Tumarkin et al. reported a
microfluidic approach where embryonic stem cells (8 × 106/ml) were encapsulated
in agarose microgels (precursor droplets with a mean diameter of 110 µm) at an
encapsulation efficiency of 98.5% [253].

In this thesis, the cell density used in all encapsulation tests is 8×106/ml. This
is for practical reasons such as the ease of cell preparation and cell handling during
the encapsulation process.

5.2.2 CELL LADEN HYDROGEL PRECURSOR PREPARATION

The core solution is composed of 20% w/w PEGDA, 0.1% w/w LAP and 8 × 106

HL-60 cells/ml. The cell viability was tested when exposed to every component of
the core solution separately, as described below (Fig. 5.5).

THE EFFECT OF INITIATOR ON CELL VIABILITY

As discussed in Chapter 4, the photo-initiator is selected based on its efficiency,
cleavage wavelength, and chemical properties. However, the initiator’s effect on
cell viability is also of great importance. The short term and long term viability
were evaluated for HL 60 cells incubated in cell media with varying concentrations
(0 - 1%) of two commonly used biocompatible initiators: LAP and Irgacure 2959
(Fig. 5.3). For LAP, the viability of the cells incubated with the initiators was
compared for when they were either exposed to UV-light or stored in the dark (Fig.
5.4), as the radicals created by UV exposure are reported to be the main cause of
cytotoxicity.

The cell viability results show similar long-term effect for both LAP and Irgacure
2959, with LAP being slightly more cell-friendly. According to the discussion in
Section 4.4.4, 0.1% w/w LAP in PBS is a good trade-off selection in regards to
chemical advantages. LAP has high solubility in water, which limits the organic

1Cell encapsulation efficiency is defined as the percentage of non-empty capsules among all
the microcapsules.
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Figure 5.3. Cell viability for varying concentrations of LAP and Irgacure 2959
initiators over four days of incubation under 5% CO2 at 37◦C. Cell viability is
validated using Trypan blue.

phase polymerization. Moreover, it also polymerizes the hydrogel phase in a short
time. This in combination with the considerably high cell viability over time shown
in Fig. 5.3 and Fig. 5.4 makes it a suitable initiator for this project.

THE EFFECT OF PEGDA PREPOLYMER ON CELL VIABILITY

The PEGDA prepolymer used in this study has a molecular weight of 6 kDa, and
contains 1500 ppm 4-Methoxyphenol (MEHQ) as inhibitor. Fig. 5.5 shows that cells
incubated with 20% w/w PEGDA in PBS have reduced viability over time. Gradual
cell clustering was observed in cell/PEGDA solution after 1 hr of incubation (see
Fig. 5.9). Cells incubated with LAP show no significant reduction in viability over
6 hrs. The suspected culprit is either the impurities of the PEGDA prepolymer or
the cytotoxicity associated with acrylated monomer over time. This phenomenon
was also observed by Desai et al. [255], where the cell viability remained stable if
PEGDA was polymerized into hydrogels, i.e. there were no free monomers in the
system and the impurities were washed away by a washing step after gelation.

The MEHQ inhibitor inside the PEGDA prepolymer has been reported to be
cytotoxic [256]. However, the cell viability test of HL-60 cells incubated with 1500
ppm MEHQ in PBS shows no distinguishable cell viability reduction over 6 hours
(~95% survivability compared to the control group).

To further evaluate the influence of the impurities in PEGDA on cell viability,
MEHQ inhibitor and impurities were removed using a Alumina bead column. This
is a commercial inhibitor removal column in which the alumina beads purify reactive
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Figure 5.4. Cell viability of LAP with different UV exposure time. Control refers
to cells in cell media in the same incubation condition. Cell viability is validated
using LIVE/DEAD® assay.

monomers such as ethylene and propylene, as well as MEHQ. After purification,
PEGDA showed an increased cytocompatibility and no significant reduction in cell
viability. The core solution with PEGDA and LAP show 80% cell viability after 6
hours (Fig. 5.5).

Fig. 5.3 and Fig. 5.5 both indicate that the addition of 0.1% w/w LAP has
no significant effect on cell viability. Fig. 5.4 further indicates that there is no
significant different cell viabilities between no UV exposure and a UV exposure of
3 min.

THE OPTIMAL CORE SOLUTION PREPARATION PROTOCOL

Based on the above study, minimizing the contact time of cells with core solution
precursor in combination with purification of PEGDA provide optimal cell viability
prior to encapsulation.

As discussed in the biocompatibility section (Section 1.2 ), polymers from differ-
ent company or even from different manufacturing batch have different purity and
slightly different chemistry. To ensure a valid encapsulation material, purification
of PEGDA prepolymer is needed. An optimal core solution preparation protocol is
presented below:
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Figure 5.5. Cell viability with a breakdown of the component of the core so-
lution measured at different time points: 0 h, 1 h, 3 h, and 6 h. Cell viability is
validated using LIVE/DEAD® assay.

Core solution preparation protocol PEGDA purification and mixing
1: PEGDA dissolution (mixture 1): PEGDA is firstly added in PBS at the

concentration of 50% w/w, the whole mixture is placed on a shaker at 80 rpm
in room temperature, for 15 min to dissolve. Around 100 porous alumina beads
are added into the homogeneous PEGDA/PBS solution, which is vortexed for
1 min, before the beads are removed by centrifugation.

2: Initiator dissolution (mixture 2): LAP initiator is dissolved in PBS at
the concentration of 1% w/w, the mixture is then vortexed and left at room
temperature for 15 min to allow full dissolution.

3: Cell preparation (Solution 3): Cells are prepared at the concentration of
16× 106 cells/ml according to the HL - 60 cell preparation protocol.

4: Core solution mixture: 80 µl of mixture (1), 20 µl of mixture (2) and 100
µl of solution (3) are mixed together and vortexed for 15 s. This gives a 200 µl
core solution containing 20% w/w of PEGDA, 0.1% w/w of LAP, and 8× 106

cells/ml.

This core solution preparation protocol resulted in the best cell viability with the
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Figure 5.6. Picture of the setup platform used for microencapsulation of cells.

required amount of hydrogel monomers and initiator for efficient hydrogel crosslink-
ing on chip in the later steps.

5.2.3 CELL ENCAPSULATION ON CHIP

A UV station consisting of a 365 nm UV LED (3 W) mounted on an aluminum
heat sink and a 10X objective lens mounted on a Z-stage is used to perform cell
encapsulation (Fig. 5.6). A sheet of aluminum foil with a 0.9 mm diameter hole as
window was placed as a mask between the microfluidic device and the UV source. A
syringe pump containing the continuous phase solution (shell solution) was coupled
using PTFE tubing to its respective droplet microfluidic chip inlet prior to operation
at a flow rate of 1 µL/min. A syringe pump containing the dispersed phase solution
(core solution) was fitted with a home-built cell suspending stirring system and
coupled using PTFE tubing to its respective droplet microfluidic chip inlet using
PTFE tubing prior to operation at a flow rate of 0.12 µL/min. The cell stirring
setup is described in Section 5.1.2. The UV station was positioned underneath
the microfluidic chip. The UV dose is tunable by moving the Z-stage. A hand-
held microscope was positioned above the microfluidic chip to visualize the on-chip
synthesis. The microfluidic chip outlet was coupled using PTFE tubing to a 2 ml
eppendorf collection vessel using PTFE tubing.
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Figure 5.7. Illustration of the washing and collection of the core-shell particles in
an eppendorf tube. The insert is the photograph of the collected particles at the
bottom of the eppendorf tube.

5.2.4 COLLECTION, WASHING AND STORAGE OF THE SYNTHESIZED
BEADS

The collection vessel contains two phase-separated liquids: 600 µl of hydrophilic
surface modification solution (a toluene solution with 5% w/w of (2-hydroxy-ethyl
methacrylate) Irgacure 184 and 0.2% w/w of HEMA as the upper layer for fast
anchoring of hydrophilic monomers onto the bead surfaces under visible light ex-
posure, and 600 µl of PBS serving as a storage solution at the lower layer.

The purpose of the surface modification solution is to wash away the unpolymer-
ized shell monomers from the surface of the beads and to prevent the beads from
forming clusters when stored in PBS through the hydrophilic surface modification.

The outlet tube from the chip is placed in the surface modification solution, and
the particles move through the surface modification solution into the PBS layer due
to gravity (Fig. 5.7).
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5.2.5 CELL ENCAPSULATION EFFICIENCY

In order to characterize the cell distribution in the encapsulated beads, all the cells
are pre-labled with Hoechst (0.1% v/v/ in PBS) in the core solution mixture before
cell encapsulation in accordance with cell encapsulation protocol. Samples were
collected after 15 min, 30 min, 1h, 1h 15 min, 1h 30 min and 2 h of starting the
encapsulation, the beads distribution and its corresponding Poisson distribution
are presented in Fig. 5.8. The results show that the encapsulation pattern is
controllable and repeatable for the first 30 min. Consequently, for the subsequent
cell viability measurements all samples were collected within the first 30 min to
guarantee a valid sample size. Fig. 5.9 shows that the cells in core solution tend to
aggregate over time, which is the main factor responsible for the non-homogeneous
cell distribution after 30 min in the beads.

However, the cell encapsulation from Fig. 5.8 shows an encapsulaiton efficiency
less than 50%, lower than expected according to Poisson distribution equation
(85%) discussed in Section 5.2.1. This can be explained by the fact that cell density
of the core solution dispensed into the chip is less than 8× 106 cells/ml. The cause
of which could be the non-homogeneous cell mixture, or the physical obstacles in
the core solution administration pathway, such as the plug, tubing, and on-chip
filter.

5.3 CELL VIABILITY CHARACTERIZATION

Compared with conventional culturing, particles containing cells provide a different
microenvironment, which may affect the cellular behaviors. For example, the cells
are constrained to the hydrogel network, compared to that in conventional culturing
where the cells are relatively free to attach or aggregate. Thus, effective evaluation
of microencapsulated cell viability is highly important for better process control
and quality assurance.

5.3.1 CELL VIABILITY REPORTERS

Cell-based assays are widely used in basic and translational cell studies as cost-
effective and accessible models for in vivo response anticipation. To obtain reliable
data, it is essential to assess the health of cultured cells prior to any assays that
can quantify cell growth. Cell health and growth can be determined by quantifying
cell viability, proliferation, or apoptosis [257, 258]. The purpose of these are
further described below:

• Cell viability assays enumerate the ratio of live and dead cells by staining and
counting live and/or dead cells. A more specific assessment of cell health can
be attained by measuring cell metabolic activity.

• Cell proliferation assays assess the growth rate of a cell population or detect
daughter cells in a growing population. Some common assays can directly
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Figure 5.8. Measured cell number per beads vs. probability density (column)
and the corresponding Poisson distribution fitting (dotted line). Over time, the
cell distribution drifted away from Poisson distribution, and there are less empty
beads with larger Lambda (cells start to cluster together over time). Due to
each image taken for distribution analysis there can only be certain sample size
attained (N). Particularly, at 30 min after the start of encapsulation process, dis-
tributions of cells over the particles with three repeated experiments are shown (N
> 150 per sample, each color represents one experiment). This indicates the cell
distribution in the particles is highly repeatable. (From Paper 2)
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Figure 5.9. Microscopic images of free cells incubated in core solution at time
point 0 h, 1 h, 3 h, and 6 h. Observable cell aggregation can be found over time.
The images are converted into binary B&W for visualization.

measure DNA synthesis, detect proliferation markers and proliferating cell
nuclear antigen. Some indirect assays can also measure cell metabolic activity,
similar to assessing cell viability.

• Apoptosis assays generally evaluate the extent and timing of cell apoptosis
by measuring key cellular events in programmed cell death, such as DNA
fragmentation or condensation.

• There are assays that can facilitate the assessment of many other important
live-cell functions including cell senescence, adhesion, chemotaxis, multidrug
resistance, endocytosis, secretion, and signal transduction which can be stim-
ulated or monitored with various chemical and biological reagents.

Among the listed assays, only cell viability assay is focused in the study of
this thesis, since assessing the the survivability of encapsulated cells is the most
straightforward method to indicate the effects of the material on the cells. In addi-
tion, from the application point of view, discussed in Chapter 1, the encapsulated
cells are only used for drug conversion thus the cell proliferation is constrained.
Therefore, proliferation and functional assays are not suitable in this case.

CELL VIABILITY ASSAYS

Cell viability cannot be easily defined by a single physiological or morphological
parameter, instead, it is often more reliable to combine several different measure-
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ments. Each assay has both advantages and limitations that may introduce biases
into the study. The decision of which assessing approach to use is thus dependent
on the application.

Cell viability assays can be divided into three categories:

• Viability/cytotoxicity assays using esterase substrates [259,260]. Fluorogenic
esterase substrates can be passively loaded into cells. These cell-permeable
esterase substrates serve as viability probes that measure both enzymatic
activity, which is required to activate their fluorescence, and cell-membrane
integrity, which is required for intracellular retention of the probe.

• Viability/Cytotoxicity and gram stain assays using nucleic acid stains [261].
Assessments of animal cells, bacteria, and yeast frequently employ polar, cell-
impermeant, nucleic acid stains to detect dead cells. Nucleic acid stains are
most often used in combination with intracellular esterase substrates and
some other indicators to simultaneously detect the live cells.

• Viability/Cytotoxicity assays measuring oxidation or reduction [262, 263].
The generation of reactive oxygen species is inevitable and occurs at a con-
trolled rate in healthy cells. Metabolically active cells can oxidize or reduce a
variety of the probes in the assays, providing a measure of cell viability and
overall cell health.

In the majority of cell studies presented in this thesis, LIVE/DEAD® assay kit
for animal cells is used to validate the cell survivability due to the reliability and
ease of performing such a fluorescent based assay.

The LIVE/DEAD® assay kit comprises two probes: calcein AM and ethidium
homodimer-1 (EthD-1) [264]. Calcein AM is a fluorogenic esterase substrate that
is hydrolyzed to a green fluorescent product (calcein). Green fluorescence is thus
an indicator of the cells that have esterase activity as well as an intact membrane
which retains the esterase products (the first category listed above). Ethidium
homodimer-1 is a high affinity red fluorescent nucleic acid stain that is only able to
pass through the compromised membranes of dead cells (the second category listed
above). Fig. 5.10 shows two confocol microscopic images of encapsulated cells
stained by LIVE/DEAD® assay and a nunuclei stain named Hoechst (described
below).

This assay has several advantages in regards to cell encapsulation:

• Simplicity [265]. The reagents are simultaneously added to the cell suspen-
sion, which is incubated for 20 - 30 min and no further wash steps are required
before analysis. This is ideal for cell survivability validation of both free cells
and encapsulated cells.

• Versatility [266, 267]. This assay is compatible with both adherent and non-
adherent cells. The viability results can be analyzed by fluorescence mi-
croscopy using standard fluorescein long-pass filter sets. This optical valida-
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Figure 5.10. Confocol fluorescence microscopic image of stained cells encapsu-
lated in core-shell particles (overlay of the 3 fluorescence channels). All cells are
labeled with Hoechst (blue signals), live cells are labeled with Calcein AM (green
signals), dead cells are labeled with EthD-1 (red signals).

tion method does not require rapturing the cell containing particles nor cell
resuspension from the particle.

• Simple quantization. The result of this assay rarely has doubly stained cells
when processing is done in free cell suspensions, indicating a clear signal
separation between live and dead cells.

Besides LIVE/DEAD® assay, other cell reporters that has been used under
different conditions in this thesis are:

• Trypan blue [268]. Trypan Blue is routinely used to assess cell viability using
the dye exclusion. This test is often performed while counting cells with a
hemocytometer during routine subculturing, but can be performed any time
cell viability needs to be determined quickly and accurately. The dye exclusion
test is based upon the concept that viable cells do not take up impermeable
trypan blue dyes, but dead cells are permeable and take up the dye.

• Alarmablue® [257]. The AlamarBlue® assay is a ready-to-use resazurin-based
solution that functions as a cell health indicator by using the reducing power
of living cells to quantitatively measure viability. Resazurin, the active in-
gredient of AlamarBlue® reagent, is a non-toxic, cell-permeable compound
that is blue in color and virtually non-fluorescent. Upon entering living
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cells, resazurin is reduced to resorufin, a compound that is red in color and
highly fluorescent. Changes in viability can be easily detected using either
an absorbance- or fluorescence-based plate reader. The AlamarBlue® Assay
is simple to use in hydrogels since it is water-soluble and no extra washing
steps are required. Since it is soluble and stable in cell containing solutions,
and more importantly non-destructive to cells, continuous monitoring of
cultures is possible.

• Hoechst, a fluorescent nuclei stain that exhibits a close to 20-fold enhancement
of fluorescence upon binding to DNA [269]. This fluorescent dye is used in
cell encapsulation studies to label all the cells for confocal imaging as well as
encapsulated cell counting process.

5.3.2 SHORT-TERM VIABILITY TEST

In Section 4.4,4, the permeability of core-shell particles is discussed. From there it is
known that the LIVE/DEAD® assay particles are not be able to pass the crosslinked
OSTE shell network, meaning that incubating cell containing particles together
with LIVE/DEAD® assay will shows no positive signals of encapsulated cells. This
is attributes to that the size of the dye molecule cannot pass through the OSTE
crosslinked network. In order to validate the cell viability after encapsulation, the
assay is administrated with the cells in the core solution, before entering the chip.

LIVE/DEAD® assays kit (2 µM calcein AM and 4 µM EthD-1) is added in the
last step of core solution preparation. Since Calcein AM is esterase activity related,
the cells tend to metabolize and pump the dye out over time, however, if the signal
is readable, then the assay is valid. The half-life of Calcein AM is around 3 - 4 hrs
depending on the cells type, and if double staining occurs, the cell is considered as
dead. These factors give a cell validation window of 3 hrs after the administration
of the dye. In this work the dye was thus used for short term cell viability studies
with a time span of 0 - 3 hrs. The viability was compared to free cells in PBS at
the same time points.

A fluorescence microscope is used to take images of the particles using 3 channels
(bright field, green and red channel). The fluorescent signals of the cells are counted
from 3 different fields per sample. The cell viability data was extracted from the
counting after cell encapsulation (15 min, 1 h, 3 h) either using Image J or by
manual counting to validate the effect of the encapsulation process on cells. Each
test was performed in five-fold.

The results show that there is no significance between the control and the en-
capsulated cell, nor between the different time points.

5.3.3 LONG-TERM VIABILITY TEST

As previously discussed, cell viability cannot be identified after encapsulation over 3
h using the LIVE/DEAD® assay. In order to monitor the cell viability for long term,
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Figure 5.11. a)Fluorescence microscopy image of stained cells encapsulated
in core-shell particles, where green signals indicate live cells and red indicates
dead cells; b) cell viability of encapsulated cells and of the control (n.s.= non
significant).

cells with intrinsically expressed fluorescence are used for encapsulation. The KPCT
cell line2 is derived from a murine model of pancreatic ductal adenocarcinoma
(PDAC). This cell line expresses a fluorescent protein called "tomato", which can
be used as a cell viability indicator after encapsulation.

KPCT cells were trypsinized, washed with PBS twice and counted for initial cell
viability. The appropriate concentration is reached by diluting the cells into PBS,
LIVE/DEAD® assay reagents are used to determine the initial cell viabilities.

KPCT cells showed fluorescent signal after 2 days incubation. However, tomato
is a very stable protein that does not get immediately destroyed with the cell
death. A simple test of fixing KPCT cells showed that the tomato signals can
still be detected 48 hrs after cell death. Therefore, using KPCT cells with tomato
fluorescence is not a valid method for now, further cell line setups are needed to
use such cells as an encapsulation model for long term viability characterization.

The Alarmablue® cell viability report mentioned above has a molecular weight
of 231 Da, which is capsule-permeant. The reagent was added into a multiwell
plate together with the microparticles, and the plate was incubated at 37 °C to
allow cells to convert resazurin into resorufin, and the fluorescence (/absorbance)
signals were measured. However, a primary test showed a high background from
the core-shell microparticles incubated with Alarmablue® without the presence of
cells. Further tests in regards to using this viability reporter is needed to set up a
valid protocol.

2KPCT cells are named after Kras and P53 mutation, under the control of the promoter Pdx1,
with tomato labels.
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Other endogenous system such as luciferease expressed/labeled cells can also be
used in the future for long-term viability tests.

5.4 CELL ENCAPSULATION PROTOCOL

With all the details characterized and the whole system optimized, the final setup
(Fig. 5.6) and a comprehensive cell encapsulation protocol is shown here:

Cell encapsulation protocol Step-by-step on-chip cell encapsulation
1: Cell preparation: After washing the cells were re-suspended in PBS at a

concentration of 8 × 106 cells/ml and stained for at least 15 min with the
LIVE/DEAD® viability/cytotoxicity kit according to the protocol provided by
the supplier. (Optional: the LIVE/DEAD® assay kit is only used if cell viability
is to be determined.)

2: Core solution preparation: The core solution, consisting of 20% w/w
PEGDA as the hydrogel pre-polymer and 0.1% w/w LAP as photo-initiator,
was dissolved in cell-PBS solution.

3: Shell solution preparation: The shell solution was prepared by mixing thiol-
(PTMP) and ene- (TATATO) at an off-stoichiometry of 1.4 : 1.

4: On-chip particle synthesis: The particle synthesis setup is illustrated in
Figure. 5.6. Both the continuous phase shell solution and the dispersed phase
core solution are coupled using PTFE tubing to its respective microfluidic chip
inlet prior to operation at a flow rate of 1 : 0.12 µl/min. The UV station
was positioned underneath the microfluidic chip with a source to microchannel
distance of 10 mm (can be adjusted by Z-stage). A sheet of aluminum foil
with a 0.6 mm, 0.8 mm or 0.9 mm diameter hole serving as the UV exposure
window was placed on top of the UV source to shield undesired UV light. The
UV source is continuously on.

5: Off-chip particle collection: The droplet microfluidic chip outlet was cou-
pled using PTFE tubing to a 2 ml eppendorf collection vessel contained two
phase-separated liquids. The end of the outlet tubing from the chip was placed
in the surface modification solution, and the particles can move through the
surface modification solution into the PBS layer due to gravity.

6: Core-shell bead washing: The top phase of the collection vessel was gently
removed and the beads were washed in PBS for 3 times. A gentle centrifuge
cycle can be used to move the beads to a 6-well plate with 500 µl of cell media,
which can be place in an incubator for storage.



CHAPTER 6

BIOMOLECULAR ANALYSIS WITH OSTE
MICROFLUIDIC TECHNOLOGIES

In this chapter, microarray technologies are introduced together with specific mi-
croarray applications of the reversed dual-cure thiol-ene-epoxy material described in
Chapter 3.

In the first section, a general review of microarray technologies is presented
to give an overview of the field. Some unsolved problems and application niches
technology-wise are also introduced.

In the second section, a reversed OSTE+ molded gasket facilitating parallel pro-
tein screening on a protein coated glass surface is demonstrated, and compared with
the standard method used today.

In the last section, a microfluidic chip made of reversed OSTE+ for rapid pro-
tein screening and hybridization with a novel cross sandwich detection concept is
presented. Such microfluidic chip acts as a "stick-and-play" protein binding plat-
form with on-site mixing to improve the screening efficiency.

6.1 ANTIBODY-BASED MICROARRAYS

Amicroarray consists of thousands of different biomolecule reporter probes attached
to a solid support in either a two-dimensional or three-dimensional format [270]
(Fig. 6.1a). These probes on the surface can be antibodies for protein screening
or polymerase chain reaction (PCR) products for DNA sequencing. The origin of
microarray was fostered in genomic applications, and its application in proteomics
were later developed for protein analysis [271].

Antibody-based microarray is a new proteomic technology aimed to characterize
a defined set of protein analytes by generating rapid and detailed expression profiles
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Figure 6.1. a) A microarray platform for DNA sequencing; b) a false-color image
of a microarray readout. The result shows the presence of a binding pair as one
fluorescent signal dot. (Adapted from [272])

in parallel. It provides an attractive way of performing multiplexed assays on
a single surface, largely reducing the assay time and cost [273]. This microarray
technology has great benefits in accurate disease diagnosis and biomarker discovery.

6.1.1 MICROARRAY PROCESS METHODS

Similar to other microarrays, antibody-based microarrays normally consist of an
array of picolitre (pL) amount of antibodies (highly concentrated) in micrometer
sized spots in an ordered pattern, printed on a solid substrate. Biological sam-
ples/analytes of interest are then administrated and incubated together with the
microarray. Protein-protein interactions on the array surface are detected and
quantified mainly using fluorescence probes introduced in the protein-binding step.
It is worth noticing that the high concentration of printed antibodies will result in
a considerably high signal density on binding sites specifically, making the assay
independent of sample volume as long as sufficient amount of the analyte molecules
are present in the sample.

In one scenario, antibodies with fluorescence probes are introduced onto the
surface, and after specific binding between the printed sample and the introduced
antibodies, fluorescent signals can be detected by a scanner. This process is called
"direct detection" (Fig. 6.2a).

In another scenario, a primary antibody is firstly introduced for sample detec-
tion, thereafter a fluorophore-linked secondary antibody can bind to the primary
antibody which binds to the printed proteins, providing detection signals. Since



6.1. ANTIBODY-BASED MICROARRAYS 93

Figure 6.2. Microarray protein detection schemes: a) direct detection: all pro-
teins in the sample are labeled (red halo), thereby providing a means for detecting
binded proteins on an antibody microarray; b) sandwich detection: proteins cap-
tured on an antibody microarray are detected by a cocktail of tagged detection
antibodies, which are matched to the spotted antibodies. The detector (primary)
antibody tag is then measured by binding of a labeled (red halo) read-out (sec-
ondary) antibody.

the majority of the primary antibodies are produced in a few host animals, it is
simple and economical to produce the ready-to-use secondary antibodies1 that are
applicable for most of the detection systems. Moreover, this double-binding pro-
cess can also result in an amplified detection signal2. This process is thus called
"sandwich detection" (Fig. 6.2b).

6.1.2 MICROARRAY FABRICATION TECHNOLOGIES

The techniques of arraying (printing) biomolecules (DNA and proteins) on the sub-
strates are an important step in microarray fabrication. According to spot forma-
tion techniques, biomolecule printing methods are categorized as “contact printing”
and “non-contact printing” [275]. Contact printing comprises methods such as con-
tact pin printing and microstamping. The advantages of such method includes high
repeatability and facile maintenance, however, it leads to a low-throughput fabrica-
tion of the microarrays. Non-contact printing techniques comprises photochemistry-
based methods, laser writing, electrospray deposition, and inkjet technologies. Such
technologies have the potential to increase microarray fabrication yield, but lead to
biomolecule denaturization and jetted droplets contamination [275].

In order to maximize the outcome, a large number of analytes are often arrayed
and simultaneously analyzed on one single slide. The array is often designed in a
repeated "block" fashion with several hundreds of spots per region, and different

1The primary antibody’s Fab domain binds to an antigen and exposes its Fc domain to bind
with the Fab domain of secondary antibody. Since the Fc domain is constant within the same
animal class, only one type of secondary antibody is required to bind to many types of primary
antibodies [274].

2Unlike the primary antibody binding, multiple secondary antibodies can bind to the primary
antibody, resulting in a signal amplification.



94 CHAPTER 6. MICROARRAY WITH OSTE TECHNOLOGIES

analytes are incubated within different "blocks". The format of a final result of a
"block" is a false-color image with one or more colors representing the detection of
different molecules, as shown in Fig. 6.1b.

Microarrays that are compartmentalized on the surface by a simple cartridge is
called "well-array", where a rubbery gasket is often clamped onto the surface, thus
forms a cassette where different protein bindings can take place in different wells.
Commercially, such cassettes have a specific design (in 3 x 8 format or other, see
Fig. 6.3a), where the rubbery grids and rigid clamps are reused and cannot be
customized. ArrayIt® and Hybset® offer such cassettes, however they both have
several drawbacks:

• The cleanliness of the cassettes is directly related to the assay performance.
A dirty cassette can largely affect the accuracy of the readouts.

• The cassettes age fast due to the frequent exposures to solvents and surfac-
tants. The associated degradation of the rubber part can cause leakage and
cross reactions.

• The commercially available cassettes cannot be customized into a desired
arrangements according to the microarray design and printing, which impedes
flexibility and multiplexing efficiency. The cassettes cannot contain too many
even smaller wells, as it is difficult to guarantee a leakage-free clamping when
the size of the wells are reduced.

To solve this problem, a microarray gasket features the properties listed below
can further increase the multiplexing tests efficiency and accuracy:

• Good end properties such as high mechanical strength.

• Good chemical resistance.

• Excellent low temperature on-demand substrate bonding to obviate the need
for clamping or applying adhesives.

• Flexibility in geometry designs.

There is usually a "shelf time" between the manufacturing of microarray cas-
settes and their application on biofunctionalized surfaces. This is because the
manufacturing lab and biology lab are normally separated since they serve dis-
tinct functions. An adequate shelf life of the cassettes that allows inventory storage
and transportation is critical as demonstrated in Fig. 6.4.

6.2 REVERSED OSTE+ BIOSTICKERS FOR MICROAR-
RAYS

In Section 4.1, a novel reversed dual-cure thiol-ene-epoxy polymer formulation was
demonstrated. This material exhibits mechanical flexibility with a low Young’s
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Figure 6.3. a) A microplate for microarray from ArrayIt®. The system allows for
96-well formatted experimentation using either four glass slides or a single glass
microplate [276]; b)schematic view of a PDMS cartridge and the microarray are
held together by magnetic force : 1) PDMS cartridge; 2) microarray; and 3) the
microfluidic cartridge and the microarray reversibly sealed by a magnetic field
[277]. (Figures adapted from the given references)

Figure 6.4. Illustration of the fabrication, transportation/storage and application
of a microarray cartridge.
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Table 6.1. Bonding strength test results

Substrate Bonding strength (bar)
Glass slides 3.2 (SD = 0.3)
Plasma treated glass slides 3.2 (SD = 0.2)
Epoxy coated glass slides > 83

BSA/milk powder blocked epoxy glass slides 5.2 (SD = 0.2)
Silicon substrates 5.6 (SD = 0.4)
Anti-chicken IgY coated OSTEMER 327 glass slides > 83

Fully cured OSTEMER 327 slides > 83

modulus after the first thermal cure, enabling conformal contact with desired sub-
strates, and stiff thermoplastic-like properties after the final UV cure, resulting in
a leak-tight mechanical interlocking with high bonding strength.

Using the reversed dual-cure OSTE+ material as the microarray cassette largely
solves the listed drawbacks with the current commercially available products:

• The material has a high storage modulus after bonding. Moreover, it shows
no absorption of small molecules (480 Da) originally and after BSA blocking,
it shows similar level of protein absorption as as-received glass slides. The
material also has no monomer leaching from the bulk polymer network.

• The material has a long shelf life, allowing for intermediate processing and/or
subsequent transportation between the preparation of the chemically pre-
defined geometry and the bio-application.

• The material shows high bondability to a range of common laboratory sur-
faces as well as biological surfaces with more than enough pressure endurance
(Table. 6.13).

The fabrication protocol for such a gasket (called "Biosticker") is shown together
with the final product in Fig. 6.5. The performance of the Biosticker is validated by
conducting a standard microarray protein screening four times and the results are
compared. The protein microarrays used consists of 21 (3 x 7) wells with 384 printed
spots per well. The primary binders used are rabbit antibodies raised against one
of the printed antigens. The binding to the targets is measured using fluorophore-
coupled secondary anti-rabbit antibody as a "sandwich" detection method. Details
of the processing protocol can be found in Paper 1. The results from the measured
Biosticker-microarrays are shown and compared in Fig. 6.6.

The results show clear fluorescent signals on the microarray without cross-
talking among the wells, and a good correlation between the repeated assays. This
indicates that reversed OSTE+ Biostickers, not only can generate expected results

3The current measurement setup has a limit of maximum 8 bars, with a fixed increment of
0.5 bar.
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Figure 6.5. a - d) Illustration of the biosticker manufacturing process; e) 1)
bonded Biosticker with a normal glass slide filled with food dye; 2) Biosticker
can easily be detached from the glass substrate by applying a torque force with
hand; and 3) the departed Biosticker and the substrate (bonding sides upwards).
(Adapted from Paper 1)
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Figure 6.6. a) Detection results of microarray using Biosticker as the gasket; b)
comparison of the reactivity of four repeated Biosticker slides: In each scatter plot
the reactivity from each spot on one slide is plotted against the reactivity of the
corresponding spot on the other slides for a pairwise comparison of correlation
between slides, and the right upper part of the plots shows the corresponding
measured results of Spearman correlation coefficient rho between each two slides.
(From Paper 1)§
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as commercial cartridges, but also outperform the traditional rubbery cartridges in
the aspects of: design flexibility, clamp/glue-free bonding, fine features allowance,
easy handling, and robust protection of the original biofunctionalized surface. A
more dedicate and complex microfluidic system based on the Biosticker is intro-
duced in the next section, where all these advantages are implemented and realized
in a new conceptual protein screening process.

6.3 REVERSED OSTE+ MICROFLUIDIC STICKERS FOR
MULTIPLEXING MICROARRAYS

Microarray technology is a powerful tool for measuring biomolecular interactions
in a highly parallel fashion. Microfluidics, on the other hand, represents a useful
tool for rapid transportation and mix of small volumes of analytes to a designated
area. The combination of these two technologies can potentialize a platform of a
versatile toolbox for bioanalysis, in which miniaturization and simple processing
can be easily achieved. However, the bridging of these two technologies is not
straightforward. A suitable material acting as a microfluidic gasket and an adapted
microarray screening procedure accordingly are needed. With the reversed cure
OSTE+ material and its successful application on microarray with wells, a more
complexed microfluidic sticker-microarray system is described in this section. This
system includes a microfluidic sticker that can be bonded and removed to allow for
multiple sticker integrations with one microarray, and perform on-site mixing to
reduce protein binding time, using the concept of a novel cross sandwich detection.

6.3.1 MULTIPLEXED MICROFLUIDIC STICKERS

In sandwich detection, as shown in Fig. 6.2b, there are two molecule binding pro-
cesses. In the applications of microarray wells, theses two bindings are conducted
separately: the first protein capturing is performed in wells, and the second bind-
ing are performed on an open surface, where the whole substrate is submerged in
solution containing fluorescent probes. This method requires a full washing cycle
in between the two bindings to eliminate any residues from the primary binding
that can cause false-positive signals.

In another microarray detection concept shown in Fig. 6.7, a microfluidic sticker
with long channels (No. 1-9) is applied on the printed surface for the primary
protein (capture molecule) administration, then a second microfluidic sticker with
horizontal channels (No. A-I) that are perpendicular to the first sticker channels
is applied after the removal of the first sticker, before the administration of the
secondary detection protein (detection molecule). The printed antigen/antibodies
are located at the cross of the orthogonally arranged channels at the two applied
stickers. The square of the number of channels in the microfluidic sticker governs
the number of reaction spots per assay, thus, a geometric growth dependency is
formed.
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Figure 6.7. Illustration of the process of multiplex biosticker applications on a
microarray: a) antibodies are printed on a standard epoxy functionalized microar-
ray slide; b) top view of the printed slides; c) i) application of first microfluidic
sticker; ii) primary antibody administration and incubation; iii) removal of the
first microfluidic sticker; iv) surface chemistry on slide after first microfluidic
sticker. d) similar to that of c) but with secondary fluorescence-linked antibodies.
(From Paper 3)
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This concept can largely reduce the cross-talk since the two biomolecules are
administrated perpendicular, i.e. only the desired regions at the "crossroads" allow
for the reactions. Also, it facilitates multiplexing protein detection due to the
possibility of administrating different primary and secondary proteins in different
microchannels. Last, this method is carried out in microchannels, taking advantage
of microscale diffusion distances to assist rapid reactions. On top of this, we also
implement herringbone mixers into the microchannels to allow even faster mixing
result.

Previously, a similar concept called "micromosaic immunoassay" was proposed
by Bernard et al. [278], where two PDMS slabs with perpendicular microchannels
were subsequently pressed onto a blank substrate, and the first PDMS slab pat-
terned antigens and the second delivered antibodies reacting with the antigens.
Several more applications using PDMS as microfluidic slabs were also demonstrated
[279,280]. However, such concept development is restricted due to material proper-
ties. Clamping or gluing are unavoidable in the cases where multiple microfluidic
slabs are used subsequently on one single substrate surface.

The use of OSTE+ reverse cure material not only provides strong mechani-
cal strength (presented in Section 4.1 ), but also allows for glue-free bonding and
residue-free debonding. The possibility of such multiple bonding-debonding pro-
cesses provides feasibility of applying multiple microfluidic stickers on one substrate
with high reliability and repeatability, and can be utilized in the biomolecule re-
action processes where several bindings are required, e.g. ELISA (Enzyme-Linked
ImmunoSorbent Assay) [281].

6.3.2 OSTEMER MICROFLUIDIC STICKER MANUFACTURING AND
ITS APPLICATION ON MICROARRAYS

This microfluidic stickers are manufactured by injection molding. In order to guar-
antee a functional chip-to-world connection, the connectors are molded together
with the channels. A full fabrication protocol can be found in Paper 3 and a 3D
explosion graph of molding is shown in Fig. 6.8.

The discussion of microfluidic mixing in Chapter 2 introduced several methods
for on-chip mixing. Among which, the passive mixing by staggered herringbone has
the optimized mixing efficiency. This herringbone mixing patterns are employed on
the ceiling of the microfluidic stickers, and show an improved mixing efficiency than
the channels without herringbones (Fig. 6.9). This method provides a rapid protein
binding reactions using microfluidic stickers than traditional incubation methods
that are diffuse-dependent.
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Figure 6.8. a) Injection molding process of a microfluidic sticker: three layers
of PDMS molds are assembled together as an injection chamber; b) left: 9 long
microfluidic channels with herringbone structures on the channel ceilings; right:
9 short microfluidic channels with herringbone structures on the channel ceilings.
(Adapted from Paper 3)

The application of OSTE+ reverse cure material on biofunctionalized surfaces
and biomolecule detections have great potential. Its capabilities of customized mi-
crostructure molding, glue-free room temperature bonding, and residue-free room
temperature debonding are of great interest in bioapplications. With the mar-
riage of microfluidic platform, rapid and multiplexed detection assays can be real-
ized, further advances the applications of OSTE+ material in biomolecule detection
fields.
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Figure 6.9. Mixing results of DI water and Rh.B dye with at a Y shaped chan-
nel. Left (A -D): channels without herringbone; right (A* - D*): channels with
herring bone. (From Paper 3)





CHAPTER 7

FINAL REMARKS

This thesis has made several contributions to materials, fabrication techniques and
surface modification techniques for lab-on-a-chip.

These technologies have been used: to simplify the microfluidic synthesis of
microparticles with tunable surface properties, to improve therapeutic cell encap-
sulation, and to enable improved mass transport in microarray analysis.

For lab-on-a-chip fabrication, the specific contributions are:

• The first demonstration of photostructuring of microdevices in OSTE+ (Paper
4).

• A novel approach for combining lithographically defined surface modification
and bonding of microfluidic layers in OSTE+ (Paper 5).

• A novel approach for in-situ molding of threaded ports on lab-on-a-chip as a
chip-to-world interface for high pressure liquid administration (Paper 6).

For microfluidic particle synthesis, the specific contributions are:

• The first on-chip synthesis of OSTE microbeads with a tunable surface probe
density (Paper 8).

• A novel method for co-synthesis of concentric gel-core, solid-shell micro-
particles in a single emulsion microfluidic system using a single UV crosslink-
ing step (Paper 2 & 7).

For droplet microfluidic encapsulation of therapeutic cells, the specific contributions
are:
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• The first demonstration of cell encapsulating microparticles that consist of a
synthetic PEGDA hydrogel core and a solid, but porous OSTE shell (Paper
2).

• A comprehensive short-term cell viability study on encapsulation precursor
preparations and encapsulated cells, specifically on the effects of material
selection and preparation on cell viabilities (Paper 2).

For biomolecular analysis using microfluidic stickers, the specific contributions are:

• A novel thermal/UV OSTE+ material that allow the application of OSTE+
onto biofunctionalized surfaces. The long shelf life in between two curing
steps, the room temperature, glue-free bonding, and the residue-free, damage-
free debonding are the key enablers for the implementation of OSTE+ to
bioapplications (Paper 1).

• A novel approach for a proper seal between a customized microfluidic gas-
ket and a protein microarray surface, with maintained biological activity
and without contaminating the surface or blocking the microfluidic channels
(Paper 1).

• A novel approach for applying multiple microfluidic stickers with parallel
channels and staggered herringbone mixers onto microarrays, featuring mul-
tiplexing protein detection with no cross-reactivity and high repeatability
(Paper 3).

This thesis has elucidated the versatility of both OSTE and OSTE+ polymer sys-
tems for microfluidic manufacturing, design, surface property tuning, microparticle
synthesis, and integration to bioapplications.

Furthermore, OSTE material can also be used for live cell encapsulation for
therapeutic purposes, although further long-term cell studies are required in the
future to fully implement such system with the on-site drug delivery system.

This work can thus form the basis for future developments of lab-on-a-chip
applications and applications in cell encapsulation and microparticle synthesis.
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