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Abstract

In this thesis, an optofluidic chip was used for detection of fluorescently labeled
streptavidin. The chip was fabricated from thiol–ene polymer, and incorporates
an embedded waveguide in direct contact with the sample fluid. By using off-
stoichiometric thiol–ene mixtures, the polymer was tailored to feature an excess
of functional surface groups, enabling one-step site-specific functionalization with
the binding molecule biotin. Utilizing the high affinity bond between biotin and
streptavidin, fluorescently labeled streptavidin was immobilized on the waveguide
surface, and excited by the evanescent field from the guided light in the waveguide.
The biotin functionalization was optimized to provide the highest fluorescent signal,
and the resulting calibration curve revealed a linear correlation between streptavidin
concentration and fluorescence intensity, with a limit of detection of 0.2 µM.

Due to the lack of information on the optical properties of thiol–ene polymers,
these were initially investigate to evaluate the use of thiol–ene in optofluidic chips.
The refractive index was determined by refractive index matching, and shown to
stay constant with a value of 1.57 for thiol–ene mixtures ranging from 150% excess
alkene groups to 90% excess thiol groups, even though the mechanical properties and
surface chemistry change considerably during this range. Thus, thiol–ene have a high
refractive index compared to other lab-on-a-chip materials, which combined with
its high optical transparency, make thiol–ene a promising material for optofluidic
devices.
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Resumé (in danish)

I denne afhandling bruges en optisk fluid-chip til m̊aling af fluorescensmærket strep-
tavidin. Chippen blev fremstillet af thiol–ene plastik, og inkorporerer en lysleder i
direkte kontakt med væsken. Ved at bruge ikke-støkiometriske blandinger af thiol–
ene, kunne plastikken produceret med et overskud af funktionelle grupper p̊a over-
fladen, hvilket muliggjorde positions specifik binding af biotin molekyler, med kun ét
proces trin. Ved at udnytte den høje affinitive binding mellem biotin og streptavidin,
kunne fluorescensmærket streptavidin immobiliseres p̊a lyslederes overflade, hvor det
blev exciteret af det eksponentielt aftagende felt langs lyslederen. Biotin bindingen
blev optimeret til at yde det kraftigste fluorescens signal, og den resulterende kali-
breringskurve viste en lineær sammenhæng mellem streptavidin koncentration og
fluorescensintensitet, med en detektionsgrænse p̊a 0,2 µM.

P̊a grund af manglende viden om thiol–ene plastisks optiske egenskaber, skulle
disse først undersøges for at vurdere anvendelsesmulighederne for thiol–ene i op-
tiske fluid-chips. Brydningsindekset blev bestemt ved brydningsindeks-matching,
og havde en konstant værdi p̊a 1,57 for thiol–ene blandinger i omr̊adet fra 150%
overskydende alken grupper til 90% overskydende thiol grupper, selvom b̊ade de
mekaniske egenskaber og overfladekemien ændrer sig betydeligt i dette interval.
Thiol–ene har alts̊a et højt brydningsindeks i forhold til andre lab-on-a-chip ma-
terialer, hvilket sammen holdt med dets høje optiske transparens, gør thiol–ene til
et lovende materiale for optiske fluid-chips.
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Chapter 1

Introduction

1.1 Objective

1.2 Motivation

1.3 State of the art

1.4 Thesis outline

This chapter will shortly introduce the main objective for the project, followed
by the motivation for exploring this objective. It will also present the previous work
done in the field, and the new research this project will contribute with.
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1. Introduction

1.1 Objective

The main objective is to fabricate a cheap, single-use optofluidic polymer chip for
fluorescent detection of biomolecules. The chip should include an embedded waveg-
uide used for evanescent wave-induced fluorescent (EWIF) detection of fluorescently
labeled biomolecules bound to the waveguide surface. The waveguide should be
made from thiol–ene polymer, which enable simple functionalization with binding
groups for immobilization of the biomolecules. Lastly, a simple microfluidic system
should be incorporated for loading of the analyte solution. For an illustration of the
principle, see Figure 1.1.

Figure 1.1: Cross-sectional view of the microfluidic channel and waveguide. The thiol–
ene surface is functionalized with binding groups for immobilized of the biomolecule-
fluorophore complexes. The evanescent field along the waveguide only excites the fluo-
rophores in close vicinity of the surface.

1.2 Motivation

Immobilization of biomolecules on the surface of a detection element, e.g. a waveg-
uide, is an attractive approach for the development of sensitive and selective biosen-
sors. This scheme is favourable as it congregates the target molecules directly on
the excitation source, hereby increasing the local concentration and signal intensity.
By also utilizing evanescent wave-induced fluorescence, only the molecules within a
few hundred nanometers of the waveguide surface are excited, meaning that only
the target molecules bound to the surface will fluoresce, while autofluorescence from
the buffer is minimized.

In order to explore the attractive properties of thiol–ene polymers, the waveg-
uides will be fabricated from this material. Thiol–ene is a new material in the
world of microfluidic devices, but due to is very promising features it should be
further explored to provide for more widely use. Thiol–ene polymers have a high
optical transparency and are easy to structure due to rapid UV curing [1]. Ad-
ditionally, they are solvent resistant [1, 2] and by altering the stoichiometric ratio
of the monomers, they can be tailored to either have functional thiol or functional
alkene groups on the surface, which in a one-step reaction can bind to a function-
alized biomarker containing the opposite group [3]. The thiol-ene reaction is even
considered bioorthogonal, meaning it does not interfere with the native structure of
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1.3 State of the art

an attached protein, hereby enabling realtime investigation of the protein structure
or activity [4]. By providing the functional surface groups directly in the substrate
material, the multiple chemical reactions often required for functionalization can
be avoided. This enables a cheaper and simpler production of the device, which is
important for a disposable chip.

This detection principle has very wide applications, as all biomolecules which
can be fluorescently labeled and will bind to the surface groups on the waveguide
can be detected, and with specific binding of the target molecules, initial purification
of the sample fluid will not be needed. A specific example is detection of the pro-
teins β-amyloid and tau181P which are expressed in the initial stages of Alzheimer’s
progression. A large scale screening of the elderly population could potentially save
many lives by diagnosing and treating the disease before the characteristic symptoms
of memory loss and apathy have fully corrupted the patients lives. More generally,
the device could detect the expression of any protein in blood, or another body fluid,
where the specific binding would allow flushing the device with the untreated sample
and simply extract the target molecule. Such a test would be simple and cheap to
perform, and thus convenient for screening a large population for a given disease.

1.3 State of the art

Presently, glass is one of the most often used substates for bio-active chips, due to
its easy availability, optical transparency and reactive silanol surface groups used in
functionalizing chemical reactions [5, 6]. And there exists several chemical reaction
pathways to functionalize glass substrates with surface groups for immobilization
of biological molecules [5–7]. Glass however, is not easily processed into microflu-
idic chips, strictly limiting its suitability for mass production of commercial devices.
Polymers on the other hand are cheap and easy to process in large-scale production,
e.g. by injection moulding. The down side to many polymers is their lack of func-
tional groups, hereby complicating the attachment of biomolecules. This however,
is not the case for thiol–ene polymers which are attracting growing interest for use
in microfluidic devices, due to their many advantageous properties.

The thiol–ene polymerization reaction is triggered by UV radiation which ini-
tiates a step-growth mechanism, consuming the two monomers equally. But by
altering the stoichiometric ratios of the monomers the result is an excess of func-
tional groups, either sulfhydryls (thiols) or allyls (enes), on the surface [8], which
can be used for covalently attaching organic dyes [9], biomolecules [3], as well as
modifications of wetting properties [10] and bonding [11]. The stoichiometry not
only determines the surface groups but also the mechanical properties, and Good et
al. [12] have demonstrated, that the elastic modulus could be varied in the range
1–10 MPa by altering the stoichiometry of monomers. Carlborg et al. [9] continued
this investigation with other monomers and larger off-stoichiometries, resulting in
elastic modulus of 250–1740MPa for polymers with 90% excess thiol and 30% excess
ene, respectively [9]. However, the use of thiol–ene polymers in optofluidic devices
has only recently begun, where the use of stoichiometric thiol–ene as waveguide
cores, and with claddings of PDMS [13] or PMMA [14, 15], have demonstrated good
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1. Introduction

light guiding properties.
Jonkheijm et al. [16] have demonstrated photochemical attachment of function-

alized biotin to silicon substrates intially functionalized with thiols. The thiol surface
coverage was reported to ∼120 groups/nm2, but the functionalization required sev-
eral steps of chemical treatments. On the other hand, off-stoichiometric thiol–ene
polymers can easily be produced with a similarly high excess of surface thiol groups,
hereby reducing the chemical process to a one-step reaction for attaching the bi-
otin. It was recently shown that thiol–ene polymers with 90% excess thiol groups
featured a surface density of ∼136 groups/nm2, without any chemical processing,
and that functionalized biotin could be selectively bound to the thiol groups us-
ing photolithographic grafting [3]. A simple microfluidic device was then fabricated
from the thiol–ene polymer and functionalized with biotin to enable fluorescence
detection of labeled streptavidin in the range 10–60 mM [3].

Evanescent fields are often applied in “total internal reflection fluorescence mi-
croscopy” (TIRF) which provide EWIF by focusing a laser beam onto the bottom
side of the sample substrate, or alternatively the sample can be illuminated by an
inclined excitation source using special microscope adapters [17]. If instead using
embedded waveguides the light can be coupled from any optical fiber and guided
around the chip to the area of investigation. This would eliminate the need for align-
ment and provide a large, possibly multiplexed, excitation area since the evanescent
field spans the full length of the waveguide. Okagbare et al. [18] demonstrated the
fabrication of cyclic olefin copolymer (COC) waveguides for EWIF of fluorophore
solutions. COC is often used for bio-devices due to its high biological inertness
[19], but it does not provide the functional surface groups which enable one-step
immobilization of biomolecules on thiol–ene surfaces.

In this project, a optofluidic device featuring microfluidic channels and an em-
bedded waveguide will be fabricated. By using a thiol–ene polymer and the pho-
tolithographic functionalization described by Lafleur et al. [3], the waveguide sur-
face will be selectively functionalized with biotin for detection of fluorescent labeled
streptavidin, using the concept of evanescence wave-induced fluorescence.

1.4 Thesis outline

After this introductory chapter, Chapter 2 will explain the basic concepts of the de-
vice, while Chapter 3 presents two initial experiments required before designing the
devices in Chapter 4. Chapter 5 continues the process by presenting the fabrication
of the devices, while the experiments are performed in Chapter 6. Finally, Chapter
7 concludes the thesis and provides an outlook with suggestions for future projects.
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Chapter 2

Background knowledge

2.1 Thiol–ene

2.2 Fluorescence

2.3 Waveguides

2.4 Image acquisition

This chapter introduces the basic concepts of the main areas in the project. This
include the special properties of the thiol–ene polymer and a basic introduction to
the concepts of fluorescence, optical waveguides, and evanescent fields. As most of
the experimental data will be extracted from photographs, the important factors
concerning data acquisition from digital images are also evaluated.
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2. Background knowledge

2.1 Thiol–ene

Thiol–ene is a photopolymerizable polymer where the ratio of monomers greatly
affects both the mechanical bulk properties and the surface chemistry.

2.1.1 Polymerization

The polymerization reaction is a step-growth radical polymerization, as illustrated in
Figure 2.1. UV-irradiation triggers the forming of a thiol radical by splitting off the
hydrogen atom, and the radical reacts with an alkene to break the double bond and
instead form a S-C bond, leaving a dangling bond on the remaining carbon atom.
This is followed by a chain transfer where the radical is transferred from the carbon
atom to another thiol group, hereby continuing the polymerization. This continued
regeneration of the thiol radical, ensures a rapid propagation of the polymerization
reaction to, in a short time, convert the prepolymer solution into a solid thiol–ene
polymer.

Figure 2.1: Illustration of the thiol–ene polymerisation. The thiol monomer is radicalized
by UV radiation and binds with the alkene monomer by breaking the carbon double bond.
The radical is reformed when the dimer react with a second thiol group. The process
terminates if two radicals react and bind.

The two monomers used are, the thiol: Pentaerythritol tetrakis-(3-mercapto-
propionate), and the ene: 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione, illus-
trated in Figure 2.2. The thiol monomer features four thiol groups, while the ene
monomer only features three alkene groups. When making the polymer mixtures
the ratio of monomers is adjusted by the number of functional groups, i.e. 40%
excess thiol correspond to an excess of 40% thiol groups and not thiol monomers.

Thiol& Ene&

Figure 2.2: Chemical structure of the two monomers, showing the four thiol groups on the
thiol monomer and the three alkenes on the ene monomer.
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2.1 Thiol–ene

2.1.2 Off-stoichiometric mixtures

As the polymerization of thiol–ene consumes equal amounts of thiol and alkene
groups, one would normally make 1:1 mixtures of thiol and alkene groups to ensure
complete polymerization, providing the strongest polymer. But by intentionally
making an off-stoichiometric mixture the cured polymer can be modified to have a
well-defined excess of unreacted thiol or alkene groups, present both in the bulk and
on the surface. In the bulk, the dangling bonds change the mechanical properties,
such as the elastic modulus and the glass transition temperature [9], while on the
surface, they can be utilized as functional groups for immobilization of biomolecules
[3]. The mechanical properties can be varied from very flexible with excess thiols, to
hard and brittle with excess enes. The further the mixture is from stoichiometry, the
more pronounced the effect, although the possible stoichiometric ratios are limited
by the ability to cure polymers with too many dangling bonds. For the presented
monomers, these limits are 90% excess thiol groups and 150% excess alkene groups.

Concerning this project, the mechanical properties are not particularly impor-
tant, as long as the waveguide does not break during fabrication or deform during
operation. What is more interesting, is how the stoichiometry affects the surface
groups, and how these groups can be utilized for immobilization of biomolecules.
In this project, biotin functionalized with an alkyne group is immobilized on the
thiol–ene surface by using a thiol-yne reaction to covalently bond the alkyne to
the surface thiol groups. If however, the biotin had been functionalized with a thiol
group, the thiol–ene stoichiometry should be altered to feature surface alkene groups
instead. To determine which thiol–ene composition to use for the waveguides, one
should consider the number of functional groups required for the immobilization.
Depending on the ratio of thiol to ene, the density of thiol surface groups can be
varied from 0–280 groups/nm2, as seen in Figure 2.3. These are very high den-
sities when comparing with the physical size of a biotin molecule, estimated to an
effective-molecular-radius of 0.4nm from its size of 244Da [20], which will only allow
approximately one biotin molecule per square nanometer. For this reason, one of
the lower thiol concentrations of 40% excess thiols is used, which provides a surface
density of ∼ 20 groups/nm2, well above the steric limit on the biotin density.

Figure 2.3: Graph showing the relation between thiol surface groups of the cured thiol–ene
polymers when altering the amount of excess thiol in the blend. Mixtures beyond 90%
excess thiol could not be cured properly. Figure from [3].
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2. Background knowledge

2.1.3 Immobilization of streptavidin

To detect the concentration of streptavidin in solutions, it must be immobilized on
the thiol–ene surface to get in contact with the evanescent field. But streptavidin
does not posses groups which can bind to the surface thiol groups on the thiol–
ene. Instead an intermediate binding process is applied by utilizing the extremely
high affinity biotin-streptavidin binding. Biotin is a small molecule, also known as
vitamin B7, which can be manufactured with various functional groups, in our case
an alkyne group for binding to the surface thiol groups. Biotin is purchased pre-
functionalized with an alkyne group1, which when exposed to UV radiation binds to
thiol groups by the same thiol-ene reaction used for curing the thiol–ene polymer,
see illustration in Figure 2.4. Streptavidin on the other hand, is purchased with an
fluorescent label2. With the thiol–ene surface covered in biotin, fluorescently labeled
streptavidin is easily bound to the surface by incubating the chip with a solution of
the streptavidin-fluorophore complexes.

Figure 2.4: Illustration of the process for streptavidin immobilization on the thiol–ene
surface. Biotin-alkyne is initially bound to the thiol surface groups by UV radiation,
hereby enabling immobilization of the streptavidin-fluorophore complexes due to the
strong biotin-streptavidin bond. Figure from [3].

2.2 Fluorescence

Fluorescence is the re-emission of light from a molecule or substance, after it has
absorbed electromagnetic radiation in another wavelength. Fluorescence is widely
used in biotechnology, as a label to detect concentration, or merely presence, of a
target molecule. In this project, the concentration of streptavidin solutions will be
evaluated by the fluorescence of fluorescently labelled streptavidin.

The principle causing fluorescence is the absorption of a photon which excite an
electron in the molecule, and after a few nanoseconds the excited electron relaxes
back into the ground energy level, hereby emitting a new photon with the excess
energy. Due to dissipation in the molecule, the emitted photon will be of less energy
than the absorbed, resulting in a higher emission wavelength. The dissipated energy
is normally lost as vibrations in the molecule, i.e. heat.

1PEG4 carboxamide-propargyl biotin, Invitrogen, NY, USA.
2Streptavidin, Alexa Fluor® 532 conjugate, Invitrogen, NY, USA.
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2.2 Fluorescence

Fluorophores are widely used for imaging of cells and biological sensing, which
has fueled the development/discovery of many different fluorophores. The main
properties characterizing these fluorophores are the excitation and emission wave-
lengths and the quantum yield. The excitation wavelength describes the peak wave-
length at which the fluorophore is excited, and hence indicates which wavelength
to use for the excitation source to maximize the fluorescent signal. The emission
wavelength is the peak in emission intensity, which is important when designing the
optical filtering. For the excitation and emission spectra of a fluorophore, see Figure
2.5.
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Figure 2.5: Excitation and emission spectra of the fluorophore Alexa Fluor 532. Data
obtained from the manufacturer [21].

Besides the excitation and emission wavelengths, the most important parameter
of a fluorophore is the quantum yield. This is a value between 0 and 1, which states
the emission efficiency of the fluorophore, calculated by taking the ratio of absorbed
to emitted photons. This means, that doubling the quantum yield corresponds to
doubling the signal intensity, and thus is a very important parameter for increasing
the signal. The quantum yield can normally not be altered, except by replacing
the fluorophore, but it has been shown that metal-nanoparticles in close vicinity
of a fluorophore can increase the quantum yield up to 100 times [22]. This is a
remarkable amplification and the concept will briefly be evaluated for use on the
thiol–ene waveguides.

The fluorophores used in this project are Rhodamine 6G and Alexa Fluor 532.
Rhodamine 6G will only be used for initial tests with fluorescent solutions, while
Alexa Fluor 532 is used as a label to evaluate the streptavidin binding. Rhodamine
6G is a standard fluorophore from the Rhodamine family, which are often used for
initial characterization of fluorescent systems. For a polymer device Rhodamine 6G
is superior to the more commonly used Rhodamine B, which is known to adsorb
strongly to polymers. Rhodamine 6G has a high quantum yield of 0.95 [23], a high
photostability, and is cheap. Its excitation and emission wavelengths are 530 nm
and 566 nm, respectively. Alexa Fluor 532 is the brand name of a commercial
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2. Background knowledge

fluorophore sold by Invitrogen and can be purchased with various functional groups,
e.g. streptavidin. It has a quantum yield of 0.61 [24], excitation at 532 nm and
emission at 554 nm. One of the reason for using these two fluorophores is that they
have similar absorption and emission wavelengths, which enables the use of the same
laser and filters, as will be described in section 6.1.

2.3 Waveguides

An optical waveguide is a transparent structure which can guide light along its
length. A waveguide is composed of a core and a cladding which confine the light by
their difference in refractive index. Waveguides can be divided into two categories:
single-mode, where the radius is so small that only one mode can propagate, and
multi-mode, which has a much larger diameter, hereby allowing multiple propagat-
ing modes. A step-index waveguide is categorized by the V -number, which is a
dimensionless value describing the number of guided modes [25]:

V =
2πa

λ

√
n2

core − n2
clad

Where a is the radius of the fiber, λ is the wavelength of the light, and ncore and nclad

is the refractive index of the core and cladding respectively. The cut-off for single-
moded guiding is at V = 2.405, and calculating the V -number for the waveguide
fabricated in this project, reveal it is heavily multi-moded with V ≈ 2000. Hence
only the concept of multi-moded waveguides will be presented.

If only considering interactions with objects much greater than the wavelength,
the propagating light can be approximated as rays, hereby simplifying the optical
analysis. Using ray optics, light guiding in a waveguide is explained by total-internal-
reflection (TIR), where the difference in refractive index between the core and the
cladding results in the reflection of light impinging the material interface above a
certain incident angle, relative to the surface normal. The angle is given from Snell’s
law, which describes the incident and transmission angle for light experiencing a
change in refractive indices. The limiting angle is called the ‘critical angle’ and
defined as:

θc = arcsin
(
nclad
ncore

)
As arcsine is only defined in the range [-1,1], the equation is only valid for ncore >
nclad, hence TIR can only occur if the core material has a higher refractive index
than the cladding. And since the waveguides are made of thiol–ene which has a
refractive index of 1.57 (presented in section 3.1), this puts a constraint on the
cladding material as this must have a lower refractive index. For a cladding of water
(n = 1.33 [26]) the critical angle is 58◦, while for a PDMS cladding (n = 1.41 [27])
it is 64◦.

2.3.1 Minimum turn radius

The most important function of a waveguide is its ability to guide light in a non-
straight path, that is, the waveguide should be able to turn and bend without light
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2.3 Waveguides

escaping from the waveguide. However, if the turn is too sharp it will always leak
light because the incident angle of the light rays will get below the critical TIR angle.
To determine the minimum radius of curvature allowed for the thiol–ene waveguides,
a simulation in the raytracing program Raytrace3 was performed.

The part of the waveguide tested is the most critical in regards to optical leaking:
two circular turns going in opposite directions, illustrated in Figure 2.6 (the complete
chip designs are presented later). It is only a simple simulation, to estimate the
allowed turn radius. The optical fiber is simplified to a point-source which emit
rays with an acceptance angle of 25.4◦, identical to the real optical fiber used4. The
waveguide core material is thiol–ene (n = 1.57) with a cladding of PDMS (n = 1.41).
In the simulation, 50 rays are emitted from the point source and coupled into the
waveguide. The optical leaking is then evaluated as the ratio of rays which escaped
the waveguide during the two turns, the hypothesis being, that the ratio of lost rays
is an estimate of the percentage of light intensity lost in the real waveguide. The
resulting graph is seen in Figure 2.7, where the radius of curvature is varied from
1 mm to 5 mm. The percent of lost rays is seen to decrease rapidly when going from
1 mm to 2 mm and being effectively zero at a 5 mm radius, although more data
points would be beneficial for evaluating the relation. To ensure as little light as
possible leaks from the waveguide and scatters into the chip, the final waveguide
design featured the wide turn with a radius of 5 mm.

Direc&on)of)light)

Waveguide)used))
for)experiments)

Figure 2.6: Sketch of first part of one
waveguide design, showing, in black, the
double turn used in the ray-trace simula-
tions. The straight gray waveguide is the
segment used for experiments.
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Figure 2.7: Graph showing the percent of
lost rays from ray trace simulation of a
double turn on the thiol–ene waveguide
(n = 1.57) surrounded with PDMS (n =
1.41).

2.3.2 Waveguide loss

Even though a waveguide is designed to not contain any bends above the TIR an-
gle, meaning that no light should escape the waveguide, there will always be some

3IME Software, Australia.
4FVP150165195, Polymicro Technologies, AZ, USA.
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2. Background knowledge

attenuation along a waveguide. The attenuation can either be due to absorption in
the material, scattering in the core material or from scattering at the core-cladding
interface. Absorption should not be a large issue, as thiol–ene is highly transparent
in the optical regime, validated from a transmittance measurement of three thiol–
ene mixtures, seen in Figure 2.8. The measurement was performed on a UV-vis
spectrophotometer5, with 1 mm thick thiol–ene substrates positioned perpendicular
to the light beam. The transmittance is seen to remain constant at 90% for wave-
lengths above 400nm. The 10% loss is merely due to reflections at the interface, and
not absorption in the material, validated by measuring the transmittance through a
200 µm thiol–ene slab, which resulted in the exact same values.
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Figure 2.8: Transmittance spectrum of
three thiol–ene mixtures, showing high
transparency across the visible and near-
IR spectrum.
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Figure 2.9: Sketch of total internal reflec-
tion at the thiol–ene-fluid interface, and
how a non-planar surface, e.g. due to a
small dent, will impede the reflection.

Scattering on the other hand, could potentially be a large problem. Scattering
can occur from imperfections in the thiol–ene core, like particle contamination during
fabrication or due to small variations in the density or refractive index if the two
monomers are not mixed thoroughly. The most critical source of scattering however,
is due to the surface roughness of the waveguide, as the light will only reflect at the
thiol–ene-fluid interface if the incident angle is above the critical TIR angle. If the
light intersects a small dent or bump in the interface, the incident angle on that dent
will most likely not satisfy the critical angle requirement, as illustrated in Figure
2.9. To reduce this effect, special care must be taken during fabrication to ensure
the waveguide surface is as smooth as possible.

2.3.3 Evanescent field

Evanescent fields are not a special phenomenon of waveguides, but are present at
all interfaces where light is reflected, also at total-internal-reflection. An evanescent
field is an exponentially decaying field extending a short distance into the low index
material (the cladding). This field is bound to occur because the reflected wave
cannot be discontinuous at the interface, and so, is required to have a finite intensity

5UV-1800, Shimadzu, Japan.
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in both domains. The penetration depth of the evanescent field is given by [17]:

d =
λ

4π

(
n2

core sin2 θ − n2
clad

)− 1
2

Where λ is the wavelength of the incident light, and ncore and nclad is the refractive
index of the core and cladding, respectively.

The function diverges close to the TIR angle, but the actual penetration depth is
around 100 nm to one wavelength, depending on the difference between the two re-
fractive indices and the incident angle [17, 28]. This very shallow penetration depth,
is useful for only probing the molecules within a short distance of the waveguide
surface, hereby reducing any autofluorescence from the buffer by not exciting this
part. With the target molecules immobilized on the waveguide surface, the con-
centration is also increased in this area compared to the initial bulk concentration,
hereby providing an increased fluorescence intensity.

2.4 Image acquisition

For detection of the fluorescent signal, optical microscopy is employed using an
inverted microscope6 with objectives ranging from 2× to 32× and a DSLR camera7

for the image capturing.

2.4.1 Optical limitations

With optical microscopy there is a fundamental lower boundary for spatial resolu-
tion, known as the diffraction limit. The diffraction limit arises from the wave nature
of light, which when traveling through a slit (like the aperture in a lens) results in
an interference pattern. If the interference pattern from two objects overlap too
much, they blur together and are no longer distinguishable. The limit for which two
objects can still be distinguished is termed the diffraction limit, and is estimated
from the equation:

Rlimit =
λ

2NA

Where λ is the wavelength of light and NA is the numerical aperture of the objective.
For our 10× objective with NA = 0.30 and a visualization wavelength of 532 nm,
this results in a resolution limit of 887 nm, much lower than any of the features to
be visualized.

Other resolution limiting factors include spherical and chromatic aberration as
well as imperfections of the lens elements, but these factors cannot be simply esti-
mated pre-emptively.

6IX71, Olympus Corporation, Japan.
7Canon EOS 550D, Canon Inc., Japan.
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2. Background knowledge

2.4.2 CMOS sensor

The micrographs are acquired from the microscope with a consumer DSLR camera
equipped with a 5184 pixel × 3456 pixel CMOS image sensor. Although the man-
ufacturer states the pixel resolution to 5184 pixel × 3456 pixel, this number must
be compared to the actual resolution of the optical setup. Using our 10× objective
the physical size represented by the image has experimentally been determined to
1020µm× 680µm corresponding to each pixel representing a 200 nm× 200 nm area.
Comparing this to the previously determined diffraction limit of 887 nm, the area
represented by each pixel is considerably below the diffraction limit, and for this
reason, the images are binned by averaging a 2× 2 cluster of pixels, without loss of
information.

Another thing to consider, is how a CMOS sensor acquires the image. A CMOS
sensor only counts the number of photons hitting each pixel, but does not possess
any information about the colors. To produce a color photograph the image sensor
is covered with a Bayer filter, where each sensor-pixel is covered with one of three
filters to detect only a certain band of wavelengths. When presenting the digital color
image the sensor-pixels are combined in clusters to produce the full color spectrum
for the image-pixels, as illustrated in Figure 2.10. The three filters each correspond
to one of the three primary colors in the RGB color model: red, green and blue. The
spectral sensitivity of the three filters in a slightly older camera, the Canon EOS
500D, is seen in Figure 2.11. Unfortunately, this data is not available for the model
550D but it is assumed identical in the following analysis.

1"
2" 3"

4"5"

Figure 2.10: Sketch of Bayer filter illustrat-
ing the combination of four sensor-pixels
to produce one image-pixel, where the
numbers 1–5 indicate the formed image-
pixels. The sensor-pixels are reused in
several image-pixels, to increase the total
number of image-pixels.
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Figure 2.11: Spectral sensitivity of the
Bayer color filters in a Canon EOS 500D,
the predecessor to the 550D, compared to
the emission spectrum of the fluorophore
Alexa Fluor 532. Data obtained from
[21, 29].

Comparing the spectral sensitivity of the camera with the excitation and emis-
sion spectra of the fluorophore Alexa Fluor 532, Figure 2.11, the emission peak is
positioned midway between the green and red peaks. This is a bit unfortunate, as
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2.4 Image acquisition

the filters then reduce the number of photon counts in each pixel, by distributing the
photon counts onto two pixels with two noise floors. If the signal instead matched
one of the filters, the number of counts in this pixel would be increased while the
noise floor remained constant. To increase the sensitivity the filter could be com-
pletely removed from the camera, hereby providing the highest photon count in all
pixels. This however, is not a simple operation on the camera, and would remove
its ability to take color photographs. Changing the fluorophore to match one of the
filters is also not possible, since it also needs to match the available lasers and filters.
Luckily the noise level of the camera, also termed the black level, can be determined
from a black image acquired with the lens cap on. With the lens cap on, all pixels
should be completely black with a value of 0, but as seen from the histogram in
Figure 2.12, this is not the case. The noise level is then determined as the peak of
the histogram, corresponding to 2050 counts.

Figure 2.12: Histogram of the counts in each pixel of a black image acquired with the lens
cap on. Inset reveals the shape and value of the noise peak.

2.4.3 Image presentation

The acquired images are all saved in 14 bit RAW format, where the counts for each
image-pixel is represented by three discrete values between 0 and 15963, one for
each of the three colors. When analyzing the images in the later sections, these
values will be referred to as the intensity of the signal. But if the images are shown
in the entire range, all the weakly fluorescing features will not have a significant
intensity difference and these images would be represented by one uniform color.
For this reason, all images are scaled to a narrower range to increase the contrast
and highlight the important features. For comparison of an image before and after
scaling see Figure 2.13. The scaling however, poses some difficulties when comparing
the images. Because when the images are scaled to different levels, the perceived
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2. Background knowledge

intensity is only comparable in that single image and not between images. For this
reason, each image will be labeled with the scaled range and the typical intensity of
some important areas, with the number positioned in the area it represents. This
absolute intensity is then comparable between images. An example is seen in Figure
2.13b, which also illustrate the typical fluorescent pattern with spots of specifically
immobilized streptavidin-fluorophore complexes along the waveguide sidewall.

Another important factor regarding the image intensity, is the camera settings
such as exposure time (how long the shutter is open) and sensor sensitivity (the ISO
value), which both increase the acquired intensity. To enable comparison between
images, these values are kept constant at 5 s shutter time and ISO 400, unless noted
otherwise. Lastly, all waveguide images will be positioned with the light propagating
from left to right.

a)#

Scaled:#0#–#15963#

3500#

b)#

Scaled:#2050#–#3000#

Figure 2.13: Micrographs of waveguide with fluorescently labeled streptavidin immobilized
in dots along the top sidewall. a) Shown in the full range, and b) scale to a narrow range
to highlight the features. Number represent peak value in spot.
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Chapter 3

Initial experiments

3.1 Refractive index of thiol–ene

3.2 Enhanced fluorescence with gold nanoparticles

After presentation of the initial concepts, the next obvious step would be to de-
sign the devices. But because the refractive index of thiol–ene is not an established
parameter, this value will be determined for several off-stoichiometric thiol–ene mix-
tures, before designing the waveguides in the following chapter.

The second part of this chapter concerns the use of gold-nanoparticles to in-
crease the fluorescent signal, and it is examined whether this concept should be
incorporated in the thiol–ene device.
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3. Initial experiments

3.1 Refractive index of thiol–ene

Thiol–ene is a relatively new material for lab-on-a-chip systems, and as the prop-
erties of the polymer depends on both the choice and stoichiometry of the thiol
and ene monomers, it have a large parameter space for alterations. For this reason,
standard properties such as the refractive index, Young’s modulus, etc. are not
established values. Most of these parameters however, are also not significant for
this work, mainly the refractive index which is crucial for designing the waveguides.
Hence, the first experiment will be to determine the refractive index of the thiol–ene
composition.

Determining the refractive index of a solid is not trivial. Refractometry of fluidic
samples is straight forward, but solid samples require a special refractometer and a
shape tailored to the equipment, while the alternative method of ellipsometry has
very strict requirements of the samples surface planarity [30]. Instead, a modified
immersion method developed by Nussbaumer et al. [30] specifically for the deter-
mination of the refractive index of transparent solids, is used. This method utilizes
the concept of refractive index matching between a solid and a surrounding liquid,
where the transmittance of a solid immersed in liquids of varying refractive indices,
peaks when the refractive index of solid and liquid match. By measuring the trans-
mittance in a series of liquids, the refractive index is determined by a Lorentzian or
Gaussian fit to the peak, enabling an accurate determination even though the exact
index-matching liquid is not used. This method is ideal for rough surfaces, as a
rough surface increases the scattering for non-matching liquids, hereby making the
peak more pronounced. A simple illustration of the concept is seen in Figure 3.1.

Figure 3.1: Picture showing the effect of re-
fractive index-matching. Two identically
roughened thiol–ene slabs (n = 1.57) posi-
tioned in, left: a cuvette filled with water
(n = 1.33), right: a refractive index liquid
(n = 1.57). The transmittance is seen to
be considerably higher in the right cuvette
where the refractive indices match.

Figure 3.2: Sketch of experimental setup
for determination of the refractive index of
thiol–ene. The rough thiol–ene specimen
is positioned in a cuvette with the rough
surfaces perpendicular to the light path,
using a PMMA holder.
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3.1 Refractive index of thiol–ene

3.1.1 Experimental setup

Six thiol–ene mixtures are evaluated using eight different certified refractive index
immersion liquids1. The stoichiometry of the thiol–ene specimens varies from 150%
excess alkene to 90% excess thiol, while the immersions liquids have refractive indices
in the range 1.4600–1.6400. The thiol–ene specimens are 1 mm thick slabs casted
from a PDMS mould, previously casted from a PMMA mould where the surface
had been roughened with P80 sandpaper. The resulting surface roughness of the
thiol–ene specimens are determined by stylus measurements 2 to vary ±10 µm from
the surface average. All mixtures of thiol–ene were cast in the same PDMS mould,
and for each mixture one large slab was made, from which several smaller specimens
were cut. This ensures that all specimens of each mixture have the exact same
stoichiometry, and only slightly varying surface topography.

The transmittance experiments are performed on a UV-vis spectrometer3 using
polystyrene cuvettes4 with a light path of 1 cm. The transmittance is measured at
589 nm, and background corrected from the transmittance of the cuvette and liq-
uid without thiol–ene. Before the experiments, cuvettes, thiol–ene specimens and
immersion liquids are stabilized to room temperature, and the air temperature is
monitored within centimeters of the liquids throughout the experiment. The refrac-
tive index of the immersion liquids are later temperature corrected as specified by
the supplier. The thiol–ene specimen is positioned in the cuvette with the rough
surfaces perpendicular to the light path using a PMMA holder made in-house, see
illustration in Figure 3.2. The same specimen is measured in all eight immersion
liquids, and between each liquid the specimen is cleaned in a toluene bath followed
by an ethanol bath. Unfortunately, even after optimizing the PMMA holder, po-
sitioning of the thiol–ene specimens results in deviations of approximately 1%. To
reduce this positioning error, the measurements are performed in eight different po-
sitions of the specimen for each liquid, and the average transmittance determined.
Finally, the average transmittance for the eight liquids is fitted to a Lorentzian and
a Gaussian curve by the least square method, as described by [30].

1Index Liquid Reference Standards, Set A-1/2, Cargille Laboratories, USA.
2Dektak XT Stylus Profiler from Bruker, MA, USA.
3UV-1800, Shimadzu, Japan.
4Elkay Ultra-VU, Kendall – Tyco Healthcare, USA.
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3.1.2 Results

The transmittance values, including the Lorentzian and Gaussian fits, for a typical
specimen are seen in Figure 3.3. Both fits are in good agreement with the data,
although the Lorentzian curve fit slightly better, which was also concluded by Nuss-
baumer et al. [30]. For this reason, only the values determined from the Lorentz fits
are used. From the data presented in Figure 3.4, the refractive index is seen to stay
constant at 1.57 for all compositions, although a slight increase with increasing ene
concentration is seen. This increase however, is not significant, and nevertheless, it
is too small for any practical use. The tested thiol–ene compositions represent the
largest span possible, hence if going beyond these stoichiometries the polymer is not
able to cure thoroughly. A constant refractive index of such a wide span of stoi-
chiometries is a very interesting feature, since the mechanical properties and surface
chemistry change significantly over this range. This enables interchangeability of
thiol–ene composition without altering the waveguide design, hereby using the same
chip design with very different functionalities, e.g. functional ene surface groups
instead of thiols.
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Figure 3.3: Typical transmittance peak
for a thiol–ene specimen, including the
Lorentzian and Gaussian fits. The peak
determined from each fit is marked with a
small vertical line. The specimen is sto-
ichiometric thiol–ene, and the errorbars
show the 95% confidence interval, N = 8.
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Figure 3.4: Graph showing the refractive
index of cured and uncured thiol—ene at
increasing thiol:ene ratios, revealing that
the refractive index is virtually indepen-
dent of the ratio. Errorbars reported at
the 95% confidence level, N = 3.

The refractive index of 1.57 for cured thiol–ene is a relatively high value compared
to other materials often used in lab-on-a-chip systems. Since thiol–ene also has a
high optical transparency close to 100%, it is well suited for the core material of
on-chip waveguides, hereby enabling a cladding of standard lab materials such as:
air, water, glass and PDMS, which all have refractive indices below 1.41 [26, 27, 31].

Generally the refractive index is expected to increase for increasing sulfur con-
centration, due to a high atomic refraction of sulfur [32]; this effect however, is
inconsistent with the values obtained from our experiments. Chan et al. [32] found
a linear dependency between sulfur concentration and refractive index, but they also
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3.2 Enhanced fluorescence with gold nanoparticles

used different monomers and much higher sulfur concentrations, in the range 30–
46 %(w/w). As our range of sulfur concentrations only corresponds to 10–19 %(w/w),
these concentrations may simply be too low, and the span too narrow, to significantly
reveal a difference in refractive index.

Due to the deviance from the expected result, the effect of sulfur concentration
is further investigated by determining the refractive index of uncured thiol–ene. Un-
cured thiol–ene should have the same dependency on sulfur concentration, although
the specific values are expected to differ. The refractive index of three thiol–ene
mixtures is determined using an Abbé refractometer5, and the resulting values are
also seen in Figure 3.4. To a precision of two digits, these values also stay con-
stant within this stoichiometric range. Hence, with two experiments confirming
each other, the refractive index is assured to stay constant within the tested range
of thiol–ene compositions.

3.2 Enhanced fluorescence with gold nanoparticles

As previously mentioned, metal-nanoparticles in the vicinity of a fluorophore have
shown to increase the fluorescent signal up to 100 times [22]. The effect arises from a
combination of electron resonances in the metal surface, known as surface plasmons,
which increases the local field experienced by the nearby fluorophores, and a direct
increases of the fluorophores radiation rate due to a resonance between the metal
particle and fluorophore. However, if the fluorophore is too close to the metal surface
(within the Förster distance), the fluorophore will perform Förster resonance energy
transfer and instead transfer energy to the metal, hereby quenching the fluorescent
signal. For this reason, the fluorophore should be positioned within a distance of
5–20 nm from the particle surface [33]. This requirement will be fulfilled in our
experiments, at least for part of the fluorophores, as they are densely bound on the
thiol–ene surface between the nanoparticles, and hence some fluorophores will be
positioned in the correct distance.

Metal-nanoparticles are readily produced on glass substrates by coating the sur-
face with a few nanometers of metal followed by thermal annealing at ∼600◦C [34].
The annealing increases the thermal energy of the metal atoms, allowing them to
reposition and agglomerate into nanoparticles. The usefulness of the nanoparticles is
then evaluated from an absorption spectrum of the sample, as this reveals the band
in which surface plasmons are generated and the magnitude of the effect, which
depends on the shape, size and material composition of the nanoparticles [35]. For
the nanoparticles to generate surface plasmons and enhance the fluorescence, the
excitation source used for the fluorophore should coincide with this band.

To evaluate the enhancement from metal-nanoparticles, thiol–ene slabs (75 ×
25 × 1 mm3) with 40% excess thiol are coated with a 5 nm gold layer by e-beam
evaporation6 and subsequently annealed at 220◦C to form the gold-nanoparticles.
The resulting extinction band is measured on a UV-vis spectrophotometer7 and seen

5Carl Zeiss, Germany.
6Wordentec, Wordentec Limited, UK.
7UV-1800, Shimadzu, Japan.
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in Figure 3.5. The extinction is the combined losses due to absorption, scattering
and reflection from the sample; with the scattering and reflection assumed to stay
constant in this spectrum. The distinct peak around 580 nm reveals the gold has
agglomerated into nanoparticles with a plasmon band in the desired wavelength
span, including the excitation source of 532 nm. Comparing the graph from 0 hours
and 1 hour of annealing, a drastic change is seen to occur during the first hour of
annealing. This indicates that the the gold film, which does not undergo plasmonic
resonance, quickly agglomerates into nanoparticles, while a longer annealing not
changes this much, probably because the particles have already repositioned into
the most favorable composition.
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Figure 3.5: Extinction band for gold-
nanoparticles on thiol–ene slabs with 40%
excess thiol. The slabs are annealed at
220◦C for 0–5 hours, showing the effect of
annealing time on the absorption band.
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Figure 3.6: Extinction of thiol–ene with
40% excess thiol, annealed for 0–5 hours.
The absorption at low wavelength is seen
to increase for extended annealing times,
indication that the thiol–ene absorbs more
light resulting in increased autofluores-
cence.

Unfortunately, when also considering the lower wavelengths in Figure 3.5, a prob-
lem is seen to arise from the annealing. This effect is further explored in Figure 3.6,
where the extinction of pure thiol–ene slabs

’
without gold, is seen after the same

annealing treatments. The graph reveals a distinct increase in absorption at low
wavelengths, which from previous experiments is known to result in increased aut-
ofluorescence. Comparing the autofluorescence of two waveguides, one annealed at
220◦C for 1 hour and one only kept at room temperature, the increased autoflu-
orescence due to the heat treatment is clearly visible, see Figure 3.7. This is a
severe problem, because with increased autofluorescence the baseline of detectable
fluorescence also increases, hereby lowering the limit of detection.

This problem with autofluorescence is unfortunate, as the gold-nanoparticles
are actually seen to generate a visible increase in the fluorescence. Figure 3.8
shows a micrograph of a waveguide where only the right half is covered with gold-
nanoparticles. The fluorescence only arises from autofluorescence of the thiol–ene,
as no fluorophores are applied in either channel or on the waveguide. Both the
micrograph and the inset reveal an increased fluorescence on the gold covered side,
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3.2 Enhanced fluorescence with gold nanoparticles

demonstrating that the nanoparticles are indeed enhancing the fluorescence, even
though in this image it is only the autofluorescence.

Figure 3.7: Comparison of annealed and
untreated thiol–ene waveguide, revealing
a huge difference in autofluorescence. a)
is the untreated waveguide while b) is an-
nealed at 220◦C for 1 hour.

Figure 3.8: Micrograph of autofluorescence
of thiol–ene waveguide. The right side
of the waveguide is covered with gold-
nanoparticles, visibly increasing the flu-
orescent signals in this area. The inset
shows the counts for the pixels along the
white line.

A few methods exist to quench autofluorescence, but it is outside the scope and
timeframe of this project to evaluate and implement these. Only one method was
swiftly evaluated, before abandoning the use of gold-nanoparticles due to the high
autofluorescence. This method is a known way of quenching autofluorescence in
buffer solutions, by the addition of a few millimolars copper sulfate (CuSO4) [36].
Copper sulfate is an electron acceptor which can absorb the energy of the excited
electronic states in the molecules before they decay and emit fluorescence, hereby
converting the energy to heat instead of light. Unfortunately, the thiol–ene could
not cure after addition of 2 mM copper sulfate, possibly due to the copper sulfate
absorbing the energy from the radicalized thiols before they react and bind to the
enes.
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Chapter 4

Design of chips

4.1 General considerations

4.2 Specific waveguide designs

From the previous considerations regarding thiol–ene properties, waveguide de-
sign, and evanescent fields, this chapter presents the final design of four microfluidic
devices. The design process will include considerations on the two materials for the
waveguide core and cladding, as well as the system for coupling an external light
source into the on-chip waveguides.
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4. Design of chips

4.1 General considerations

When making the first batch of chip designs, the purpose is to make a variety of
waveguide designs for an initial testing, and then optimise the best designs in a
possible second round of designs. Before designing the actual chips, some general
design considerations will be elaborated.

4.1.1 Choice of materials

The waveguide material is already given as thiol–ene, which has the advantageous
properties of a high transparency in the visible spectrum, can be tailored to feature
functional surface thiol groups, and is UV curable in a PDMS mould. One disad-
vantage is, that it is not a very established material, making it difficult to solve
problems and find information by consulting the literature.

Initially the idea was to make an all-polymer chip with an excess thiol waveguide
on an excess alkene substrate, but as the refractive index was discovered to be inde-
pendent of the stoichiometry this would not work, and instead a glass substrate was
decided upon. As the fluorescence is collected with an inverted microscope, the most
important feature of the substrate is that it is transparent for these wavelengths.

The material used for the lids sealing the microfluidic channels is polydimethyl-
siloxane (PDMS). PDMS is widely used in lab-on-a-chip devices, due to the ease of
manufacturing a large variety of shapes. PDMS is a very flexible material often used
for o-rings, making it well suited for a lid as it will seal tightly even if the surface is
a bit uneven.

When designing an optofluidic chip, only considering the mechanical properties
of the materials is not enough. The optical properties, especially the refractive
index, must also be taken into account, since for the waveguide to actually guide
the light, the refractive index of the core must be higher than of the cladding. The
main part of the waveguide is inside a microfluidic channel surrounded by a PBS
buffer solution with refractive index comparable to water (n = 1.33 [26]). The parts
of the waveguide before and after the channel is surrounded by either air (n = 1.00
[31]) or PDMS (n = 1.41 [27]). As these materials all have refractive indices lower
than thiol–ene, they are functional as waveguide claddings.

All three refractive indices presented are for the wavelength 589 nm, as this is
the standard wavelength when determining refractive indices. As 589 nm is close to
the wavelength of the laser used (532 nm), the refractive indices are not expected to
change significantly in this interval.

4.1.2 Design of waveguide

Since the sensor should detect by evanescent wave-induced fluorescence (EWIF), a
waveguide with at least one sidewall in contact with the sample fluid is required, but
to provide the largest area possible, the waveguides will be enclosed by the fluidic
channels with at least two sidewalls exposed to the fluid.

The waveguide width and height is chosen to 200 µm. This could be considered
a bit large, but it is useful for these initial designs, as it provides a large surface
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area for the fluorescence, eases the fabrication tolerances, and enables the use of a
thick optical fiber which does not break so easily during experiment setup. If the
design proves useful, the waveguide size can be reduced in a potential second design
process, since this will reduce the required sample volume.

As will be presented in the following pages, the waveguides are not straight but
have a series of bends incorporated along the length. The purpose of these bends
is to increase the evanescent field intensity by making the incident angle of the
light more perpendicular to the sidewall and hereby closer to the critical angle. If
the equation for the penetration depth (d) on page 13, is rewritten to include the
critical angle, θc, the penetration depth, and hereby also the field intensity at any
given point, is seen to increase when the incident angle approaches the critical angle.
The rewritten equation become:

d =
λ

4πncore

(
sin2 θi − sin2 θc

)− 1
2

Where d is the 1/e penetration depth of the evanescent wave, λ the wavelength of
the light, ncore the refractive index of the core, θi the angle of the incident light, and
θc the critical angle for TIR.

A possible disadvantage of these bends is that some light will scatter, as all rays
no longer fulfil the critical angle requirement when the waveguide change direction.
The propagating rays in the waveguide, will in the straight segments hit the waveg-
uide sidewalls with angles varying from 0◦ to θc. But if the waveguide bends, lets
say 10◦, the incident angles at this bend will instead vary from 10◦ to θc + 10◦,
and hence some rays will not perform TIR. This trade-off between increasing the
evanescent field and loss of light will be examined in section 6.2.1.

4.1.3 Light coupling

After establishing the general waveguide design, the next step is to determine the
coupling scheme of light from the external source into the embedded waveguide.
One possible way is to use a standard external glass lens to focus the light into the
waveguide. This however, requires an accurate alignment of each chip to the lens,
which will be cumbersome since the chips are single-use. An embedded lens, made
of the same material as the waveguide, can solve this alignment problem by being
fabricated in the same step as the waveguide, hereby already being aligned [37]. This
however, is not very flexible for an early stage test system, as the lens cannot be
adjusted without ordering a new photolithographic mask, and the chip would still
have to be aligned fairly precisely to the laser each time. The inflexibility of a solid
lens however, can be resolved with an embedded tunable fluidic lens, as presented
by Seow et al. [38]. Using a circular cavity connected to a microfluidic channel
as lens, they could tune the focal length by injecting liquids of different refractive
indices. This would allow post-fabrication lens tuning on individual chips, but also
increase the chip size and as the problem with all tuning possibilities, it complicates
the measurements and requires more time to perform.

A completely different method is to illuminate perpendicular down onto the
waveguide and then use a small tilted mirror to reflect the light into the waveguide
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end. Tilted features however, are difficult to fabricate with planar processing, even
though angled photolithography would be a possibility [39]. Another method to ob-
tain the same type of coupling by standard planar processing is with Bragg gratings.
But here the grating period must be on the order of the wavelength, which is too
small for the available photolithography equipment. Another method of coupling
light perpendicular into the waveguide is using a special three-dimensional reflector
[40], but this also cause problems with planar-processing.

In the end, we decided on a standard butt-coupling, which has the advantage of a
simple fabrication without any three-dimensional or large extra structures. The laser
is coupled into an optical fiber using a stationary lens, and the fiber inserted into
a ‘Y’ shaped holder integrated in the chip, which aligns the fiber to the waveguide.
The requirement for this coupling is that the fiber and waveguide are roughly the
same size, making it troublesome to considerably decrease the waveguide size, since
a thin optical fiber is difficult to handle.

4.2 Specific waveguide designs

With the previous considerations in mind, the individual chips and waveguides are
designed. Because the waveguides are fabricated by cleanroom processes, the limited
area on a standard 4 inch silicon wafer limits the number of possible designs to four
different chips, along with three more general test designs. The complete mask is
seen in Figure 4.1, while the four designs are presented in the following sections.

4.2.1 Long string

The Long string and Short string designs are very similar, as seen in Figure
4.1. The fiber inlet is at the top and the outlet in the bottom. They both have a
s-shaped waveguide in the beginning and a series of bends along the waveguide. For
this design all the bends are 15◦, which is chosen to not lose too much light.

S-shape
The beginning of the waveguide on both the Long string and Short string design
is formed in an s-curved shape. This shape is intended to move the measurement area
away from the beam of stray light arising at the fiber coupling. Instead of having
the waveguide directly behind the coupling, the s-shape offsets the entire waveguide
with 3.5 mm which should reduce the level of stray light since most of this continues
straight forward. The radius of curvature is 5 mm, which from the simulation in
section 2.3.1 is known to be sufficient for the light not to scatter significantly.

Fiber couplers
A special feature of the Long string is the extra two fiber inlets found to the right
of the waveguide. These are designed to enable detection of the fluorescence signal
using a photomultiplier tube (PMT) connected with an optical fiber, as this would
greatly simplify the experimental setup compared to the microscope and camera.
A microscope is roughly the size of a chair while a PMT is only the size of a fist,
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4.2 Specific waveguide designs

Figure 4.1: The mask design used for fabricating the chip moulds, with gray arrows
illustrating the direction of light through each chip. The three designs without arrows
are only test designs. The designs are named as following: a) Long string, b) Short

string, c) Double channel, d) External, e) is to test the moulding resolution, f) and
g) are to test syringe injection of thiol–ene.

hereby enabling a simpler setup, possibly assembled into a plug-and-play box where
the single-use chips are loaded. Other advantages are a simpler data output, and
most likely an increased sensitivity, as a PMT can detect individual photons and
only produces one number for the intensity, compared to a camera which provides
a 2D image. This would simplify the data treatment and most likely decrease the
limit of detection. However, for these preliminary tests of the chip, the camera is
required to assure the immobilization work as intended and that the detected signal
is what we expect.

Channels
In this design, the thiol–ene only defines the waveguide, while the microfluidic chan-
nel is defined by a PDMS lid positioned on the glass substrate, hereby encapsulating
the waveguide. A cross-sectional view of the waveguide inside the channel is seen in
Figure 4.2a. When the waveguide is surrounded with fluid it provides a large inter-
face with the thiol–ene, but it also complicates the channel sealing since the PDMS
must seal tightly around the waveguide, where it enters and exits the channel. The
200 µm waveguide is too large for a flat PDMS piece to simply conform around it,
instead the PDMS is made with a groove matching the waveguide, hereby tightly
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encapsulating the waveguide and sealing the channel.

Glass%substrate%PDMS%lid% Buffer%fluid%Thiol–ene%

a:%Long/short%string%

b:%Double%channel%
200μm%

200μm%

200μm%

200μm%
1mm%

Figure 4.2: Cross-sectional sketch of waveguide and corresponding channel for a) the Long

string and Short string designs and b) the Double channel design.

4.2.2 Short string

The general layout for the Short string design is similar to the Long string de-
sign. Differences include: no extra fiber inlets, the box after the s-shape and the
angle of the bends vary in this design.

Collimator
When light propagates in the waveguide, it has a wide distribution of angles ranging
from 0◦ to θc, which inevitably will result in some scattering at the bends. To
reduce this scattering a simple structure is incorporated, which collimates the light
by removing the rays with too large angles. The basic principle is to only allow
further propagation for light below a certain angle, determined by the length of the
collimator, see illustration in Figure 4.3. The maximum angle of light which can
pass this collimator is:

tan(θ) =
w

L
⇔ θ = arctan

(
200 µm

1 mm

)
= 11.3◦

This angle is small enough to ensure all light passing the collimator will experience
total internal reflection at the following 15◦ bend. After the first bend however, the
angular distribution will be distorted and some light will scatter at the second bend.

The allowed passing angle can be altered by altering the length of the collima-
tor, but it should be noted that increased collimation also reduces the intensity of
transmitted light since more light is filtered out.

Bends
To study the effect of different angles for the bends, in this design they are varied
from 15◦ to 25◦ with 5◦ increments. This enables the investigation of the best
trade-off between light scattering and increased evanescent field in the bends.

30



4.2 Specific waveguide designs

1"mm"

200"μm"

Figure 4.3: Ray simulation showing the effect of the collimator. The top picture is a
straight waveguide where the light exits with a wide angular distribution. The bottom
picture shows how the collimator only propagates a narrow distribution of angles.

4.2.3 Double channel

This design differs significantly from the previous two. Instead of only having a thin
thiol–ene waveguide completely surrounded by fluid, this design features a large layer
of thiol–ene, defining both the waveguide and the fluidic channels. This waveguide
feature the standard bends of 15◦.

Turn
To filter the scattered light this design has a 90◦ turn with a radius of 5 mm. The
purpose of this turn is the same as the s-shape, but with a complete 90◦ turn the
shading is increased as the waveguide is moved further from the path of the stray
light.

Channels
The channels are sealed by covering the entire chip with a flat PDMS lid. This
greatly eases the chip assembly, but also decreases the contact area of the thiol–ene,
as only the sidewalls are in contact with the fluid. A cross-sectional view of the
waveguide and channel is seen in Figure 4.2b.

4.2.4 External waveguide

This design is a bit similar to the Double channel by also featuring a thiol–ene layer
spanning the entire chip area. The big difference compared to the other designs
is that it does not have a long waveguide inside the channel. This design only
contain a short thiol–ene-air waveguide which guides the light onto the sidewall of
the microfluidic channel where it performs TIR to produce the evanescent field at
only a small segment of the channel wall. The second fiber-coupler then collects the
reflected light to estimate the light intensity coupled into the device.
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Chapter 5

Chip fabrication

5.1 Fabrication techniques

5.2 Cleanroom fabrication

5.3 Back-end fabrication

In this chapter, the fabrication process of the chips is presented. The main
part of the fabrication concerns the fabrication of a PDMS mould which is used
for moulding of the thiol–ene chips. At first, the possible fabrication techniques
will be discussed, and the most optimal method determined. This is followed by a
short overview of all steps in the final process, before an in-depth descriptions of
the important steps in the remaining sections. Lastly, the appearance of the final
thiol–ene devices is evaluated and compared to the original design.
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5. Chip fabrication

5.1 Fabrication techniques

For fabrication of the thiol–ene waveguides a PDMS mould is needed, and to produce
this mould a preceding mould for defining the structures in the PDMS is needed. To
fabricate this mould there are two general options: cleanroom fabrication of a silicon
mould or micromilling of a polymer mould. Of these two methods, micromilling is
the simplest and most straightforward because a 3D drawing of the model is milled
directly in a polymer like poly(methyl methacrylate) (PMMA). The few steps from
design to device make micromilling very flexible and enables an easy change in
design, as well as the possibility of producing many different designs. On the other
hand, micromilling has a fairly low resolution due to tolerances in the stepper motor
and tool diameter. The stepper motors1 on the available milling machines2 have
an approximate accuracy of 1 µm, which is plenty for the 200 µm waveguides. The
tools however, have a diameter tolerance of 8µm [41] which is intolerable for 200µm
structures, especially since the tool is often changed during the process. The effect
from variations in tool diameter is seen in Figure 5.1, where the tool is changed from
a large 3 mm end-mill3 to a small 100 µm end-mill. Such defects are unacceptable
as they significantly increase the scattering from the waveguide.

Figure 5.1: Micrograph of a waveguide mould milled in PMMA using two tools. Due
to differences in the tool diameters, the waveguide is cut too narrow in the bend. The
waveguide sidewalls are also seen to get a rough surface due to the tool.

Cleanroom fabrication, or semiconductor fabrication, on the other hand, has
a lot more steps from design to device. At first, the photolithographic mask is
designed and ordered from an external manufacturer. Then a multitude of processing
steps on cleanroom equipment is performed, to finally end up with a wafer ready
for PDMS moulding. Nevertheless, cleanroom fabrication holds some advantages
which renders it preferable, despite of this tedious process flow. The superiority of
cleanroom fabrication is the high resolution of approximately 1 µm, and the fact

123HM8430-02B, MotionKing Motor Industry, China
2Mini-Mill/3, Minitech Machinery, GA, USA
3An end-mill is a micromilling tool design to remove large volumes of the substrate by mainly

cutting sideways in the x, y plane, leaving a rectangular groove behind.
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5.2 Cleanroom fabrication

that all structures are made simultaneously, hereby eliminating the variations due
to misalignment. The etching process of silicon also produces a smoother surface
than milling, which is important for minimizing scattering from the waveguide.

For these reasons, the waveguide moulds are fabricated with cleanroom processes,
while the lid moulds and the other non-critical parts are produced on the milling
machines.

5.2 Cleanroom fabrication

In this section, the cleanroom fabrication process applied in the project is presented.
The important steps in the process will be explained in detailed in the following
sections, while a brief overview of the entire process is presented here:

◦ A silicon wafer is coated with 4.2 µm photoresist and
negative photolithography is performed (UV exposure
through mask, reverse bake, flood exposure and devel-
oping) to define the areas acting as the etch mask.

Nega%ve'process'

◦ The wafer is etched by a deep reactive-ion etch (DRIE)
to a depth of 200 µm, defining the mould structures.

Nega%ve'process'

◦ The remaining resist is removed and a thermal oxide
grown on the entire silicon surface to smoothen the
etched structures.

Nega%ve'process'

◦ The oxide is removed with hydrofluoric acid (HF) and a
140nm titanium-wolfram (TiW) layer is deposited to act
as seed-layer for the succeeding electroplating.

Nega%ve'process'

◦ The silicon wafer is electroplated with 300 µm of
nickel

’
which fills all cavities and hereby produces the

reversed pattern in the nickel.

Nega%ve'process'

◦ To release the nickel wafer the silicon wafer is etched
completely away in a potassium hydroxide (KOH) etch.

Nega%ve'process'

◦ To ease the release of PDMS, the final nickel wafer is
coated with a monolayer of anti-stiction fluorocarbons.

Nega%ve'process'

This is a slightly complicated process for production of these simple features,
and one might suggest to instead use positive photolithography and skip the elec-
troplating. This was also the initial process, as it provides the same structures in the
silicon wafer as the nickel have after the complicated process. After rigours testing,
it was discovered that etching of the positive pattern resulted in a too high etch load,
making the etch unstable and resulting in unwanted defects. Considering the mask
layout in Figure 4.1 (page 29), etching the positive pattern corresponds to etching
all the white areas of the image, which corresponds to 88% of the wafer. By re-
versing the mask pattern with negative photolithography, only the black structures
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are etched and the etch load is reduced to 12%. But to end up with the same final
structures, the reversed structures need to be reversed once more, which is what the
electroplating is used for.

The complete process flows for both the positive and negative processes are found
in appendix B.1 and B.2.

5.2.1 Bosch etching process

Etching is one of the fundamental micro-fabrication processes, and many different
methods have been developed for silicon etching. To etch deep anisotropic structures,
the Bosch process is one of the best options.

The Bosch process is a two-step process which alternates between two modes to
achieve a very anisotropic etch profile. The first step is a passivation step where
the surface is coated with an etch-passivating fluorocarbon film, deposited from a
C4F8 plasma. The second step is the etch step, where the surface is bombarded with
ions perpendicular to the wafer surface, hereby degrading the previously deposited
passivation layer on all the horizontal surfaces. In the areas stripped of passivation
the etching molecules (SF6) can now access and etch the silicon. The SF6 etch is
an isotropic etch, meaning that it etches with equal rate in all directions, hereby
producing small circular holes. This alternation between a passivating coating and
an isotropic etch result in a very distinct pattern with very deep vertical trenches
but also small scallops on all sidewalls, as shown in Figure 5.2. The size of these
scallops can be modified by changing the parameters of the etch and passivation
cycles, especially the time of the steps are important since this determines how deep
the isotropic etch reaches.

Figure 5.2: Scanning electron microscopy (SEM) image of etched trench with scallops on
the sidewalls. The etch profile is very anisotropic with a trench perpendicular into the
silicon, and a fairly flat bottom. The scallops are approximately 0.8 µm deep and 3.6 µm
wide.

These scallops are not as severe for the waveguiding properties as they seem,
because since they are aligned along the waveguide length, in direction of the light
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propagation, the light will scatter much less than if they were aligned perpendicular
to the propagation. Their size however, should still be minimized in order to decrease
scattering.

The available DRIE machine4 has two processes designed for etching of deep ver-
tical structures. The processes are termed Process B and D and their specifications
are seen in Table 5.1.

Table 5.1: Specifications for process B and D, as provided by DTU Danchip.

Parameter B D

Etch rate 10.7 µm/min 2.88 µm/min
Designed etch depth 107 µm 28.75 µm
Designed etch load 13% 50%

Scallop size 685 nm 89.7 nm
Etch time 7.0 s 2.4 s

Passivation time 4.0 s 2.0 s

Since the goal is to produce smooth sidewalls, process D with the small scallops
is the initial choice. Process D is also designed for fairly high etch loads, which
is important as the initial tests are performed using the positive photolithography
process with an etch load of 88%. But using this process and etching to a depth of
only ∼100 µm, the result is unacceptable with a wide rim of black silicon along the
wafer edge, as seen in Figure 5.3a.

Black silicon is a general term for structures which interfere with and absorb
visible light, hereby producing very dark areas on the wafer. To interfere with light,
the structures must be around the same length scale as the wavelength of the light.
Scanning electron microscopy (SEM) images of the black silicon, see Figure 5.3b–c,
reveal the black silicon as a dense forrest of thin pillars with a diameter of ∼500 nm,
roughly corresponding to the wavelength of visible light. From the zoom in Figure
5.3c, the tip of the pillars seem to be covered in something which differs in shape from
the silicon base. These are probably small agglomerates of the passivation chemical
or fragments of the photoresist, which have been dislodged by the ion bombardment
and then got stuck to the silicon surface, where they masked the further etch. This
particle deposition has previously been seen on the machine, and is believed to arise
from unstable chamber conditions due to high etch loads.

To provide more time for the stabilization of the chamber, and hopefully reduce
these deviances, a pause step is added every few minutes during the process. Un-
fortunately, this only slightly reduces the black silicon formation and the structures
are still not useful. Due to the very large parameter space of the DRIE etch, it is
deemed unfeasible to further investigate and optimize the parameters to provide a
more stable etch. Instead the problem is circumvented by reducing the etch load
below the process specification, as this should lower the stress on the chamber. This
is done by changing the photolithography from positive to negative, hereby revers-
ing the etch pattern and reducing the etch load to 12%. This change, together with

4STS Pegasus from STS, UK.
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a: Photograph

b: SEM overview c: SEM zoom

Figure 5.3: Black silicon on wafer after DRIE with process D. a) Digital camera photo
showing the extend and deep dark color. The bright colors on the structures are due to
residual photoresist interfering with the light. b) A SEM image of the black silicon, and
c) a zoom on a few pillars to estimate the size.

the stabilizing pause steps, resulted in mush less, but still intolerable, black silicon
formation.

Thus, in the end, process D with the small scallops is abandoned in favor of
process B, which is a faster etch more suited for deep structures but also generating
much larger scallops. The new combination of process B, pause steps and low etch
load, proved very useful and completely eliminated the formation of black silicon.
To investigate whether it might just be process B which does not form black silicon,
process B is run on a high etch load (positive lithography) wafer, but in this setup
process B also produces black silicon.

Hence in conclusion, etching of the silicon structures is done with process B
including the pause step, which is a fast etch with long cycles, hereby producing
relatively larger scallops. The drawback of this method is additional processesing
steps required for smoothening the large scallops. The resulting etch profile of a
trench was seen in Figure 5.2, which also show the resulting scallops being 800 nm
deep and 3.6 µm wide.
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5.2.2 Smoothing by oxidation

To reduce the scallop size after the Bosch etching process, the surface of the silicon
is oxidized to silicon-dioxide (SiO2) which afterwards is etched away. An oxide
smoothens the scallops by consuming some of the silicon and due to the topography
of the scallops, the oxidation rate is higher at the tip than at the bottom, effectively
reducing the height difference between tip and bottom, for illustration of the process
see Figure 5.4.

Figure 5.4: Illustration of how the etch scallops are reduced by growing a silicon oxide.
The silicon oxidizes radially inwards from the surface, which means that small protrusions
oxidize faster than flat areas due to their larger surface area. When the oxide subsequently
is etched away the topography of the remaining silicon surface is reduced.

The process of oxidizing a silicon wafer is straightforward. The wafers are placed
in a oven at 800–1200◦C where the silicon reacts with an oxygen rich atmosphere.
The oxygen is provided as either pure oxygen gas (O2) or water vapour (H2O), where
the hydrogen is split off during the reaction. Since the reaction consumes the silicon,
the oxide-silicon interface slowly moves into the bulk with a rate of 0.44 nm for each
nanometer oxide [42]. For thick oxides the reaction is diffusion limited and the rate
is limited by the diffusion of oxygen through the previously formed oxide into the
oxide-silicon interface. This is very important for the application as a smoothing
technique, as the diffusion extends radially inward from the surface, and so convex
areas (the scallop tips) are oxidized faster than concave (the scallop bottoms). The
level of smoothing is adjusted by the oxidation thickness, where a thicker oxide
provides a smoother surface. There is no limit to the smoothing effect, hence if the
oxide is grown much thicker than the scallop depth, the silicon surface should be
completely straight. In reality however, the time needed for growing the oxide is the
limiting factor as this increases quadratically with the thickness [42].

For a good smoothing effect, a rule of thumb is to remove silicon corresponding
to three times the scallop depth, which for the scallops of 800 nm correspond to:

toxide =
3 · dscallop

0.44
= 5.45 µm

Where toxide is the oxide thickness to grow, dscallop is the depth of the scallops, and
0.44 is the ratio between oxide and silicon consumption.

This thickness however, is unrealistic as it requires several days of thermal oxida-
tion. Instead, a 2.4µm oxide is grown, which is the limit on the available machines5.
When the oxide subsequently is removed in a HF etch, the result is a reduction
of the scallop depth from 800 nm to 300 nm, see Figure 5.5. As the scallops are

5Horizontal furnace, Tempress Systems, AZ, USA.
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now smaller than the wavelength of the laser light, this reduction is estimated as
satisfying and no further smoothing is performed.

800 nm 300 nm 

1 µm Silicon Silicon 

Before oxide After oxide 

Figure 5.5: SEM images comparing the scallops before and after oxidation smoothing.
The oxide is grown to 2.4 µm and subsequently removed by a HF etch.

5.2.3 Electroplating replica

Electroplating is the process of depositing a metal layer onto an object, driven by
an electric current. The metal is deposited by reducing dissolved metal cations onto
the cathode, and so, the object must be electrical conducting and connected as
the cathode. The metal ions are generated at the anode, which gradually dissolves
as the metal atoms are oxidized and released into the solution. The magnitude
of the current determines the deposition rate, which influences the quality of the
metal layer. A slow deposition rate results in a stiff sample while a faster rate
provides a more flexible one. The thickness of the deposited layer is determined
by the accumulated charge transferred, measured in ampere-hours (Ah), and the
power is halted when the specified value is reached. The relation between charge
and thickness is determined from initial tests of the equipment.

For electroplating of a silicon wafer a thin metal seed-layer is required to ensure
good conductivity for the initial deposition, and provide a good surface coverage.
The seed-layer does not need to be the same material as the electroplated, it should
just adhere to the silicon and the electroplated metal. In Danchip the seedlayer
is often nickel-vanadium, chromium or titanium, while the electroplating material
is nickel. Transferring of both nano- and microscale structures are readily done in
Danchip with a seed-layer thickness of around 100 nm followed by 300 µm of nickel
deposition using a standard recipe with a high deposition rate6, yielding a flexible
nickel wafer to hinder fractures during handling.

After electroplating, the replicated nickel wafer is fixed to the silicon wafer due
to the perfect fit between the structures on the two wafers. To separate the nickel
wafer, the silicon is etched completely away in a potassium hydroxide (KOH) etch,

6microform.200, Technotrans, Sweden.
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which has a very high selectivity towards silicon [42]. This releases the nickel wafer
which now have the reversed structures of the silicon wafer, i.e. the etched trenches
are now walls, just as needed for the PDMS moulding. For an illustration of the
connection between silicon and nickel structures, refer to the illustrations on page
35.

5.2.4 Anti-stiction coating

The final step is depositing of an anti-stiction coating, required to release the PDMS
after moulding. If PDMS is moulded on a clean silicon surface without anti-stiction
coating, the PDMS will break during separation due to the strong adhesion to
the wafer. The coating is a monolayer of perfluorodecyltrichlorosilane (FDTS),
deposited by molecular vapour deposition7, which produce a good nanostructure
surface coverage. FDTS has a long fluorocarbon tail providing the anti-stiction
properties, and a head-group which bind to the surface. Fluoropolymers only weakly
interacts with other molecules, due to the high electronegativity of fluorine which
reduces its polarizability and hinders the dipole formation required for van der Walls
interactions [43].

5.3 Back-end fabrication

The cleanroom production of a nickel wafer is only one step towards the final mould,
which is composed of a PMMA enclosing with the wafer as an insert defining the
structures. Due to availability of equipment micromilling is used to fabricate the
PMMA mould, but a technique like 3D printing is also suitable. Due to the uncom-
plicated design of the enclosing and simplicity of milling, the fabrication of this part
will not be described further, but the final enclosing, including the nickel wafer, is
seen in Figure 5.6.

Figure 5.6: Picture of assembled mould showing the PMMA enclosing and the nickel wafer
featuring the waveguide structures.

7MVD 100, Applied MicroStructures Inc., CA, USA.
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Moulding of PDMS is done with a PDMS kit8, which reproduce patterns down
to the nanoscale [44]. The curing-agent and monomer are mixed in a 1:10 ratio,
the liquid PDMS cast in the PMMA mould and cured for 2 hours at 80◦C. The
cured PDMS mould is easily released from the nickel wafer due to the anti-stiction
coating, and the anti-stiction coating showed no sign of degradation after 20 mould
successions and several months of storage.

5.3.1 PDMS moulding of thiol–ene

The first approach for thiol–ene moulding is compression moulding, or “waffle-iron”
moulding, where the PDMS mould is excessively filled with uncured thiol–ene and
pressed together with a glass substrate, forcing the excess thiol–ene out of the mould,
as illustrated in Figure 5.7a. The two parts are then flipped and the thiol–ene UV
cured through the PDMS, as the glass is not UV transparent. A disadvantage with
this method is the thin residual layer of thiol–ene on the entire glass surface, arising
when the excess thiol–ene is forced out of the mould. The layer thickness is around
1–3µm after 1 hour of pressure from 0.6kg. It is possible to reduce the layer thickness
by increasing the imprinting time or pressure. But the pressure is very limited to
avoid deformation of the flexible PDMS, and as the time dependency is a slow
decaying function converging to zero for infinite imprint time [45], it is impractical
to significantly reduce the residual layer, and so it will be removed instead.

PDMS%mould% Glass%slide%

UV%radia3on%

Residual%layer%

Thiol–ene%

Thiol–ene%injec3on%

PMMA%clamp%

a)%

b)%

Figure 5.7: Illustration of the principle behind a) compression moulding, where a thin
residual layer is formed between the mould and substrate, and b) manual injection mould-
ing, where mould and substrate is clamped together before applying the mould material,
hereby preventing the formation of a residual layer.

A standard method for removing polymers is by plasma ashing, where an oxygen
plasma reacts with and degrades the polymer surface. The etch rates were tested
on several chips, but was found very unstable varying between 170–350 nm/min.
Examining the waveguide surface after the etch revealed a very rough surface, even
after a short etch only removing half of the residual layer, see Figure 5.8. Since the
residual layer cannot be either avoided or removed, the “waffle-iron” approach is
abandoned in favor of manual injection moulding.

8Sylgard® 184 silicone elastomer kit, Dow Corning, USA.
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5.3 Back-end fabrication

a: 0 min etch b: 40 min etch c: 120 min etch

Figure 5.8: SEM images of the surface of three thiol–ene waveguides made from the same
mould. a) Directly from the mould without any etch. b) Etched in oxygen plasma for
40 min, corresponding to approximately 1 µm thiol–ene removed. c) Etched for 120 min,
corresponding to complete removal of the residual layer of 2 µm. All three waveguides
where coated with 100nm titanium before SEM visualization to increase the conductivity.

With manual injection moulding, the PDMS mould is clamped to the glass sub-
strate and the uncured thiol–ene subsequently injected into the mould cavities using
a syringe, see Figure 5.7b. By curing the thiol–ene while the PDMS and glass are
clamped tightly together, the thiol–ene is no longer forced in between the PDMS
and glass where it would form a residual layer. But as the thiol–ene chips had not
been designed for this moulding technique, they feature some quite narrow corners
where air is trapped. These airpockets however, pose no problem as they merely ef-
fect the microfluidic channels and only in areas distant from the measurement area,
see Figure 5.9.

Figure 5.9: Picture of manually injection moulded thiol–ene chip, with gray areas high-
lighting the deviations from the designed structure. The three arrows mark the deviations
due to inlet and outlet holes, while the other gray areas are due to trapped air bubbles.
These areas are seen to not interfere with the waveguide, but only slightly alter the fluidic
channel layout.
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5. Chip fabrication

The clamping structure is two flat pieces of PMMA, which squeeze the glass and
PDMS together by tightening four bolts. Since PMMA blocks UV radiation, the
top piece is riddled with 5 mm holes to allow penetration of the UV rays down to
the thiol–ene. The three part assembly, with glass substrate, PDMS mould and the
riddled PMMA clamp is seen in Figure 5.10.

Figure 5.10: Picture of the thiol–ene mould assembly, with the PDMS mould clamped
to the glass substrate by two PMMA plates, the top one riddled with holes to allow
penetration of UV radiation.

The four bolts are tightened by hand which poses some reproducibility problems
of the force varying between chips. If the clamp is tightened too forcefully, the PDMS
will bulk out hereby altering the shape of the waveguide and decreasing the height,
while if the force is too weak, the thiol–ene can leak in between the PDMS and glass
and form a residual layer. Consequently, the four bolts where tightened as weakly as
possible and always by the same person, to provide a fairly equal and not too high
pressure. SEM images of the moulded waveguides reveal a good pattern transfer,
with a very smooth top surface and the etch scallops on the sidewalls, see Figure
5.11. Although the scallops preferable should be avoided, the excellent replication of
these sub-micrometer features indicate the level of precision for the moulding. Stylus
measurements9 of the waveguide height show good agreement between nickel wafer
and thiol–ene waveguide, although the thiol–ene waveguide generally is 5–10 µm
smaller, probably due to squeezing of the PDMS, see Figure 5.12.

Due to the difficulties with adjusting the clamping pressure, small patches of
thiol–ene sometimes crept in between the PDMS and glass and formed a small region
with residual layer. For this reason, every chip is inspected by optical microscopy
and discarded if a residual layer is present at the detection site, or if a small bubble
or particle is trapped along the waveguide. When using two moulds at a time, the
average production rate is 10 chips per hour, from which approximately 20% are
discarded.

The thiol–ene is cured by 1 min UV10 through the PDMS and the holes in the
clamp, followed by 1 min more without the clamp, after which the PDMS is gently
removed and the thiol–ene exposed one last minute directly to the UV source. The
long exposure to UV radiation clearly affected the PDMS, which slowly turned
yellowish and increased in UV absorption. For this reason, the PDMS moulds are

9Dektak XT Stylus Profiler from Bruker, MA, USA.
10Dymax 5000-EC Series UV curing flood lamp, Dymax Corp., CT, USA. 40mW/cm2 at 365nm.
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5.3 Back-end fabrication

a)# b)#

Figure 5.11: SEM images of thiol–ene waveguide, a) revealing a smooth top surface and b)
accurate transfer of the etch scallops. The scallops only have the characteristic undulating
pattern when viewed in a cross-sectional cut, but since they extend in the entire length
of the waveguide, they are seen as thin parallel lines when observed from this direction.
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Figure 5.12: Comparison of profile between master structure on nickel wafer, and final
thiol–ene waveguide. The thiol–ene profile is seen to be 5–10 µm smaller than the nickel,
both in height and width. The sloped sidewalls are due to the angle of the stylus, hence
only the top surface of the profile can be evaluated.

discarded after 15–20 chips, to ensure the increased absorption does not inhibit
curing of the thiol–ene.

5.3.2 PDMS lid

To form the microfluidic channels a PDMS lid is cast in a PMMA mould fabricated
by micromilling. However, this PDMS is not the standard transparent one. To
reduce the amount of scattered light in the device, the PDMS lid is colored black
by staining it with 3 %(w/w) black ink before curing. The amount of ink was chosen
to not hinder the curing of PDMS. The stray light arises from scattered light at the
fiber coupling and imperfections along the waveguide, and is reflected around in the
three layers of the chip, hereby possibly interfering with the measurements by also
exciting the fluorophores on the waveguide. With the ink dispersed throughout the
PDMS, this will at least absorb the scattered light entering the PDMS layer.
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Chapter 6

Fluorescence experiments

6.1 Experimental setup

6.2 Waveguide characterization

6.3 Immobilized streptavidin

6.4 Calibration curve

With the chip design and production established, the experimental work will now
begin. In this chapter the experimental setup is designed and the reasons behind
each component presented. This is followed by a characterization of the waveguides
using solutions of the fluorophore Rhodamine 6G, and from this determine if and
where the waveguides scatter light, and evaluate whether the fluorophores are excited
by evanescent waves.

This chapter will also optimized the process of biotin and streptavidin immo-
bilization, to provide the highest fluorescence intensity. In the last section, the
concluding experiment is performed by obtaining a calibration curve for the de-
vice, hereby demonstrating that the streptavidin concentration correlates with the
fluorescent signal.
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6. Fluorescence experiments

6.1 Experimental setup

When designing a fluorescence experiment, the choice of fluorophore is one of the ini-
tial considerations. From the excitation and emission wavelength of the fluorophore
a suitable excitation source and filter is then determined. The filter is required to
remove the excitation source from the detected signal, as this signal is much larger
than the fluorescence intensity. The filtering is done by an optical longpass filter,
which only allows transmission of light above a certain cut-on wavelength, chosen
to remove the excitation signal, but transmit the fluorescence wavelength.

For the initial fluorescence experiments the fluorophore Rhodamine 6G1 is used.
Rhodamine 6G is a standard fluorophore from the Rhodamine family, and is often
used for initial characterization of fluorescent systems. For a polymer device Rho-
damine 6G is superior to the more commonly used Rhodamine B which is known
to adsorb strongly to polymers. The excitation and emission peaks for Rhodamine
6G are at 530 nm and 566 nm, respectively, which match very well to a 100 mW
532 nm diode laser excitation source and a 550 nm longpass filter. Comparison
of the Rhodamine 6G spectra with the laser and filter is seen in Figure 6.1. Rho-
damine however, cannot be purchased with functional groups, and so, is not suitable
for immobilization on the waveguides. Instead a second fluorophore is needed, and
to simplify the experimental setup this fluorophore should match the same laser
and filter. This is fulfilled by the fluorophore Alexa Fluor 5322 which is excited
at 532 nm and emits at 554 nm, hence very similar to Rhodamine 6G. Alexa Fluor
can be purchased with an abundance of functional groups, including streptavidin,
as used in this experiment. The spectra of Alexa Fluor 532 is also compared with
the excitation laser and filter in Figure 6.1.

With the fluorophores established
’
including excitation source and filter, the only

thing lacking in the setup is the choice of microscope objective. Four objectives are
available with parameters as seen in Table 6.1. When selecting the objective a crucial
parameter is the image brightness, as this indicates the amount of light collected
by the objective. The image brightness is determined from the numerical aperture
(NA) and magnification (M) using the formula [48]:

Image brightness (fluorescence) =
NA4

M2

Table 6.1: Data for the four available objectives. The image brightness calculated from
[48].

Magnification 2× 4× 10× 20×
Numerical aperture 0.06 0.13 0.3 0.45

Working distance [mm] 5.8 17 9 6.6–7.8
Image brightness [×10−5] 0.3 1.3 8.1 10.3

Observable area [mm2] 5.1×3.4 2.6×1.7 1.0×0.68 0.51×0.34

1Sigma Aldrich, MO, USA.
2Invitrogen, NY, USA.
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Figure 6.1: Comparison of excitation and emission spectra of the two fluorophores
(Rhodamine 6G and Alexa Fluor 532), with the laser wavelength and filter transmis-
sion. Dashed lines show excitation spectra, while solid lines show emission. Data from
[21, 46, 47].

Of the four objectives in Table 6.1, the 20× objective has the highest image
brightness, but due to the high magnification it only have a small observable area,
impractical for evaluating the entire pattern on the waveguide. Hence, the 10×
objective is the best compromise between light collection and spatial overview. The
complete microscope setup is seen in Figure 6.2, where it is compared to a standard
epifluorescence setup.

a)#Epifluorescence#microscope# b)#Laser#excita4on#

Filter#

Filter#Light#source#

Dichroma4c#
mirror#

Camera#

Objec4ve#

Specimen#

Objec4ve#

Filter#

Camera#

Specimen#

Op4cal#fiber#

Figure 6.2: Sketch of fluorescence microscopy setup. Epifluorescence is the ‘standard’
fluorescence setup, while the setup used in this project is the laser excitation.
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6. Fluorescence experiments

6.1.1 Characterization of lasers

The two lasers used are a blue/near-UV laser (405nm) for biotin immobilization and
a green laser (532 nm) for excitation of the fluorophores, see measured spectra3 in
Figure 6.3. To ensure reproducible experiments, the lasers are initially characterized
to ensure a constant intensity level.

Figure 6.3: Spectra of the 405 nm and
532 nm lasers used for immobilization of
biotin and fluorophore excitation, respec-
tively.

Figure 6.4: Five measurements of the
405nm laser intensity acquired with an in-
terval of a few minutes. The intensity is
seen to drop heavily after 1.2–2 min but
increase back to full power after a few min-
utes pause.

Blue laser

The short-term stability of the blue laser intensity is evaluated by a photodetector4,
which convert the light intensity to a voltage difference. The resulting graph is seen
in Figure 6.4, where the laser is turned on five times with a few minutes interval.
The intensity is seen to stay stable throughout each run and between the runs,
although the intensity every time drops significantly after 1–2min. Hence, to ensure
a stable intensity, the laser should not be used continuously for longer than 1 min.
Measurements of the intensity multiple times during one week, also revealed a long-
term stability of the intensity.

Due to the small spot of the laser the possibility of misaligning the biotin drop
and laser spot is considerable. To increase the reproducibility the exposure the
laser is defocused to provide a larger spot of ∼2 cm2, hereby reducing the required
accuracy of alignment. The resulting intensity in the spot center is determined by
the photodetector to 65 mW/cm2.

3USB4000 Miniature Fiber Optic Spectrometer, Ocean Optics, FL, USA.
4PDA36A, ThorLabs Inc, NJ, USA.
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6.2 Waveguide characterization

Green laser

The stability of the green laser intensity is also evaluated by the photodetector, and
to simulate the final experimental setup, the laser is not shined directly on the pho-
todetector, but coupled through a chip as it is done in the fluorescence experiments.
A laser pointer5 was initially used but found too unstable due to sudden jumps in
intensity, as seen in Figure 6.5. The jumps were up to 25% of the intensity and
did not stop several hours after the laser was switched on, although they occurred
with a lower frequency. A new laser was purchased6, providing a sufficiently stable
output as seen in Figure 6.6. This laser is used for all the fluorescence experiments
with Rhodamine 6G and Alexa Fluor 532.

Figure 6.5: Intensity of 532 nm laser
pointer, revealing sudden jumps in inten-
sity every few minutes. The sharp peak at
t = 0 min is when the laser is turned on.

Figure 6.6: Intensity of the new 532nm laser
diode, showing a more stable output than
the laser pointer in Figure 6.5.

6.2 Waveguide characterization

To perform an initial characterization of the chips, a fluorescent solution is used in-
stead of immobilized fluorophores, as this reduces the number of preparatory steps.
The excitation is still done by evanescent waves along the waveguide, since some of
the dissolved fluorophore will always be within range of the evanescent field. The
objective is two-fold: to make a calibration curve for the device, showing a linear
correlation between fluorophore concentration and fluorescent signal; and to investi-
gate the guiding properties of the waveguide, since with a fluorescent solution in the
channels any light scattered into the channel is easily detected by its fluorescence.

6.2.1 Rhodamine experiments

For the calibration curve, several solutions of Rhodamine 6G in methanol, ranging
from 0.1 µM to 2 µM, are prepared and injected into the channel starting with the

510 mW diode laser.
6100 mW diode laser.
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6. Fluorescence experiments

weakest concentration, and flushing the channel with pure methanol between each
solution. By sampling the fluorescent intensity for each concentration, it should be
possible to correlate the concentration and intensity. But when attempting to flush
out the first solution, the Rhodamine is found to adsorb to the thiol–ene surface, see
Figure 6.7a. This adsorption is detrimental to the experiment, since the fluorescent
signal no longer depends solely on the present fluorophore concentration, but also
the previous concentrations and their time in the channel. This make it impossible
to verify the relation between fluorophore concentration and signal, hence a method
to prevent the adsorption is needed.

a: Pure methanol b: CTAB in methanol

Figure 6.7: Micrograph of a waveguide inside a fluidic channel, after injection of 2.0 µM
Rhodamine 6G in buffer and flushing with 4 ml buffer solution. The buffer solution is a)
pure methanol and b) 0.8 mM CTAB in methanol. Notice how the Rhodamine adheres
to the waveguide sidewalls even after flushing with buffer. The numbers indicate the
fluorescence intensity on the sidewalls.

One solution would be to dissolve Rhodamine in a solvent with a higher solubility,
hereby increasing its affinity for remaining in the solvent instead of adsorbing on the
thiol–ene. Methanol however, is already one the best solvents for Rhodamine.

Rhodamine 6G is a positively charged molecule, and Yu et al. [49] have success-
fully prevented absorption of another positively charge fluorophore (CE dye 503)
by providing a dynamic coating of the surfactant cetyltrimethylammonium bromide
(CTAB). By flushing the channel with a CTAB buffer solution, the also positively
charged CTAB adheres to the channel surface and electrostatically repels the posi-
tive fluorophore. To evaluate this concept, a buffer solution containing 0.8µM CTAB
in methanol is prepared, and the channel initially flushed to enable adsorption of
CTAB before the Rhodamine. After loading the channel with 2 µM Rhodamine 6G
and flushing with 4 ml CTAB-methanol buffer, the adsorption has significantly de-
creased compared to a buffer solution without CTAB, see Figure 6.7b. The intensity
however, is still too high.

Since charge repulsion of Rhodamine was not successful in fully preventing the
adsorption, the well known non-stick property of fluoropolymers is utilized. The
thiol–ene surface is covered with the same anti-stiction coating as the nickel wafer,
which is a monolayer of the fluorocarbon FDTS. As seen from Figure 6.8a, the result
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6.2 Waveguide characterization

is not encouraging, as the Rhodamine adsorption is as bad, or even higher, than for
the non-treated thiol–ene in Figure 6.7a.

a: FDTS b: Fluorocarbon solution

Figure 6.8: Micrograph of a waveguide inside a fluidic channel. The waveguides are initially
coated with two different fluorocarbon layers, exposed to a solution of Rhodamine 6G in
methanol and flushed with 2ml pure methanol. a) is coated with an FDTS monolayer and
injected a 0.2 µM Rhodamine solution, while b) is coated with a fluorocarbon solution
(see text for details) and injected with 0.1 µM Rhodamine. The dashed line indicate the
non-fluorescent sidewall of the waveguide.

Lastly, another fluorocarbon similar to FTDS is evaluated. This fluorocarbon
also feature a long fluorocarbon tail but has another head group, but the main
difference is that it is applied as a liquid, injected into the microfluidic channel and
bound to the thiol–ene surface by UV radiation. The fluorocarbon solution used
is 3 %(vol/vol), applied on the entire waveguide and UV activated7 for 2 min, then
thoroughly rinsed with methanol and milliQ water. The result is an adsorption level
comparable to the CTAB experiment, and hence still an intolerable level, see Figure
6.8b. The reason Rhodamine only adsorbs to one side of the waveguide in this image,
is that this chip is the Double channel while the previous three in Figure 6.7a–b and
6.8a were the Short string design. This entails that the fluorescent level cannot
be directly compared, but the important feature of Rhodamine adsorption is still
valid for both designs.

Due to the considerable difficulties with Rhodamine adsorption, the initial char-
acterization and calibration curve using Rhodamine is abandoned, and instead the
fluorescence measurements will only be done with the immobilized streptavidin-
biotin conjugates.

7Dymax 5000-EC Series UV curing flood lamp, Dymax Corp., Torrington, CT, 40 mW/cm2 at
365 nm.
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6.2.2 Evaluation of waveguide designs

Even with Rhodamine adsorbing to the thiol–ene waveguides, and hereby hindering
the production of a calibration curve, the Rhodamine solutions are still useful for
evaluation of the light guiding in the waveguides, since any scattering is easily located
when the channel is filled with a fluorescent solution.

Scattering

The bends were originally included to increase the evanescent field by forcing the
light to impinge with an angle close to the critical TIR angle, as this increases the
evanescent field [17]. But with the fluorescent Rhodamine solution in the channels,
it is obvious that the angles are too sharp to provide TIR, and instead they mainly
scatters the light. In Figure 6.9 the light is seen to scatter massively right at the
bend, and on the following portion of the waveguide, where the reflected light is also
scattered on the opposite side. Considering the waveguide right before the bend,
in the upper left corner of Figure 6.9, no visible scattering is seen, indicating that
the fluorophores in this area are mainly excited by the evanescent field. This area
is also least disturbed by scattered light, and hence this area will be used for the
fluorescent detection later on.

Figure 6.9: Micrograph showing the light scattering at the bends and the succeeding area.
It occur because some of the incident angle for some of guided rays are too perpendicular
and does not fulfil the critical angle requirement. White arrows represent guided light,
while black arrows represent scattered light.

From the micrograph in Figure 6.9 it is not possible to establish whether the
fluorescence is mainly due to the evanescent field or if scattered light also contribute
significantly. Unfortunately, time constraints did not permit the full evaluate of this
uncertainty, yet, a few indications can be deduced from the fluorescence images. The
previous images in this section were all acquired with a filter to remove the excitation
source, but if visualizing the waveguides without this filter, numerous imperfections
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6.2 Waveguide characterization

are seen as small dots which scatter the light, see Figure 6.10a. The large amount of
imperfections indicating that scattering is in fact a significant source of fluorophore
excitation. But if comparing the image of the scattered light in Figure 6.10a with
an image of the exact same waveguide only with a filter to remove the green laser
light, Figure 6.10b, the fluorescence intensity does not seem to be affected by the
scattering dots. Comparing the images more carefully by plotting the intensity along
the sidewall of the waveguide, an independency between scattering and fluorescent
intensity is indicated, since the fluorescent intensity is very constant while the scat-
tered intensity fluctuates highly, see Figure 6.10c–d. This small analysis however, is
not sufficient to conclude that the evanescent field is the sole excitation source, but
it does indicate that the evanescent field is the main source.

Figure 6.10: a) Micrograph of waveguide revealing scattering of the guided light at several
imperfections. b) Micrograph acquired shortly after the image in a, but with a 550 nm
filter to remove the guided excitation light and only visualize the fluorescence. c&d)
Graphs of the intensity along the top sidewall of the waveguide in a and b, respectively.
The start and end position of the lines are marked with white ×’s.

S-shape

It was not possible to evaluate the effect of the s-shape, but it was seen to scatter
a small portion of light along the two turns. Considering the s-shape in relation to
the large 90◦ turn in the Double channel design, the s-shape only provides a small
offset from the path of the stray light, whereas the complete 90◦ turn seem more
efficient as it moves the waveguide entirely away from the stray light path.
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Collimator

The box in Short string (seen in Figure 4.1 on page 29) was designed to collimate
the light by removing the rays propagating with large angles, and hereby reduce
scattering at the bends. From Figure 6.11a it is seen to effectively scatter away
plenty of light, as expected from the simulation in section 4.2.2, and by considering
the succeeding bend in Figure 6.11b it is seen to completely remove the scattering at
this bend. But if also considering the following bend in Figure 6.11c, the scattering
arises once more after the light is distorted in the first bend. Hence, the collimator
is actually useful, but only for one bend and to ensure the scattered light does
not interfere at the detection site, it should be positioned further from the bend
than the one in Figure 6.11a. If however, considering the fluorescent intensity at
the bend in Figure 6.11b, it is not seen to increase compared to the area right
before, actually much lower, indicating that the bends do not provide their designed
function of increasing the evanescent field. This suggests that the bends should not
be incorporated into later designs, as it is better with a simple straight waveguide
without either bends or collimator.

Figure 6.11: Micrographs showing how the collimator scatters the light propagating with
too large angles, and how this affects the successive bends. a) Show the scattering at the
collimator, b) is the first bend with no scattering due to the collimator, while c) shows
the second bend where scattering occurs because the light have been distorted again.
Numbers in b) represent fluorescence intensity on the waveguide sidewall.
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6.3 Immobilized streptavidin

6.3 Immobilized streptavidin

To obtain site-specific immobilization of streptavidin, several steps are required, all
of which must be optimized to ensure a good pattern transfer and a high fluores-
cent intensity. The first step is binding of the biotin-alkyne molecule to the thiol
surface groups, using the same reaction as for the thiol–ene curing where UV ra-
diation radicalizes the thiol group, which then reacts with the alkyne and forms a
sulfur-carbon bond. With biotin immobilized on the surface, fluorescently labelled
streptavidin is readily bound to the biotin by incubating the chip for a few minutes
at room temperature. It should however be ensured, that the streptavidin density
does not reach equilibrium, as this will saturate the fluorescent signal and prevent
distinguishing between different concentrations.

6.3.1 Biotin binding

To optimize the immobilization of biotin alkynes, initial tests are performed on
thiol–ene slabs instead of waveguides, as these are easier to fabricate while the
binding parameters remains unchanged. There is no exact requirement for the bi-
otin density, it simply should not inhibit the streptavidin binding, and since the
streptavidin-fluorophore complex is much larger than the biotin-alkyne complex,
53 kDa [50] compared to 529 Da [51], the biotin density should simply be higher
than what the steric effects allow for streptavidin. To evaluate the density of biotin,
the slabs are incubated with the fluorescently labeled streptavidin and evaluated by
the fluorescent intensity.

Since the slabs do not feature an optical fiber coupler, it is not possible to use
the 532 nm laser for excitation, and instead the excitation source on the microscope
is used. It is an epifluorescence microscope, where the excitation light is focused
onto the sample through the objective, and the collected light filtered to remove the
excitation source and only visualize the fluorophore emission, see previous illustra-
tion in Figure 6.2. Unfortunately, the filter cubes available on the microscope do
not match the Alexa Fluor 532, hence another fluorophore is required. Fortunately,
the Alexa Fluor brand features another streptavidin funtionalized fluorophore with
excitation at 495 nm and emission at 519 nm, matching a filter cube which excites
in the range 420–480 nm and filters below 520 nm.

6.3.2 Optimization of biotin binding

UV activation of the alkyne-thiol reaction is performed by applying a 2 µl drop of
9 mM biotin dissolved in ethylene glycol on the thiol–ene slab (40% excess thiol),
followed by radiation from a near UV diode laser (60 mW/cm2 at 405 nm). Immo-
bilization of biotin has previously been done on similar thiol–ene surfaces [3], from
which the UV activation is estimated to 2 min. However, this results in an almost
non-detectable fluorescence signal as the intensity is only 70 counts higher than the
background, see Figure 6.12a, while prolonging the time to 5 min does not signifi-
cantly increase the intensity, Figure 6.12b. With a UV exposure of 5 min it is not
feasible to extend the time further, and so the binding must be improved otherwise.
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Figure 6.12: Micrographs showing the difference in biotin binding density from two UV
activation times, visualized by the fluorescence intensity of immobilized streptavidin-
fluorophore complexes. The visualized area is the boundary of the immobilized drop,
showing both the intensity of the fluorescence and the background. a) is UV activated
for 2 min and b) for 5 min.

Since the alkyne-thiol binding is a radical polymerization reaction, the reaction
can be accelerated by the addition of a photoinitiator, as presented by [3]. The
addition of 1% photoinitiator8 dramatically improves the biotin binding, increasing
the fluorescence intensity from ∼3550 counts to 5670 counts, while also reducing the
UV exposure to 30 s, compare Figure 6.12 and 6.13a. Due to the high sensitivity of
the photoinitiator, the concentration should be as low as possible, to reduce the non-
specific binding activated by the ambient lighting. The effect from photoinitiator
concentration is explored in Figure 6.13, where concentrations of 1%, 0.1% and 0.01%
are evaluated. The 1% and 0.1% solutions provide the same level of fluorescence,
while the lowest concentration of 0.01% is too low, as the fluorescent signal decreases
significantly down to 4900. Hence 0.1% photoinitiator is used for the remaining
experiments.

Figure 6.13: Micrographs comparing biotin binding densities using different photoinitiator
concentrations. The concentrations are: a) 1%, b) 0.1% and c) 0.01%. The bright area
in c) is due to a particle.

8Darocur 4265, BASF Kaisten AG, Switzerland.
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6.3 Immobilized streptavidin

With the parameters established for the immobilization procedure, site-specific
pattering is commenced, using the same procedure but with the mask included in the
UV exposure. The pattern is defined by a photolithographic mask with a periodic
line pattern defined by a spiral with line widths of 25 µm and a pitch of 200 µm,
see Figure 6.14. The corresponding pattern on the thiol–ene slabs will then be
fluorescent arcs, while on the waveguides, the narrow width in relation to the spiral
radius, 200 µm compared to 3 mm, will result in patterns of periodic spots.

Figure 6.14: Micrograph of mask used for site-specific biotin immobilization, including the
values for line width and pitch length. The transparent parts of the mask are the orange
areas in the image.

The pattern resulting from 30 s UV exposure and 0.1% photoinitiator is seen in
Figure 6.15a. The spiral pattern is clearly distinguishable, but the high background
level indicates that the exposure is too long, hereby producing non-specific binding
of biotin due to diffraction and scattering of the light. By reducing the exposure
to 10 s, the intensity of the lines remains constant while the background level drops
significantly, hereby making the pattern more pronounced, see Figure 6.15b. If
reducing the exposure further to 5 s, the intensity is significantly reduced, hence 10 s
is used as the best optimum.

Figure 6.15: Micrographs showing the site-specific binding of biotin in curved lines. The
background level in a) is seen to be higher than in b). The difference between the two
images is the UV exposure which for a) is 30 s and for b) 10 s.
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With successful biotin patterning on thiol–ene slabs, we can now progress to the
next step of functionalized waveguides. The procedure is the same: 9 mM biotin
with 0.1% photoinitiator, 10 s UV exposure and 10 min streptavidin incubation.To
further reduce the non-specific biotin binding, the process is done in a room only
dimly illuminated by two red diodes, hereby eliminating any sources of non-specific
UV exposure. A good reproducibility of the pattern is achievable, as illustrated by
the four typical patterns seen in Figure 6.16, where the fluorescent spots are the
immobilized biotin-streptavidin conjugates. The images show that immobilization
is achievable with a resolution of at least 25 µm, since this is the smallest feature in
the mask. A few waveguides however, are discarded due to bad patterns, e.g. the
one seen in Figure 6.16c.

Figure 6.16: Micrographs showing typical fluorescent patterns on waveguides, showing the
specific immobilization of streptavidin-fluorophore complexes in periodic spots along the
sidewall. a) and b) illustrate good patterns, c) a bad pattern, and d) a very weak pattern
due to a low streptavidin concentration. The streptavidin concentrations are: a) 5µM, b)
10 µM, c) 10 µM, d) 0.5 µM. The numbers indicate the intensity in the fluorescent spots.

6.4 Calibration curve

With a reproducible method of biotin and streptavidin patterning established, the
actual experiment can commence. The objective is to produce a calibration curve
relating streptavidin concentration and fluorescent intensity, to demonstrate that it
is possible to distinguish between different concentrations and determine the con-

60



6.4 Calibration curve

centration of an unknown sample by measuring the fluorescence.

The initial intention was to characterize all four designs and evaluate which chip
provided the best sensitivity, to then redesign and optimize this chip. But due to the
previously presented problems with silicon etching and Rhodamine adsorption, the
time constraints only permitted the analysis of the Double channel design. This
design was chosen from consideration on the chip fabrication, since when performing
experiments with single-use chips, the ease of chip fabrication is important, as all
chips should be manufactured and measured within a short time interval, to reduce
any unknown effects from storage, e.g. a steady decline of thiol surface groups. Since
all four designs presented in section 4.2 require separate moulding of the thiol–ene
layer and PDMS lid, the main difference lies in the assembling of the two pieces.
Regarding chip assembly, the Double channel design is the easiest one, only re-
quiring clamping of a flat PDMS lid on top of the thiol–ene layer, while on the
Long and Short string designs, the PDMS lid have to be carefully aligned and
positioned around the waveguides, hence the Double channel design is used. The
chips are fabricated as described in section 5.3, and site-specifically functionalized
with biotin using the same mask and procedure as described in section 6.3, while
the experimental setup is as described in section 6.1. For a quick recap the process
is summarized here:

1. Thiol–ene with 40% excess thiol is prepared from the two monomers which are
thoroughly mixed and degassed.

2. A PDMS mould is clamped to a glass substrate and the liquid thiol–ene in-
jected into the mould cavities. It is then cured by UV radiation through the
PDMS.

3. A black PDMS lid is casted from standard PDMS mixed with 3 %(w/w) black
ink.

4. Biotin-alkyne molecules are immobilized on the thiol groups on the waveguide
surface by 10 s of UV radiation. To promote the process, 0.1% photoinitiator
is added to the 9 mM biotin solution.

5. Lastly, the PDMS lid is clamped to the thiol–ene chip and fluorescently la-
beled streptavidin injected into the channel, followed by 10 min of incubation,
allowing it to bind with the immobilized biotin before the channel is flushed
with PBS.

The experiment is performed with five concentrations of streptavidin: 0.5 µM,
1µM, 3µM, 5µM and 15µM, using a total of 23 chips. This provided between three
and four chips for each concentration, and four blanks. The blanks are incubated
with pure streptavidin buffer, hence only PBS.

6.4.1 Data acquisition

For the measurements, the optical fiber is inserted into the on-chip fiber-coupler and
the coupling visually verified through the microscope. Since it is an inverted micro-
scope, the waveguide is visualized through the glass substrate. While positioning
the chip and focusing on the waveguide, the laser is on the lowest output (∼10%)
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6. Fluorescence experiments

to minimize bleaching of the fluorophore. Once the desired area is in focus, the
laser is turned to highest output and the images acquired by 5 s exposure and ISO
400, using a 10× objective (NA=0.3) and a longpass filter with cut-on at 550 nm.
The resulting images are as seen in Figure 6.16. To ensure a fairly constant light
intensity in the waveguide, all measurements are done in the same position on the
chips: right before the second bend. To increase the number of data points, three
images are acquired on each chip, each moved one full frame away from the bend.
This is illustrated in Figure 6.17, where each spot in frame 1, 2 and 3 is used as
individual data points, while frame 4 and 5 are discarded because they are too close
to the first bend and the fluorescence may be affected by the scattering at this bend.

Figure 6.17: Multiple micrographs along the waveguide, stitched together to show the
length of the waveguide compared to the pattern. Due to the increased scattering follow-
ing the 1. bend, the spots close to this area is not used, only the spots in image 1,2 and
3. The large spot in frame 1, is due to bad mask alignment, and would not be used as a
data point.

Even though the images are acquired in the exact same position along the waveg-
uide, the variations in coupling efficiency and scattering will cause some variations
in the light intensity guided in the waveguide, which in turn influences the fluores-
cence intensity. To compensate for this, the autofluorescence in each waveguide is
determined from a long exposure image, acquired after all the fluorescence images.
The image is acquired with the same settings as the other, only with 30 s exposure
instead of 5 s. Initially the fiber outlet coupler was designed for measuring the out-
put intensity of the waveguide, but this value was found to be unreliable and instead
the autofluorescence is used.

6.4.2 Data treatment

To analyze the images and determine the fluorescence intensity, a script is written
in Matlab9 which automatically calculates the intensity of each spot in each image.
However, the RAW images from the camera are not compatible with Matlab, and
are converted to 16 bit TIFF files, where the value for each pixel is stored in three
separate arrays, one for each of the three primary colors. While performing the

9MathWorks, Natick, MA, USA.
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conversion, the images are also scaled with a factor of two, to reduce the size and
ease further processing. The scaling is done without loss of information, because the
high magnification of the microscope causes the resolution of each pixel to exceed
the diffraction limit, as described in section 2.4.2. The script locates the spots by
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Figure 6.18: a) Illustration of the vertical lines and the resulting lines intersecting the spots
on the waveguide sidewall. b) Histogram showing the distribution of line parameters.

initially locating the fluorescent sidewall of the waveguide. By making a series of
vertical lines along the image, the maximum value along each line is a good indicator
of the sidewall due to the fairly high background fluorescence along the waveguide.
Straight lines are then drawn between all these max values, and the most occurring
values for the slope and y-interception are assumed to fit the waveguide sidewall,
see Figure 6.18.

Since the fluorescent signal is equally detected by the red and green pixels (refer
to section 2.4.2) the value of these pixels are combined and averaged in boxes of
60×60 pixels along the sidewall-line. The result is a line plot with distinct peaks
at each spot, from which the peak intensity is determined, see example in Figure
6.19b. To ensure the script has located the correct sidewall-line and spot positions,
a copy of each image indicating the line position and the spot intensities is saved
and examined after processing, see example in Figure 6.19a.

Figure 6.19: Output from Matlab analysis, a) showing the image of the waveguide with the
located sidewall-line, and the intensity for each of the identified spots, b) the fluorescent
intensity along the line in a) from which the peaks are determined.
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So far, the script has determined the intensity of all the spots, and these values
are then scaled by the autofluorescence intensity in the waveguide. This intensity
is determined from the long exposure images, where a wide line (140×140 pixels) is
draw along the center of the waveguide and the average value of the red pixels is
determined, see Figure 6.20. The spot intensities are then scaled by the formula:

Ispot,scaled =
Ispot,unscaled − 2 · Icamera background

Iautofluorescence − Icamera background

The camera background is subtracted twice from the unscaled spot intensity, since
this value is the sum of both red and green pixels, and hence includes twice the
background.

Figure 6.20: Illustration of line used for determination of the autofluorescence. The wide
white line is the area used fore determining the autofluorescence, while the dashed lines
indicate the waveguide edges. The inset is a graph with the intensity along the line.

When the intensity of all spots is determined, the output images, as shown in
Figure 6.19, are reviewed and any bad waveguides, like the one shown in Figure
6.16c, are discarded. Of the 23 chips evaluated, two had a bad waveguide and were
discarded, resulting in between 10 and 17 spots for each concentration.

6.4.3 Results

The final calibration curve is seen in Figure 6.21a, which shows the mean fluorescence
for each concentration and errorbars indicating the 95% confidence interval calcu-
lated by the Student’s t-test with 10–17 samples. A strong correlation is seen be-
tween streptavidin concentration and fluorescent intensity for concentrations below
5µM, while the highest concentration of 15µM clearly exceeds the limit of linearity.
The non-linearity is expected to arise from self-quenching by the fluorophores, which
is a well known phenomenon of high fluorophore concentrations [52]. Disregarding
this data point the remaining five points are seen to fit a linear curve with the sum
of residual squares being only 0.0043, corresponding to R2=0.9957, see Figure 6.21b.
The limit of detection is:

LOD =
3σblank

alinear
= 0.2435 µM ≈ 0.2 µM
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Where σblank is the standard deviation of the blanks and alinear is the slope of the
linear regression.

R2 = 0.9957
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Figure 6.21: Calibration curve showing the correlation between streptavidin concentration
and fluorescent intensity. a) Showing all six data points. b) A linear fit to the five lowest
concentrations, revealing a strong linear correlation. Errorbars shown for 95% confidence
interval.

This demonstrates that the designed thiol–ene chip is able to fluorescently detect
streptavidin in concentrations below 1 µM. Considering the low fluorescent signal
from 0.5 µM streptavidin, it is uncertain if 0.2 µM will in fact provide a detectable
signal significantly above the background level, but the LOD is certainly in the
regime below 1 µM.

Since the chip is designed to be a simple protein screening test, the only procedure
performed by the user should be injection of the analyte solution, which requrie that
the chips are already prepared with pre-immobilization biotin. The stability of pre-
immobilized biotin is evaluated by storing three chips with immobilized biotin for
43days at room temperature before incubating with streptavidin. From the resulting
pattern, the biotin does is seen to not degrade during storage, as the resulting
fluorescent intensity is comparable to the intensity of chips incubated within minutes
of biotin immobilization, for illustration of pattern see Figure 6.22.

Figure 6.22: Micrograph of resulting fluorescent pattern after storing a chip with pre-
immobilized biotin for 43 days, and incubation with fluorescently labeled streptavidin.
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Chapter 7

Conclusion

The UV curable polymer, thiol–ene, was demonstrated to possess attractive proper-
ties for use in bio-optofluidic devices. By mixing off-stoichiometric ratios of thiol and
ene monomers the cured polymer devices were tailored to feature functional thiol
surface groups, enabling one-step site-specific binding of biomolecules with alkyne
groups, in this work using biotin-alkyne.

Utilizing the method of refractive index-matching, the refractive index of cured
thiol–ene was determined to 1.57, independent of the stoichiometric ratio. This
provides the possibility of producing waveguides with remarkably different surface
chemistry, either functional ene or thiol groups, without altering the optical prop-
erties. The thiol–ene polymer further showed a high optical transparency with a
transmittance close to 100%. The simple immobilization of biomolecules combined
with these attractive optical properties, demonstrate the effectiveness of thiol–ene
in bio-optofluidic devices.

After production of a PDMS mould, the thiol–ene devices are readily produced
by manual injection moulding with an average rate of ∼10chips/hour. However, the
production of the mould is complex and should be further optimized to decrease the
surface roughness and provide a shorter process from design to device.

Initial characterization of the devices were attempted with methanol solutions of
Rhodamine 6G. But the Rhodamine was found to adhere strongly to the thiol–ene,
and all efforts of reducing the adsorption failed. Instead, the Rhodamine solutions
were used for characterization of scattering in the different chip designs, which will
be useful for future chip designs.

Incubation with fluorescently labeled streptavidin verified that the biotinylated
thiol–ene surface effectively immobilized streptavidin. The detection principle was
designed to be evanescent wave-induced fluorescence (EWIF), although it was not
possible to evaluate if the detected fluorescence was in fact solely induced by the
evanescent field, or if scattering along the waveguide also contributed significantly.
But the uniform fluorescence intensity along the waveguide sidewalls indicates that
the evanescent field is a main source of fluorophore excitation. The experiment
revealed a linear dependency between streptavidin concentration and fluorescence
intensity, with a 20-fold improvement of the detectable concentrations compared
to previous results [3]. The experiments were performed on concentrations in the
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range 0.5–15µM, with a linear correlation valid up to 5µM and a limit-of-detection
(LOD) of 0.2 µM. The presented experiment demonstrate detection of fluorescently
labeled streptavidin, but the detection principle has potential use for all molecules
which can bind to the functional groups on the thiol–ene surface, and if utilizing an
intermediate binding mechanism like biotin, the range of detectable molecules can
be increased even further.

7.1 Outlook

The calibration curve obtained in section 6.4 demonstrated a linear correlation be-
tween streptavidin concentration and fluorescent signal. With this established, fu-
ture work should focus on improving the LOD.

For improving the LOD, the most obvious element to consider is the incubation of
streptavidin. During the preceding sections, the process of biotin immobilization was
optimized to provide the highest fluorescent intensity, but to limit the analysis the
incubation time with streptavidin solutions was kept constant at 10 min. Increasing
the incubation time will provide more time for the streptavidin complexes to diffuse
and bind to the immobilized biotin, hereby increasing the density and fluorescent
signal. This principle was briefly evaluated by incubating two chips with a 0.5 µM
streptavidin solution, one for the standard 10 min and one prolonged to 60 min.
The result was a large increase in fluorescence intensity, from ∼120 counts to ∼900
counts, clearly demonstrating the importance of this parameter. To achieve the
highest fluorescence intensity, the incubation time should be extended as long as
possible, while ensuring no solution reaches equilibrium for the binding process, as
this will make it impossible to distinguish the solutions.

Since only one chip design were evaluated it would be appropriate to redesign
an optimized chip. From the analysis of the various chip elements in section 6.2.2,
my suggestions to a future design is a much simpler design, without the bends and
collimator, as these features were found to mainly increased the scattering. Also,
instead of using a s-shape to shift the detection area away from the path of the
stray light, a full 90◦ turn, as in Double channel, is preferable since this displace
the area even further away. The fiber couples worked very well and enabled easy
coupling between chip and optical fiber, requiring only one initial alignment of one
lens, for focusing the laser into the optical fiber. Hence they should be incorporated
into future designs. Fluorescent detection using a PMT should also be investigated,
since the high sensitivity of the PMT likely could improve the LOD. The extra fiber
couplers on Long string were not evaluated, but for a future design I suggest having
only a waveguide to collect the light and then couple to an optical fiber closer to the
chip boundary.

Other fabrication techniques for the nickel mould should also be investigated, as
the DRIE etching proved more difficult than anticipated and the resulting sidewall
roughness was not optimal. A potential technique is photopatterning of SU-8 on a
silicon wafer followed by electroplating of the non-SU-8 coated areas. A subsequent
etch of the SU-8 results in a silicon-nickel mould with very smooth surfaces [53].
Alternatively, PDMS could be moulded directly on SU-8 structures, but this have
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previously been shown to have a low durability limited to only a few successions.
Another possible method is by micromilling a mould in PMMA and smoothen the
inherent tool roughness by slight dissolving the PMMA in chloroform vapours. Elim-
inating the photolithographic mask with micromilling greatly simplifies the design
and production cycle, but the effectiveness of chloroform smoothing is undetermined
while SU-8 is known to provide smooth sidewalls on up to 1mm high structures [54].

Future experiments should investigate whether the fluorophore excitation is in
fact mainly due to evanescent waves. This could be evaluated by positioning the
fluorophores in different distances from the waveguide surface, by immobilizing fluo-
rescently labeled spacer molecules on the waveguide surface. If evanescent waves are
the main excitation source, the fluorescence intensity should decrease dramatically
as the distance between fluorophores and waveguide is increased, while if the main
source is scattering the fluorescent intensity should only slightly decrease. A possible
spacer is DNA, since this can be synthesised in many lengths and have previously
been used for immobilization of fluorophores [55].

The deposition of gold nanoparticles were only briefly evaluated and should be
further studied to increase the fluorescent intensity. The high autofluorescence of
thiol–ene after the annealing process could possible be reduced by decreasing the
temperature, and instead increase the annealing time to provide a similar annealing
effect of the nanoparticles. To avoid the thermal annealing process completely, the
nanoparticles could also be applied from an aqueous solution, either by precipitat-
ing the gold directly on the waveguide surface or by immobilization of previously
synthesised nanoparticles.
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Hendrik Schroeder, Ron Wacker, Rolf Breinbauer, Christof M.
Niemeyer, and Herbert Waldmann. Photochemical Surface Patterning by
the Thiol-Ene Reaction. Angewandte Chemie, 120(23):4493–4496, May 2008.
doi:10.1002/ange.200800101. Cited on page 4.

72

http://dx.doi.org/10.1002/adma.200800672
http://dx.doi.org/10.1039/c1lc20388f
http://dx.doi.org/10.1039/C2LC21098C
http://dx.doi.org/10.1016/j.snb.2006.02.040
http://dx.doi.org/10.1002/ange.200800101


[17] Daniel Axelrod. Total Internal Reflection Fluorescence Microscopy. In Pe-
ter Török and Fu-Jen Kao, editors, Optical Imaging and Microscopy,
volume 87 of Springer Series in Optical Sciences, chapter 8, pages 195–236.
Springer Berlin / Heidelberg, 2007. ISBN 978-3-540-69563-9. Cited on page 4,

13 & 54.

[18] Paul I Okagbare, Jason M Emory, Proyag Datta, Jost Goet-
tert, and Steven a Soper. Fabrication of a cyclic olefin copolymer pla-
nar waveguide embedded in a multi-channel poly(methyl methacrylate) fluidic
chip for evanescence excitation. Lab on a chip, 10(1):66–73, January 2010.
doi:10.1039/b908759a. Cited on page 4.

[19] Pedro S. Nunes, Pelle D. Ohlsson, Olga Ordeig, and Jörg P. Kut-
ter. Cyclic olefin polymers: emerging materials for lab-on-a-chip applications.
Microfluidics and Nanofluidics, 9(2-3):145–161, April 2010. doi:10.1007/s10404-
010-0605-4. Cited on page 4.

[20] Walter F. Boron and Emile L. Boulpaep. Medical Physiology: A Cellular
and Molecular Approach. Saunders, 2003. ISBN 0721632564. Cited on page 7.

[21] Streptavidin, Alexa Fluor 532 conjugate. http://products.invitrogen.com/
ivgn/product/S11224?ICID=search-product. Retrieved: 26th May 2013.
Cited on page 9, 14 & 49.

[22] Joseph R Lakowicz, Yibing Shen, Sabato D’Auria, Joanna Malicka,
Jiyu Fang, Zygmunt Gryczynski, and Ignacy Gryczynski. Radiative
decay engineering. 2. Effects of Silver Island films on fluorescence intensity,
lifetimes, and resonance energy transfer. Analytical biochemistry, 301(2):261–
77, February 2002. doi:10.1006/abio.2001.5503. Cited on page 9, 21.

[23] R F Kubin and A N Fletcher. Fluorescence quantum yields of some
rhodamine dyes. Journal of Luminescence, 27(4):455–462, December 1982.
doi:http://dx.doi.org/10.1016/0022-2313(82)90045-X. Cited on page 9.

[24] Invitrogen. Fluorescence quantum yields. http://www.invitrogen.com/

site/us/en/home/References/Molecular-Probes-The-Handbook/tables/

Fluorescence-quantum-yields-and-lifetimes-for-Alexa-Fluor-dyes.

html. Retrieved: 14th April 2013. Cited on page 10.

[25] Richard Syms and John Cozens. Optical Guided Waves and Devices.
McGraw-Hill Book Company, 1992. Cited on page 10.

[26] George M. Hale and Marvin R. Querry. Optical Constants of Water in
the 200 nm to 200 µm Wavelength Region. Applied Optics, 12(3):555, March
1973. doi:10.1364/AO.12.000555. Cited on page 10, 20 & 26.

[27] Dow Corning. Product information - 184 Silicone Elastomer. Tech-
nical report, 2010. URL http://www1.dowcorning.com/DataFiles/

090007c8802d7bc4.pdf. Cited on page 10, 20 & 26.

73

http://dx.doi.org/10.1039/b908759a
http://dx.doi.org/10.1007/s10404-010-0605-4
http://dx.doi.org/10.1007/s10404-010-0605-4
http://products.invitrogen.com/ivgn/product/S11224?ICID=search-product
http://products.invitrogen.com/ivgn/product/S11224?ICID=search-product
http://dx.doi.org/10.1006/abio.2001.5503
http://dx.doi.org/http://dx.doi.org/10.1016/0022-2313(82)90045-X
http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-Handbook/tables/Fluorescence-quantum-yields-and-lifetimes-for-Alexa-Fluor-dyes.html
http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-Handbook/tables/Fluorescence-quantum-yields-and-lifetimes-for-Alexa-Fluor-dyes.html
http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-Handbook/tables/Fluorescence-quantum-yields-and-lifetimes-for-Alexa-Fluor-dyes.html
http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-Handbook/tables/Fluorescence-quantum-yields-and-lifetimes-for-Alexa-Fluor-dyes.html
http://dx.doi.org/10.1364/AO.12.000555
http://www1.dowcorning.com/DataFiles/090007c8802d7bc4.pdf
http://www1.dowcorning.com/DataFiles/090007c8802d7bc4.pdf


Bibliography

[28] Chris Rowe Taitt, George P Anderson, and Frances S Ligler.
Evanescent wave fluorescence biosensors. Biosensors & bioelectronics, 20(12):
2470–87, June 2005. doi:10.1016/j.bios.2004.10.026. Cited on page 13.

[29] DxO Labs. An in-depth case study of the use of DxOMark data.
http://www.dxomark.com/index.php/Publications/DxOMark-Insights/

Canon-500D-T1i-vs.-Nikon-D5000/Color-blindness-sensor-quality.
Retrieved: 26th May 2013. Cited on page 14.

[30] R. J. Nussbaumer, M. Halter, T. Tervoort, W. R. Caseri, and
P. Smith. A simple method for the determination of refractive indices of
(rough) transparent solids. Journal of Materials Science, 40(3):575–582, Febru-
ary 2005. doi:10.1007/s10853-005-6291-z. Cited on page 18, 19 & 20.

[31] Philip E. Ciddor. Refractive index of air: new equations for the
visible and near infrared. Applied Optics, 35(9):1566, March 1996.
doi:10.1364/AO.35.001566. Cited on page 20, 26.

[32] Justin W Chan, Hui Zhou, Charles E Hoyle, and Andrew B Lowe.
Photopolymerization of Thiol-Alkynes: Polysulfide Networks. Chemistry of
Materials, 21(8):1579–1585, April 2009. doi:10.1021/cm803262p. Cited on page

20.

[33] J R Lakowicz. Radiative decay engineering: biophysical and biomed-
ical applications. Analytical biochemistry, 298(1):1–24, November 2001.
doi:10.1006/abio.2001.5377. Cited on page 21.

[34] E C Romani, Douglas Vitoreti, Paula M P Gouvêa, P G Caldas,
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B.1 Positive process flow

B.1 Positive process flow
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B. Process flows

B.2 Negative process flow
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