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Integrated optical microflow cytometer for bead-based immunoassays

By Jonathan Butement

Flow cytometry is an important tool for medicine and biology with applications from clinical
diagnosis to investigations of fundamental cell biology. However, traditional flow cytometers are
expensive, bulky and complex to operate. Miniaturised flow cytometers or microflow cytometers
offer advantages over traditional devices, being compact, cheap and mass producible and would
offer the user ease of operation and low sample consumption. A key challenge for developing a
microflow cytometer is the integration of the optical components with the fluidics. Integrated
optical waveguides offer an ideal method of light control in microflow cytometers as the

waveguides are intrinsically aligned to the analysis region during fabrication.

In this thesis the design, fabrication and demonstration of a silica-based microflow cytometer for
bead-based immunoassays is presented. The device consists of a rugged monolithic glass chip with
integrated waveguides which deliver excitation light to an etched microfluidic channel and collect
light transmitted across the channel. The fluidics are designed to employ inertial focusing to reduce

signal variation by bringing the flowing beads onto the same plane as the excitation beam.

A fabrication process was developed using techniques common to the microelectronics industry
which are scalable for mass production. This process allowed the realisation of devices with
waveguides of a range of widths from 2.0 um and upwards allowing both single mode and
multimode operation at the immunoassay analysis wavelengths of 532 nm and 637 nm.
Microfluidic channels with rectangular cross sections suitable for inertial focussing with depths of

30 um were also realised.

Inertial focussing was demonstrated to confine the flowing beads in two dimensions in the
microfluidic channel which effectively reduced the fluorescence signal variation in the device to a
CV of 29%. The application of the device was demonstrated by the detection of fluorescence from
immunoassay beads incubated with the cytokine tumour necrosis factor alpha at 154 pg/ml.
Additional functionality of the device was demonstrated with transmission based detection of

flowing beads.
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CHAPTER1
Introduction

1.1 Project motivations

Integrated optics is a technology which enables the combination of multiple optical devices on a
single microchip style device [1]. The concept involves producing microstructured, dense optical
circuits in a microchip style package which can produce, modulate and analyse light, performing
the same role as macro-scale optical devices which use components such lenses, mirrors, filters,
gas lasers and photomultiplier tubes. Typically the microstuctured integrated optical components
are manufactured in thin dielectric films on planar substrates using fabrication techniques inspired
by the microfabrication of integrated electronic circuits such as, sputtering photolithography and
etching. Integrated optical devices have a number of key merits over macroscale optical devices.
They are cost effective as the fabrication techniques used allow high volume batch production
whilst maintaining excellent device uniformity. They produce stable performance as the integrated
optical components are permanently aligned on a single substrate making them resistant to
vibration and temperature changes with no need for re-alignment by the user. Integrated optical
devices can show improved optical functionality over macro-scale optics. They are capable of
producing greater optical power densities compared to free space beams which allows nonlinear
properties of device materials to be exploited. The confinement of guided waves into the integrated
structures also allows fine control over wave behaviour and the length over which light interacts
with materials. Finally the devices are compact, and light weight as they are produced on
centimetre sized chips.

Integrated optics is a complementary technology for the rapidly expanding lab-on-a-chip (LOC)
field which aims to reduce laboratory processing and analytical functions onto miniaturised chips
[2]. These devices typically combine micrometre scale fluidic channels (microfluidic channels)
with miniaturised optical and electronic actuation and analysis technologies. Microfluidic channels
allow the controlled movement of small volumes of fluid which reduces sample consumption,
speeds the equilibration of chemical reactions and allows precise reaction times. Circuits of
microfluidic channels can be combined on a single chip to perform automated fluid handling
processes in parallel with high throughput [3]. Due to the micron scale feature sizes, microfluidic

channels are well suited to fabrication using the same production processes as integrated optics
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allowing easy integration of both technologies into lab on a chip devices which are mass producible
and low cost [4]. The possible applications of LOC devices are widespread in chemistry, biology,
medicine and agriculture. The compact nature of the technology makes devices portable which has
led to efforts to produce devices which can perform rapid diagnosis of a patient in situ such as
monitoring blood lithium levels [5]. These point of care devices promise to allow early diagnosis,
personalised treatment plans and greater access to medical services. The low costs and simple
operation of LOC devices mean that laboratory analysis equipment which was previously an
expensive, shared resource operated by specialist technicians can become a personal, everyday lab
tool. LOC devices have been developed as cell culture platforms [6], [7], mass spectrometers [8]

and immunoassay platforms [9], [10].

1.1.1 Microflow cytometry

One field which can exploit the advantages of lab-on-a-chip integration is flow cytometry. This
mature field involves the sequential analysis and sorting of cells or particles. In a typical bench top
flow cytometer a suspension of cells or particles is hydrodynamically focussed into a thin stream
which passes through a focussed laser beam. The light path is controlled free-space using objective
lenses to focus and collect light, mirrors to direct it and beam splitters and filters to separate
wavelengths for analysis. Typical sources and wavelengths used are argon ion lasers at 488 nm,
frequency doubled Nd:YAG (Nd:Y3AlsO1. crystal) lasers at 532 nm and laser diodes at 635 nm.
Typical optical detectors are photomultiplier tubes and more recently lower cost avalanche
photodiodes [11]. Flow cytometers can take a range of optical measurements from flowing
particles. The intensity of the light scattered by a particle over a small angle of 0.5-2.0° is
proportional to the particle volume [12] whilst the intensity of side scattered light at angles of 90°
or more is dependent on internal structure of the particle and can be used to identify cells [13].
Fluorescence emitted from the particle can also be measured, for example cells can be stained with
fluorescently labelled antibodies or DNA binding fluorescent dyes in order to identify cell type and
function [14].

Microflow cytometry applies the lab-on-a-chip concept to flow cytometry. Much of the work in
this field has been directed toward miniaturising the fluidic systems of flow cytometers using
microfluidics and particle positioning techniques [15]. Less attention has been paid to full
integration of the optical systems and some microflow cytometers still use free-space excitation
and collection optics [16]. Partial integration can be achieved by inserting optical fibres into micro
fabricated guide channels aligned with microfluidic channels. Good examples of such devices have
been used for analysis of phytoplankton [17] and fluorescence measurement of immunoassay beads
[18]. These devices can be manufactured at low cost [19] and with low optical losses but the fibre

insertion process is hard to upscale for mass production as it still requires some alignment.
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1.1.2 Optical waveguides for microflow cytometry

Integrated optics shows promise to allow full integration of light control in microflow cytometry.
The fundamental integrated optical component is the waveguide which is a physical structure
which guides the direction of light waves. The simplest waveguide structure is the slab waveguide
shown in Figure 1.1, which consists of a planar core layer with a substrate underneath and a
cladding layer on top. Light which is coupled into a waveguide core below a critical angle will be
vertically confined within the core layer by total internal refraction and is known as a guided mode.
Guided modes are represented by a constant electric field distribution transverse to the direction of
propagation at all points along the propagation length. The dimensions and refractive index contrast
of a waveguide system will determine the number of modes supported. Multimode waveguides will
support a number of modes, each with a characteristic electric field distribution and each
propagating at different velocities while single mode waveguides support only the fundamental

mode.
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Figure 1.1:(a) Slab waveguide structure with ray diagram of guided mode. (b) Electric field distribution of
the first three guided modes in a slab waveguide.

While the 2D structure of a slab waveguide can confine light in one direction, 3D structured
waveguides can confine light both vertically and horizontally allowing light to be directed around
bends on a chip. Typical structures of 3D waveguides are shown in Figure 1.2 and include channel
or strip waveguides, rib waveguides, loaded strip waveguides and diffused waveguides. 3D
waveguides are particularly useful in a microflow cytometer as they can be used to guide excitation
light to precise locations and collect light from scattering and fluorescence emission at discrete
angles and positions. The intrinsic alignment of optical structures during fabrication removes the
need for the user to align the optical light path and minimises signal variation caused by moving
components. Advanced optical structures can also be included in the optical light path such as
multimode interference devices [20] and kinoform microlenses [21] for light focussing and

collection as well as arrayed waveguide gratings as spectrometers [22].
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Figure 1.2: Types of 3D waveguide.

A range of waveguide material systems and fabrication techniques are suitable for use in integrated
optical microflow cytometers. Polydimethylsiloxane (PDMS) waveguides can be fabricated by
mixing different amounts of curing agent to produce different refractive indices in injection
moulded structures [23]. Another technique uses photolithography to define waveguides and
fluidics simultaneously in a polymer photoresist [24]. Here the waveguide core consists of
photoresist and is clad at the side by air gaps and above and below by attached glass slides which
also seal the fluidics. Polymer waveguides are appealing as they are often cheap to fabricate
requiring low cost materials and processes, they do however suffer from poor fabrication tolerances
and mechanical and temperature instability. For example a thermoplastic polymer microflow
cytometer with integrated epoxy waveguides was limited to collect forward scatter light at a large
angle as waveguides could not be integrated closely enough [25]. Glass based waveguide systems
in general offer better optical performance than polymer systems exhibiting low absorption in the
visible range [26] and low autofluorescence [27]. They are also mechanically robust and less
susceptible to temperature related effects caused by expansion and contraction. Glass based
waveguide systems fabricated with highly accurate wafer scale microfabrication techniques can
allow realisation of dense and complex optical structures increasing the number of functions that
can be performed on a single device [20], [21]. The relatively high costs can be offset by scale and
the improved functionality is desirable for researchers. The fabrication processes for microfluidics
in glass are well developed [28] but a key challenge is selecting a microfluidic channel design
which can use a particle focussing technique suitable for integration with waveguides. A detailed
review of particle focussing methods and their suitability for integration is presented in the next
chapter. Examples of waveguides combined with rudimentary microfluidic channels in a glass
system have been demonstrated [29] however the benefits of such a system have not been

implemented in microflow cytometry.

1.1.3 Analysis of bead based immunoassays with flow cytometry

One application of flow cytometry is the analysis of fluorescence from beads used in a bead based
immunoassay. The bead based immunoassay is a development of the Enzyme-Linked-

Immunosorbent assay (ELISA) [30] and is a way of measuring the concentration of a specific
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analyte in a liquid biological sample. The protocol for the most popular type of bead based
immunoassay, developed by the Luminex corporation is shown in Figure 1.3. Polystyrene beads,
5.6 um in diameter are functionalised with a capture antibody specific to the analyte of interest.
The beads are incubated with a liquid sample containing the free floating analyte where the analyte
binds to the detection antibody. A wash step then removes any free floating analyte by removing
the liquid and replacing with fresh liquid. A detection antibody, coupled to a fluorescent molecule,
R-phycoerythrin (R-PE), is then added to the bead solution and the detection antibody binds to a
different binding site on the analyte. A further wash step then removes the free detection antibody

and the sample is ready for analysis.
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Figure 1.3: Protocol for the bead based immunoassay. 1. Beads functionalised with capture antibody. 2.
Incubation of beads in sample with analyte. 3. Addition of fluorophore coupled detection antibody.

A traditional flow cytometer, shown in Figure 1.4, is normally used to analyse the beads. The bead
suspension is hydrodynamically focussed into a narrow, high velocity stream and passes through
two focussed laser beams. Light at a wavelength of 532 nm excites fluorescence from the R-PE on
the detection antibody. The intensity of this fluorescence is proportional to the amount of analyte
bound to the bead. Light at a wavelength of 635 nm excites the fluorescence from the two internal
fluorescent dyes and the ratio of the fluorescence intensities for the two dyes designates the bead
code thus identifying the analyte [31]. This coding system allows up to 100 analytes to be
measured simultaneously in the same sample which is ideal for measuring the levels of
interdependent signalling molecules such as cytokines [32], [33]. The flow cytometers used to
analyse the bead samples cost tens of thousands of pounds and are usually a shared resource
between labs which requires specialist technical support. Microflow cytometers should provide a

cost effective, easier to use analysis technology greatly increasing access for researchers.
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Figure 1.4: (a) Hydrodynamic focussing of beads in Luminex flow cytometer through laser

illuminated region. (b) Analysis of the reporter and classification fluorescence.

1.2 Projectaim

The aim of this project was to develop a viable microflow cytometry platform benefiting from full

integration of waveguides and microfluidics in a monolithic silica chip. To demonstrate the use of

the flow cytometer the application selected was that of measuring the fluorescence from beads used

in an immunoassay. In order to achieve this aim a series of objectives were identified as follows.

1.

Selection of a particle focussing method suitable for combination with integrated
waveguides and the design of a microfluidic channel which employs this method.

The design of an optical light path using integrated waveguides suitable for excitation of
beads at wavelengths of 532 nm and 635 nm and collection of light from the microfluidic
channel.

Development of a fabrication process capable of mass producing microflow cytometer
devices to the design specification.

Demonstration of excitation and measurement of fluorescence from flowing beads using
fabricated devices.

Demonstration of analysis of flowing beads using light collected by waveguides in

fabricated devices.
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1.3 Structure of thesis

This thesis describes the process taken to achieve the project aim and is structured as follows:

This chapter has introduced the areas of integrated optics and lab-on-a-chip technology and
identified the motivation for using integrated optical waveguides as a means to control light in a

microflow cytometer.

Chapter 2 reviews the available techniques for focussing of flowing particles in microflow
cytometry and assesses their suitability for integration with waveguides in a glass chip. The most

suitable technique, inertial focussing is described in detail.

Chapter 3 describes the design of the optical light path using numerical simulations. The effect of
the waveguide dimensions are investigated to understand the modal behaviour of the waveguides
and optimise input and output coupling efficiency. The optical transmission across a microfluidic
channel is simulated to inform the design of the microfluidic channel in the next chapter. The effect
of flowing beads on the optical transmission across the microfluidic channel is simulated and

presented as a means to detect flowing beads.

Chapter 4 finalises the design of the microfluidic channel that is suitable for inertial focussing of
immunoassay beads. The fabrication processes used for the production of the monolithic silica

based microflow cytometer devices are then described.

Chapter 5 describes the optical characterisation of the waveguide performance and illumination
beam in the fabricated devices. The propagation losses are measured and the modal behaviour of
the waveguides is analysed and compared to the simulations. The insertion loss incurred by the

microfluidic channel is measured and the illumination beam in the microfluidic channel is imaged.

Chapter 6 presents three studies which evaluate the performance of the fabricated devices
according to the design specification. First, the extent to which inertial focussing is occurring in the
microfluidic channel and its effect on signal variation is assessed. Second, a device is used to
measure the fluorescence from beads used in an immunoassay for the cytokine tumour necrosis

factor alpha. Third a device is used for transmission based detection of flowing beads.

Chapter 7 summarises the achievements and conclusions of this work and suggests future areas for

development of the integrated optical microflow cytometer.






CHAPTER 2
Particle focussing methods in
microflow cytometry

2.1 Introduction

A key requirement for flow cytometry is to accurately control the positioning of particles transverse
to the direction of flow in order to minimise signal variation as the particles pass through the
analysis region. An excitation beam has a varying transverse intensity distribution and so any
positional variation of fluorescent particles as they pass through the beam will result in varying

fluorescence emission.

A variety of techniques are used in microflow cytometry to achieve particle positioning and these
will be discussed in this chapter with the aim of identifying a suitable technique to combine with
integrated optics for the analysis of fluorescent beads. The technique must be simple to fabricate to
minimise fabrication time and costs, making mass production easier. In addition it is important that
the operation of the device remains as simple as possible as the addition of multiple
fluidic/electronic/magnetic controls can introduce operational error and also add to the bulk of the

device reducing portability.

2.2 Sheath flow based focussing

Sheath flow based particle focussing is widely used in traditional bench top flow cytometers and
involves injecting the sample stream into a faster flowing stream of sheathing fluid which
surrounds the sample stream. The surrounding pressure narrows the cross sectional diameter of the
sample stream core causing confining the sample particles in two dimensions as they pass through
the analysis region. The main advantage of sheath based techniques is the ability to adjust the core
stream diameter by adjusting the core to sheath fluid flow rate ratio which allows adjustment for
different particles sizes. The sheath fluid also prevents the sample from touching the sides of the
fluidic channel which reduces fouling and clogging problems. Disadvantages of sheath based
methods are difficulty in recovering sample, high sample consumption and sheathing fluid

consumption as well as the requirement for additional pumps for the sheathing fluid.
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Sample streams can be focussed with sheath fluid in one dimension in microfluidic chips by having
the sample stream injected between two sheath fluid inlets either side [34], [35]. Two dimensional
focussing requires more complex channel geometries which in turn require more complex,
multistep fabrication processes. Attempts have been made to mimic the conical nozzle system in
microfluidic channels by using a suspended sample injector channel and a sloped floor to redirect
sheath flow in the vertical direction as well as horizontally. The sloped floor is fabricated by tilt
exposure of a negative photoresist film [36]. The process is impressively intricate, this is a
drawback however when considering mass production as it requires modification of standard
photolithography equipment and additional processing time and expertise. Integration of the
negative photoresist microfluidic with glass waveguides can also prove a challenge and negate the

advantages of using an all glass system.

Another sheath based approach, shown in Figure 2.1, is to use pairs of chevron shaped grooves in
the wall and floor of the channel to redirect some of the sheath flow from side inlets above and
below the sample stream causing vertical confinement [37], [38]. Adjustment of core width can still
be achieved by adjusting the relative flow rates of the sample and sheath fluid and the core height
can be adjusted by changing the number of chevron pairs. Grooved microfluidic channels are
fabricated by micro-milling polymer blocks or by injection moulding of polydimethylsiloxane
(PDMS). Top and bottom halves are manufactured separately and then aligned and bonded
together. A microflow cytometer with groove generated sheath flow and inserted optical fibres for
fluorescence collection and excitation was demonstrated for analysis of a multiplex bead based
assay [18], [38] and also phytoplankton [17]. It is possible to make such grooved structures in glass
using micro-milling techniques [39] however such direct write techniques are not well established

in mass production and requires specialist skills.

a) b)
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Figure 2.1: (a) Microfluidic channel structure for groove generated 2D sheath based focussing. (b)
Fluorescence image of core sample stream cross section demonstrating confinement of the core stream
diameter by increased sheath fluid to core fluid flow rate ratio. Images taken from [37]
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Efforts have been made to reduce the complexity of 2D sheath focussing designs to make the
fabrication less complex. One method, requiring only one sheath flow input for 2D focussing uses a
rectangular cross section channel with abrupt contractions and expansions in width shown in Figure
2.2 (a). Here a sheath flow is injected through a single inlet next to the sample flow inlet, when the
flow reaches a contraction region lateral vortices, known as Dean flow are induced, redirecting the
sheath fluid above and below the sample flow causing vertical confinement. Repeating expansion
and contraction regions decelerate and accelerate the flow velocity respectively maintain the Dean
flow vortices in a single direction which eventually leads the sample flow stream becoming
completely enveloped in sheath flow. Such a design was used to focus a sample flow containing
red blood cells [40]. Such types of channels are simple to fabricate with standard glass
microfabrication techniques such as photolithography and etching however the design has a
drawback that sample particles can get caught in the dead volume of the expansion regions which

would pose a possible contamination problem between samples.

Overall sheath based particle focussing methods are well established in microflow cytometry
however the requirement for a sheath fluid is a significant drawback as it adds operation
complexity and large quantities of sheath fluid are required. Sheathless focussing techniques are

also available and will now be discussed.
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Figure 2.2: (a) Channel structure for 2D sheath based focussing using Dean flow. (b) Demonstration of
focussing of a core stream containing red blood cells. Images taken from [40].

2.3 Magnetic focussing

If the particles of interest are magnetic, a magnetic field can be used to focus them in 2D. This is
especially relevant for bead-based immunoassays which can be performed on magnetic particles
[41]. One method uses a narrow magnetic tip located next to the channel side wall to hold a plug of
magnetic beads half-way up the height of the channel side wall. The magnetic retention force is
slowly reduced and fluid flow causes the magnetic particles to be released in an evenly spaced

stream. Further downstream a single fluid inlet from the same side as the magnetic tip pushes the
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flowing particles away from the wall to the centre of the channel [42]. Whilst this technique can
exploit the magnetic properties of magnetic beads, the system requires careful alignment of the
fluidic chip with the magnetic tips, making it less user friendly. There is additional complexity if
this technique were to be used with integrated optical chips which also require optical fibre inputs
near the region of the magnetic tips. Perhaps most significantly the stop-flow operation of this

technique can limit high throughput analysis of thousands of beads.

a) Soft magnetic tips b)

Microfluidic chip

Magnetic yoke

Figure 2.3: Magnetic focussing of beads (a) Magnetic tips attached to a magnetic yoke controlling the
strength of the magnetic field. (b) Microfluidic channel layout. (c) Release of magnetically captured beads
and introduction of lateral secondary flow producing 2D focussing. Image taken from [42]

2.4 Dielectrophoretic focussing

Dielectrophoretic focussing uses the force applied to a dielectric particle due to the application of a
non-uniform, AC electric field to focus particles in to a narrow stream for analysis. Applying the
electric field to the particle solution induces a dipole moment in the particle causing the particle to
move towards or away from the region of maximum field strength. Particles or cells can be
focussed using a positive or negative dielectric force. In positive dielectrophoresis particles are
more polarizable than the surrounding fluid and so the particle moves towards the region of
maximum electric field strength. In negative dielectrophoresis particles is less polarisable than the
surrounding fluid the particle moves away from the region of maximum field strength. 3D negative
dielectric focussing has been demonstrated with latex beads. Here latex beads were passed down a
100 um, channel with an elliptical cross section. Electrodes were patterned around the internal

circumference of the channel at intervals along its length. Particles could be focussed into a core
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stream of 15 pum diameter [43]. Another chip design uses a simpler planar set of electrodes
patterned on the floor and roof of a microfluidic channel to vertically focus polystyrene beads using
negative dielectrophoresis for a bead based immunoassay [16], [44].

Top wafer
]

v

1 |
Elliptic-like channel  Elliptic-like electrode  Bottom wafer

Figure 2.4: Showing the elliptical cross section channel and patterned electrodes used in dielectric focussing
in [43].

Dielectrophoretic focussing methods show good potential for fully integrated lab-on-a-chip devices
as the method can also be used for particle sorting after identification [45]. They do not require
sheath input but do require electrical connections to be made to the device. The patterning of the
electrodes is an additional fabrication step which adds to the fabrication time of a device and can
reduce yield increasing costs. An integrated optical device with waveguides and fluidics already

has a minimum of two photolithographic stages.

2.5 Inertial focussing

Inertial focussing is a phenomenon by which flowing particles become subject to lateral forces
known as lift forces which cause the particles to migrate across fluid streamlines to equilibrium
positions defined by the channel geometry. The technique is appealing as a particle positioning tool
for combination with integrated optics as it requires simple channel geometries, usually square or
rectangular cross section channels with smooth walls, which are easy to fabricate with well-
established methods such as etching. No sheath fluid is required which minimises the complexity

and bulk of the device.

Inertial focussing of flowing particles was first observed in the 1960s [46] however it was not until
the establishment of microfluidics that the concept found a suitable application. In 2007 Di Carlo et
al. published the first example of inertial focussing in rectangular cross section microfluidic
channels and identified the relevant applications of cell and particle positioning [47]. Since then
many studies have added to the understanding of the mechanisms behind inertial focussing and the
cause of inertial lift forces by a variety of experimental, numerical and some analytical studies.

Martel et al. [48]and Amini et al. [49] provide useful reviews of inertial focussing in microfluidics.
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For inertial focussing to take effect the inertial forces on the particle must be significant. The
channel Reynolds number, Re., describes the ratio of inertial forces to viscous forces acting on a

fluid flowing in a microfluidic channel.
Re, = ——— 2.1

Where p is the fluid density, Uy qy 1S the fluid maximum velocity (Uy,, = 2U, where U is average
flow velocity), D, is the hydraulic diameter of a rectangular cross section channel (D, =
2hw/(h + w), where h is the height and w is the width of the channel cross section) and u is the
dynamic fluid viscosity. Typically flow in microfluidic channels has a low channel Reynolds

number, usually less than 1, because of the small dimensions.

At low channel Reynolds numbers fluid flows in layers parallel to the channel length and is said to
be laminar with no turbulence. These layers, or streamlines have a parabolic transverse velocity
profile meaning that flow is fastest at the centre of the channel and decreases to zero at the channel
wall. When considering particles flowing in a fluid, as in flow cytometry the particle Reynolds
number Re,, relates the ratio of inertial to viscous forces acting on the fluid at the particle length

scale.

Re, = Rec (i)z = PUnaxa® 2.2
Dy, UDp

Here a is the particle diameter. Inertial effects begin to arise when there is a large velocity gradient
across the particle leading to larger lift forces. This may be due to a low fluid viscosity but is more
typically due to a high flow velocity, or large particle diameter relative to the hydraulic diameter. A
particle is said to be flowing in the inertial focussing regime when the particle Reynolds number is
greater than or equal to 1 [50]. For example, in the case of the polystyrene Luminex immunoassay
beads (a = 5.6 um) suspended in water (p = 1000 kg/m? and u = 1 x 1073 Pas) flowing in a
rectangular cross section channel of dimensions h x w = 30 x 20 um?, then Rep > 1 when Q >
0.16 pl/s (Uprqx > 0.53 m/s).

A particle flowing in the inertial focussing regime is subject to two main forces which cause lateral
migration across fluid streamlines, the shear gradient lift force and the wall effect lift force. Figure
2.5 shows these inertial lift forces acting on a particle in a microfluidic channel. The shear gradient
lift force acts to move the particle away from the central axis of the channel. This force arises from

the parabolic fluid velocity profile in the microfluidic channel. The velocity of the particle U,, lags

behind the fluid and so the fluid has a relative velocity to the particle, U, = U, - U. The relative

fluid velocity is faster on the side of the particle facing the centre of the channel and slower on the
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side facing the wall. As a result of the differential fluid velocity across the particle diameter a net

force is produced down the fluid velocity gradient toward the channel wall [51].

The wall effect lift force acts to move the particle toward the central axis of the channel. It arises in
a similar way to the action of an aeroplane wing. The particle lagging behind the flow causes the
fluid streamlines to be directed around the particle. The fluid passing over the particle on the side
facing the centre of the channel is accelerated around the particle resulting in a lower pressure
compared to the fluid passing by the more direct route between the particle and the wall producing
a net force acting away from the wall [52]. The wall effect lift force increases rapidly with
proximity to the channel wall and so only begins to significantly oppose the shear gradient lift force
as the particle approaches the channel wall [53]. A particle with a random position in a channel is
subject to both opposing forces and will migrate laterally until it reaches an equilibrium position
where the forces are equal. Once at this equilibrium position the particle will remain flowing along

that streamline unless acted on by an external force.
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Figure 2.5: Inertial lift forces acting on a particle in a microfluidic channel to bring it to an equilibrium
position.

The net inertial lift force, F; acting on a particle was described by Asmolov using the following
equation [52], [54].

_ CLPUMaxza4
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The non-dimensional lift coefficient C;, scales with particle position within the channel cross
section and the channel Reynolds number. When considering flows at Re- < 100 , the variation in
C, with particle position is low and so an average value of C; = 0.5 can be used to estimate the lift
force on a particle positioned near the centre of the channel [47], [52]. For a typical immunoassay
bead with a = 5.6 pum flowing down an example microfluidic channel with h x w = 30 X 20 um?

at Rep = 1 the inertial lift force directing the particle towards the long channel wall is =~ 0.2 nN.

The inertial lift force can be used to calculate the lateral migration velocity of a particle, U,, by

balancing the net inertial lift force with stokes drag, F, = 3muaU;.
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Under the conditions of the previous example with an immunoassay bead, a bead near the channel

centre will laterally migrate at a speed of =~ 4.6 mm/s towards the long channel wall.

The geometry of the channel cross section determines the number and positioning of the
equilibrium positions. Figure 2.6 shows the equilibrium positions for a square cross section channel
and rectangular cross-section channel. In the square cross section channel shown in Figure 2.6 (a)
there are four equilibrium positions close to the walls, centred on each face. This is due to the four-
fold rotational symmetry of the square cross-section. If the aspect ratio of the channel is stretched
to that of a rectangle with a height: width ratio of 3:2 or greater then there are only two equilibrium
positions close to the wall, centred on the long faces, as shown in Figure 2.6 (b). In such a channel
the fluid velocity profile parallel to the short face of the channel is steeper than the velocity profile
parallel with the long face of the channel and as such the shear gradient force acting towards the
long faces is greater than that acting towards the short faces. Inertial focussing in this case occurs in
two stages. In stage 1, particles entering the channel have a greater probability of being initially
forced towards a long channel face. Subsequently, in stage 2, as the particle approaches the long
face of the channel the wall effect lift forces from the two short faces push the particle to the centre
of the long face. Stage 1 migration is a fast process occurring over a short downstream distance and

stage 2 migration is a slower process occurring over a longer downstream distance [54].

In a rectangular cross-section channel, the downstream distance required for flowing particles to
migrate to an equilibrium position, L, can be estimated by calculating the particle migration
velocities for stage 1 and stage 2 of migration. As each stage of migration occurs under different
fluid velocity profiles, each has a different lift coefficient denoted C,, for stage 1 migration parallel
to the channel short face (w) and C,, for stage 2 migration parallel to the channel long face (h).

The following equation derived from equation 2.4 is used to calculate Ly [54].

3nuD? ( w h
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If the lift coefficients for each stage of migration are not known then they can be calculated by
experimentally measuring the distance required for particles to migrate to equilibrium in each

dimension and using the equation below [54].
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The transverse migration distance L,,, depends on the direction of migration so that L,,, = w/2 for

stage 1 migration and L,,, = h/2 for stage 2 migration when h > w.

In rectangular cross section channels, when particle concentrations are sufficiently high so that the
inter-particle distance between inertially focussed particles is below 4 particle diameters then inter
particle interaction leads to flow with a staggered, even spacing, as shown in Figure 2.6. The inter-

particle spacing, d, for a suspension in a channel can be calculated with the following equation.

_a2-9)
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Here the fraction of particle diameters per unit of channel length ¢ = (6whVy)/(ma”2) where V¢
is the volume fraction of the particle suspension. The ordering of particles in the direction of flow
is useful for high throughput flow cytometry as it prevents double signals caused by two beads
passing through the illumination region simultaneously [50]. In the previously used example with
Luminex immunoassay beads, longitudinal ordering will occur when the immunoassay bead

concentration is >1.2x10° /ul.
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Figure 2.6: (a) Inertial focussing equilibrium positions in a square cross section channel. (b) Inertial
focussing in a rectangular cross section channel showing fast, stage 1 migration towards the long face and
slow, stage 2 migration towards the centre of the long face. (c) Fully inertial focussed beads in a rectangular
cross section channel proceed with a staggered, even spacing at high concentrations.

The location of the equilibrium positions can be affected by the particle Reynolds number. As the
particle Reynolds number increases the equilibrium positions shift closer to the channel walls as the

shear gradient force increases relative to the wall effect lift force [55]. In rectangular cross section
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channels higher particle Reynolds numbers can lead to an additional two equilibrium positions
centred on the short faces of the channel as the significance of the wall effect lift has been reduced.
Experimental observations have concluded that a channel Reynolds number between 0.94 and 1.87

produce 2 typical equilibrium positions whilst Rep > 4.6 leads to 4 focusing positions [50], [56].

Most inertial focussing microflow cytometers demonstrated in the literature use free-space optics
for fluorescence excitation and detection [50], [57] but there has been one example of the technique
being used with integrated optics in a polymer based chip [25]. This chip is produced by moulding
of cycloolefin copolymer (COP) against a photolithographically produced master. Waveguides are
integrated into the chip by filling voids left by the moulding with a high refractive index optical
grade epoxy. The optical structure layout is shown in Figure 2.7 and comprises integrate micro-
lenses to focus the excitation light and collect scattered light. The chip was used to discriminate
between bead sizes and also between platelets and red blood cells by measuring the extent of
forward scattered light. Beads and cells were inertially focussed in the square cross section, 55 um
by 30 um microfluidic channel and inertial focussing was shown to decrease signal variability.
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Figure 2.7: (a) Optical layout for a polymer based microflow cytometer using integrated optics and inertial
focussing. (b) Excitation beam revealed by fluorescent solution. Images taken from [25]

The main criticism of inertial focussing as a microfluidic particle positioning technique is the
requirement for long channel lengths in the region of 1-40 cm which can be hard to fit onto
microchips. The channel length can be minimised however by choosing the optimum particle
diameter to channel cross section ratio. The long channel lengths combined with high flow rates
required lead to a large pressure drop across the microfluidic channel and so the fluidics and

channel sealing techniques must be engineered to withstand high pressures.

2.6 Conclusion

Of all the methods described those which are simple to fabricate are especially appealing as they

will reduce fabrication time and ultimately cost which are both critical in mass production. It is also
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important to consider the complexity required to operate the flow cytometer. Based on these
criteria inertial focussing shows the best suitability for combination with integrated optics. The
straight microfluidic channels with a square or rectangular cross section can be fabricated using
conventional mass production techniques such as photolithography and deep reactive ion etching.
Control of the focussing is simply via the flow rate of a single fluidic input. Another significant
advantage of the technique is the even staggered spacing with which particles align which prevents
coincident signals caused by multiple beads passing through the beam at the same time. A straight
microfluidic channel with a rectangular cross section with a height:width aspect ratio of at least 3:2
would inertially focus beads into two equilibrium positions centred on the long faces of the
channel. Waveguides could be positioned on the same plane as the equilibrium positions allowing
excitation of the flowing beads and collection of light from the microfluidic channel. The design of
such a channel to inertially focus immunoassay beads in the proposed microflow cytometer device

is discussed in Chapters 3 and 4.






CHAPTER 3
Optical light path design

3.1 Introduction

Integrated optical waveguides are an ideal system for control of the light path in a microflow
cytometer. As discussed in Chapter 1, they are compact, intrinsically aligned with the microfluidics
during fabrication and can be produced in conjunction with microfluidics by widely available mass
production techniques used in the microelectronics industry. Fine control of the behaviour of light
can also be achieved with optimised waveguide structure designs. Advanced integrated optical
structures such as kinoform microlenses [21] and MMI devices [20] can also be included for light

focussing and collection.

The microflow cytometer developed in this work was designed to measure the fluorescence from
beads used in an immunoassay. The intrinsically aligned waveguide structures were expected to
also be a viable system for the collection of light from the microfluidic channel. This chapter
describes the design of the optical light path in the microflow cytometer using waveguide structures
suitable for excitation of fluorescence from flowing beads in a microfluidic channel and also
collection of light from that microfluidic channel. A basic waveguide structure and layout were
first chosen. Then the refractive index of the material system to be used were determined from
fabricated samples. These values were then used for optimised design of the waveguide dimensions
using a commercially available simulation package, BeamPROP v8.1 (Rsoft, Synopsys , USA)
which uses the beam propagation method (BPM) [58]. The waveguide dimensions were designed
primarily around the need for efficient input and output coupling and single mode or multimode
behaviour. The insertion loss of a microfluidic channel between input and output waveguides was
simulated in order to estimate the dimensional limitations for design of the microfluidic channel.
The interaction of flowing beads with a beam was also simulated in order to estimate the signal that

may be measured for transmission based detection of flowing beads.

3.2 Basic waveguide structure and layout

A basic waveguide structure and layout were first chosen, upon which further optimisation could

take place. The chosen waveguide structure was that of a buried channel (strip) waveguide

21
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structure, shown in Figure 3.1, which consists of a rectangular cross section core on top of a
substrate completely buried in cladding material. Using this type of structure with a cladding and
substrate of matching refractive index produces a fundamental mode profile with 2 axes of
symmetry. This has the advantage of launching a free-space beam with a symmetrical cross section
and also improves the input and output coupling efficiency as the symmetry more closely matches

the circular mode profile of single mode optical fibres [59].

Cladding+—~_ /%
Core

Substrate ——

Figure 3.1: Channel (strip) waveguide structure.

A simple waveguide layout, shown in Figure 3.2, was chosen and consisted of an input (excitation)
waveguide to direct light to the microfluidic channel and launch a free-space beam, and an output
(collection) waveguide, axially aligned with the input waveguide to collect light from the
microfluidic channel on the other side. The straight rectangular cross section microfluidic channels
suitable for inertial focussing, proposed in Chapter 2, have two equilibrium positions centred on the
long faces of channel cross section close to the wall. The waveguide layer is positioned halfway up
the long face of the microfluidic channel so that the launched beam can illuminate both equilibrium

positions.
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Figure 3.2: Schematic of fundamental waveguide layout relative to the microfluidic channel and inertially
focussed beads, and the expected launched free-space beam. Showing (a) cross section view and (b) top
view.

More complex waveguide layouts were not used as it was important to establish a simple system
first which was mainly concerned with efficient fibre input coupling. The axially aligned input and
output waveguides were designed to allow detection of flowing beads through measuring the
change in optical power transmitted from the input waveguide to the output waveguide. It was
envisaged that future designs with offset, angled output waveguides could be used to collect light

from scatter and fluorescence.

3.3 Refractive index measurement of optical materials

A monolithic silica based system was chosen for good optical performance as discussed in Chapter
1. The selected waveguide material system used a bulk SiO; substrate, a core of GeO; (germania)
doped SiO; and a cladding of SiO.. These materials were chosen partly as they were expected to
show similar etch rates reducing undercutting, and notches which can lead to distortions in the
shape of an etched microfluidic channel and the end facets of waveguides. In addition they can
produce waveguides with refractive indices similar to that of commercially available optical fibres
improving coupling efficiency [60]. The refractive index difference between the core and the
cladding is determined by the molar percentage of germania in the core material. A higher molar
percentage of germania increases the core refractive index and thus the refractive index difference
with the cladding [61]. The refractive index difference was chosen to be large enough so that the

majority of the optical power of a propagating mode is contained within the waveguide core
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allowing fine control of the modal spot size by adjustment of the waveguide dimensions. The
refractive index of test samples of the materials at the bead immunoassay excitation wavelengths of
532 nm and ~633 nm were first measured in order to obtain values to use in the simulation of the

waveguides.

Ellipsometry was used to measure the refractive indices of the optical materials. This none contact,
optically based technique can measure the refractive index of a transparent film or bulk substrate
across a range of wavelengths as well as measure the thickness of a film [62]. Test samples were
prepared for each optical layer using the fabrication protocols described in Chapter 4. The substrate
refractive index was measured from bulk fused silica substrates with no deposited film. For the
core refractive index, 2 um thick germania:silica films deposited on bulk silica substrates by
magnetron sputtering were measured. For the cladding, 18 pm thick films of PECVD SiO; on bulk
silica were measured. The ellipsometer used was a Woollam M-2000 spectroscopic ellipsometer
(JA Woollam Co., USA). The ellipsometry data was used to obtain the coefficients for the Cauchy
dispersion equation which describes the relationship between refractive index and wavelength for
the material [63].

B
nd) =A+ 3.1

PR
Here n is refractive index, A, Band C are coefficients and A is wavelength in micrometres. The
dispersion curves calculated for each material are shown in Figure 3.3 and the Cauchy coefficients

and calculated refractive indices are summarised in Table 3.1.
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Figure 3.3 Cauchy dispersion curves calculated from ellipsometry data for PECVD silica film on fused silica
substrate, germania:silica film on fused silica substrate and fused silica substrate alone.

To confirm the ellipsometry measurements, the refractive index of the materials were measured by
another technique known as prism coupling which was capable of measurement at a wavelength of

633 nm [64]. These measurements are also included in Table 3.1 for comparison.

Table 3.1: Ellipsometry data including Cauchy coefficients and calculated refractive index at wavelengths of
532 nm and 633 nm for test samples of each optical material. The refractive indices measured by prism
coupling are also shown for comparison.

Prism
Ellipsometry coupling
measurements measurements
Refractive
Cauchy Coefficients Refractive index index
Material A B C 532 nm 633 nm 633 nm

germaniasilica | 1.457 | 3.94x10% | -3.41x10° | 1.471+0.001 | 1.467+0.001 | 1.469+0.0007
PECVD silica 1.448 | 3.02x10° | 1.36x10* | 1.460+0.001 | 1.456+0.001 | 1.457+0.0001
fused silica 1.448 | 3.58x103 | -5.34x10° | 1.461+0.001 | 1.457+0.001 | 1.457+0.0001

The refractive index calculated by ellipsometry for the fused silica substrate matches the refractive
index from the prism coupling at 633 nm. The refractive index at a wavelength of 633 nm for the
Germania:Silica and the PECVD silica are within 0.01 % of those measured by prism coupling.
The final indices used for the simulations were taken from the ellipsometry data for consistency. As
the PECVD silica index was very similar to the fused silica, the fused silica index was used as the
cladding index in the simulations. The indices at both wavelengths used for the simulations were

cladding indices of ngg3onm = 1.461 £ 0.001 and ngg334m = 1.457 £ 0.001 and core indices of
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Negzonm = 1.471 4 0.001 and n g33nm = 1.467 + 0.001. The refractive index difference, An, used

for the simulation was calculated as An = n, — ng = 0.010 for both wavelengths.

3.4 Beam propagation method background

The beam propagation method is the numerical method used by the BeamPROP software to
simulate wave propagation in waveguide structures. Detailed explanations of the technique are
available in the literature in Marz [58]. The BPM is less computationally intensive than finite

difference time domain methods due to the approximations made.

The algorithm works by sequentially calculating the field distribution of a beam at discrete slices
along the propagation direction in a waveguide [65]. The calculation must start with an input field
distribution in the plane perpendicular to propagation. A beam with this field distribution is then
propagated a short distance using classical diffraction formulas through a virtual homogenous
medium with a refractive index which is the average of the waveguide core and cladding refractive
indices. The diffracted beam field distribution is then transmitted through a phase and amplitude
mask which is based on the refractive index profile of the waveguide. The mask shifts the phase
distribution and amplitude distribution of the beam to produce the beam field distribution at that
propagation distance along the waveguide. The diffraction calculation steps and mask transmission
steps are repeated sequentially for each slice along the length of the waveguide separated by a short

distance in the order of microns.

3.5 Conditions for single mode operation and multimode operation

For a channel waveguide system of fixed refractive index contrast, increasing the cross sectional
dimensions increases the number of modes which can propagate. Single mode waveguides offer
advantages for use in a microflow cytometer. In single mode waveguides the size of the modal
intensity distribution, known as the mode profile is well controlled by the waveguide dimensions
allowing fine control over the dimensions of a launched free-space beam. As there is only one
mode propagating there is no intermodal interference and so the intensity distribution of a launched
free-space beam does not depend on the input waveguide length. Single mode waveguides are also
efficient to couple light in and out of by butt-coupling of fibres. The fundamental mode has a field
intensity distribution which approximates a Gaussian function, and this is well matched to the
shape of the mode profile for a single mode fibre. Multimode waveguides can be useful in a
microflow cytometer but have limitations. The intensity distribution of a free-space beam launched
from a multimode waveguide depends on the length of that waveguide as the multiple modes
propagating at different velocities constructively and destructively interfere along the length of the
waveguide. Therefore the length of the multimode waveguide must be tightly controlled to produce

a beam of predictable intensity distribution and dimensions. If the length is well controlled
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however the larger cross sectional dimensions of multimode waveguides can be used to launch a
larger diameter free-space beam for illuminating larger particles. Multimode waveguides with
higher numerical apertures are also more efficient at collecting light from point sources than single
mode waveguides with lower numerical apertures. The numerical aperture of a waveguide is
defined by the refractive index contrast of the material system and is a measure of the acceptance

angle of a waveguide through the relationship

NA = n;sinf, = /ng —n? 32

where n; is the refractive index of the propagation medium of the incident light, 8, is the
maximum % acceptance angle of the waveguide. A waveguide with a higher NA will therefore
accept more light from a point source than a lower NA waveguide as a wider range of angles are
collected. Even when a single mode and multimode waveguide have the same NA, the wider
multimode mode waveguide will collect more light from a point source the same distance away due

to a greater spacial overlap of the emanating light rays.

Once the refractive indices of the waveguide materials had been measured, simulations could be
performed using the BeamPROP software to determine the waveguide dimensions for single mode
operation and multimode operation. The structure of the simulated channel waveguide is shown in
Figure 3.4. The waveguide height, hy,;, was set to 2 um as a likely starting point for single mode
operation in the Z direction, based on previous work by Dr Hamish Hunt using the same materials
but with a slightly higher refractive index difference [66]. In the simulation the waveguide width,
Wy, Was varied between 1-11 pm and the effective refractive indices for the first 6 modes were
monitored. The effective refractive index, n.s, quantifies the change in wavenumber compared to
free-space for a given mode propagating in a waveguide. For a mode to be guided it must have an
effective index above that of the cladding index. The simulations were performed at wavelengths of
532 nm and 633 nm which are the excitation wavelengths used in the luminex bead based

immunoassay.
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Figure 3.4: Schematic of the waveguide structure used in the simulations showing the core in red and the
cladding in blue.

The mode dispersion plot in Figure 3.5 shows the calculated effective refractive index at a
wavelength 532 nm for the first six modes as waveguide width increases. The width at which the

waveguide begins to guide the first order mode (Mio), known as the cut-off width for single mode
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Figure 3.5: Mode dispersion plot showing the effective refractive index at a wavelength 532 nm for the first
six modes (MX0) as waveguide width varies and waveguide height remains at 2 um for TE polarisation.

The mode dispersion plot in Figure 3.6 shows that at a wavelength of 633 nm the cut-off width for

single mode behaviour is 2.8 um. For both wavelengths simulated, the light polarisation did not
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significantly change the calculated effective indices and so only the results for simulations with

transverse electric field (TE) polarisation have been presented.
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Figure 3.6: Mode dispersion plot showing the effective refractive index at a wavelength 633 nm for the first
six modes (MXO0) as waveguide width varies and waveguide height remains at 2 um for TE polarisation.

These simulations were used as a guide to predict the modal behaviour of the fabricated
waveguides. The photolithographic mask design used to fabricate the waveguides for the
microflow cytometer consisted of arrays of 42, 100 mm long rectangles of widths increasing from
1.4 to 10 pm in 0.2 pum increments. This mask allowed the optical performance of different
waveguide widths to be tested experimentally in terms of the number of modes supported,
propagation loss, and the dimensions of the free space beam launched by the waveguide. The
simulations confirmed that the waveguide layer must have a height of less than 2.2 um to ensure
single mode operation for both wavelengths on the same chip. Practically this was chosen to be 2.0
um to allow for fabrication error. The simulations suggested that a waveguide with a width of 2.0

pum and a height of 2.0 um would be single mode for both wavelengths.

3.6 Effective index method

The effective index method is a method for approximately calculating the effective index of a
guided mode using the cross sectional dimensions of a channel or rib waveguide and can be used to
verify simulation results. The method works by separating a 2D waveguide structure, shown in
Figure 3.7(a) into two, 1D slab waveguides with waveguide I in the YZ plane (Figure 3.7(b)) and
waveguide Il in the XY plane (Figure 3.7(c)).
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Figure 3.7: The effective index method

First the normalised frequency, v is calculated using the following equation.

2
v=7nxhwa |2 —n2) 33

The normalised frequency is used to ascertain the normalised index, b, from a normalised
dispersion curve which are plotted from normalised dispersion equations available in common
integrated optics textbooks [67]. The dispersion curve used depends on the mode number,p and
whether polarisation is TE or TM. The normalised index is then inserted into the following

equation to calculate the modal effective index in the Y direction n, . for waveguide 11.

Neffe = \/b(ncz' - n?) +nc 3.4

The effective index of the mode in the 2D structure is calculated by repeating the above procedure

but with n, ¢ substituted for n. and wy, ¢ substituted for hy.

The effective index method confirmed the effective index calculations performed in the simulation
software. For example light at an input wavelength of 532 nm propagating in a waveguide of
dimensions wyy¢ X hyye = 10 x 2 um? yielded an effective index of 1.4681 which matched the

simulation results to four decimal places.
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3.7 Coupling efficiency

Efficient coupling into integrated optical waveguides is important for sensitive detection in a
microflow cytometer. The coupling method for launching light into a waveguide should ideally
couple as much of the total optical power into the guided modes of the waveguide as possible. Any
stray light which is not coupled into the waveguide will propagate in the substrate and can
contribute to the background signal. Light must also be efficiently coupled out of a waveguide to

maintain a high signal for measurement with detectors.

To couple light into and out of integrated optical waveguides there are two main techniques. Free
space coupling or end fire coupling uses an objective lens to focus light into or collect light from a
polished waveguide end facet. This method can achieve high coupling efficiencies approaching
100% [67] however the use of large lenses positioned close to the device can restrict the number of
optical connections to a device. Free space coupling is also prone to variation in coupling
efficiency due to movement of the lenses and waveguides relative to one another. A more compact
solution is using a cleaved optical fibre to launch light into or collect light from the end facet of a
waveguide. In this method, known as butt-coupling, the optical fibre is axially aligned with the
waveguide with the end facets positioned microns apart in order to minimise the divergence of light
across the gap. Once aligned for optimal coupling optical fibres can be glued in place with
refractive index matching glue allowing a robust optical connection to an integrated chip. The sub-
millimetre diameter of optical fibres allow many optical connections to a chip exploiting the dense
circuitry capabilities of integrated optics.

The coupling efficiency for butt-coupling of a single mode optical fibre to single mode waveguides
of varying widths were simulated in the same channel waveguide structure shown in Figure 3.4.
Input coupling was simulated however the calculated efficiencies can also be considered to be the
same for output coupling. The waveguide height was set at 2 um as this was the film thickness that
would be used to ensure single mode operation at wavelengths of 532 nm and 633 nm. The
waveguide width was varied between 1 um and 3.5 um and the coupling efficiency was calculated
as the overlap integral between the electric field intensity distribution of the single mode optical
fibre input and the electric field intensity distribution at the output of the 1000 um long waveguide.
The spotsizes, w, defined as the full width of the mode profile at 1/e2 maximum intensity, for the
commonly available single mode fibres used in the simulation input fields were taken from
manufacturers data sheets and were 3.5 um for 460HP [59] and 4.5 pum for SM600 [68].
Commercial fibres are also available which are single moded at both wavelengths [69]. The

simulation used no air gap between the fibre and waveguide to calculate the best possible coupling.

Figure 3.8 shows the calculated coupling efficiencies for both wavelengths. The coupling
efficiency at a wavelength of 532 nm is higher than the coupling efficiency at a wavelength of 633

nm for all waveguide widths because the waveguide height is fixed at 2 pm and so there is less
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spatial overlap between the fibre and waveguide mode in the vertical direction at a wavelength of
633 nm. At 532 nm the maximum coupling efficiency is 0.94 for a waveguide of width 2.9 pm and
at 633 nm the maximum coupling efficiency is 0.89 for a waveguide of width 3.2 pm. In the
simulations, the centralised launch field excites only the fundamental mode however if waveguides
of these widths were actually used there is a possibility of exciting the antisymmetric 1% order
mode with an off centre fibre. As discussed previously a 2 um wide waveguide would ensure single
mode operation and still shows a high coupling efficiency at 0.90 and 0.84 for wavelengths of 532

nm and 633 nm respectively.
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Figure 3.8: Coupling efficiency for coupling of a single mode fibre at wavelength of 532 nm and 633 nm into
a waveguide of 2 um height and varying width.

The coupling efficiency can also be calculated approximately by an overlap integral of two
Gaussian distributions of matching widths to the spotsizes of the input fibre and waveguide
fundamental modes respectively [67]. The overlap integral for two Gaussian distributions is

calculated by the following.

|f E;E, dA|”

n= 35
JIEi|? dA [ E,|* dA

Here n is the coupling efficiency and E; and E, are Gaussian distributions representing the electric
field distributions of the fundamental modes of the input fibre and waveguide respectively. This

overlap integral was performed numerically in Matlab™ for the coupling of a single mode fibre to
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a 2 X 2 um? at both wavelengths. The spotsizes used for the fibres were those stated above and the
spotsizes of the fundamental mode for the waveguide were 2.41 um and 2.70 um for wavelengths
of 532 nm and 633 nm respectively. The coupling efficiencies calculated by the overlap integral
WEre Nssonm = 0.93 and ng33,m = 0.88. These calculated coupling efficiencies are 3-5% higher
than those calculated by the BeamPROP simulations which is to be expected as the real mode

profiles are not truly Gaussian. This calculation confirms that the simulation results are reasonable.

3.8 Mode profile of single mode waveguide

The mode profiles for the 2 um wide, 2 um high waveguide were simulated using the inbuilt mode-
solver in BeamPROP at wavelengths of 532 nm and 633 nm in order to calculate the spotsize, w in
the Y and Z direction and analyse the intensity distribution relative to the waveguide structure. The
spotsize was defined as the full width of the mode profile at 1/e? maximum intensity. Figure 3.9
confirms that the square waveguide cross section produces mode profiles with 2™ order rotational
symmetry and with a Gaussian-like intensity distribution characteristic of the fundamental mode.
The spotsizes were the same in Y and Z and were 2.41 um and 2.70 pum for wavelengths of 532 nm
and 633 nm respectively. These values are summarised in Table 3.2. The spotsizes presented are

for TE light as changing polarisation did not change the spotsize.
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Figure 3.9: Mode profiles for a 2 um wide, 2 um high waveguide at wavelengths of (a) 532 nm and (b) 633
nm. The intensity profiles through the intensity maxima in Y and Z are shown underneath for wavelengths of
(c) 532 nm and (d) 633 nm.

Table 3.2: Spotsize (full width 1/e? maximum intensity) of fundamental mode in Y and Z for wavelengths of
532 nmand 633 nm

532 nm 633 Nnm
Wy Q); Qy )z
241 um | 242 um | 2.70 um | 2.70 um

The simulated mode profiles confirm that the majority of the optical power is confined to the core

of the waveguide.

3.9 Insertion loss of microfluidic channel

The optical loss incurred by inserting a microfluidic channel between the collection and excitation
waveguide was simulated in order to inform the design of the microfluidic channel width. For
transmission based detection of flowing beads it was desirable to have as high a coupling efficiency
as possible. By ensuring as much light as possible is coupled back into the output waveguide the

output signal is maximised and the stray light propagating in the substrate is minimised. For
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transmission based detection of flowing beads a high coupling efficiency provides a high baseline
transmission against which to measure the negative peak caused by a particle interrupting the

beam. The signal to noise ratio (SNR) for transmission based detection of beads is defined as
SNR = AT /op 3.6

where oy is the standard deviation of the baseline signal and AT is the change in transmission
compared to the baseline transmission, Ty, (AT =Ty — T, where T is the transmission peak
amplitude). If a5 is kept constant by minimising vibration and electrical noise then a high coupling
efficiency ensures a high baseline transmission signal which allows for a greater negative AT and

thus a high signal to noise ratio allowing positive identification of a bead signal.

A 3D simulation was performed of an input waveguide transmitting light at a wavelength of 532
nm across a microfluidic channel filled with water (ns32nm = 1.334 ngz3nm = 1.332) to an
identical output waveguide. The width of the microfluidic channel was increased and the coupling
efficiency which is the normalised power transmitted from the excitation waveguide to the

collection waveguide was determined.
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Figure 3.10: Coupling efficiency between the input and output waveguides of 2 pum height separated by a
water filled microfluidic channel of varying width for 2 um and 10 um waveguide widths. With input light at
a wavelength of 532 nm. Graph also shows the coupling efficiency for a Gaussian beam with the same
spotsize as a 2 um waveguide.

Figure 3.10 shows that increasing the microfluidic channel width reduces the coupling efficiency.
This is due to diffraction of the beam in the water causing it to diverge in the Y and Z direction so
that less light to enters the output waveguide. The 10 pm width waveguide shows better coupling

efficiency than the 2 um width waveguide for all channel widths. This is because the wider
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waveguide has a larger spotsize and thus a lower rate of divergence compared to the smaller

spotsize from the narrower waveguide.

For both waveguide widths, a microfluidic channel width below 40 um has a coupling efficiency
greater than 0.5 which was considered to be good for transmission based detection of flowing
beads. For channels wider than 40 pum, focussing structures such as multimode interference (MMI)
devices [20] and kinoform microlenses [21] could be included to reduce the divergence of the beam
and increase coupling efficiency. The microfluidic channel design section in Chapter 4 takes into
consideration these results for the choice of microfluidic channel dimensions. The channel chosen
for in the microfluidic design section had a design width of 20 um which was simulated to have a
high coupling efficiency of 0.79 for a 2 um wide waveguide and 0.88 for a 10 um wide waveguide.
The coupling efficiencies correspond to coupling losses of 1.0 dB and 0.6 dB for waveguides of 2

pum width and 10 pm width respectively.

Figure 3.10 also shows the analytically calculated coupling efficiency, n across the microfluidic
channel for a Gaussian beam with an identical launch spotsize (wy, = 2.41 um) to a 2 um width
waveguide calculated using the following equation [70], [71].

2\ 1

oo (9

Here n; is the refractive index of the medium the beam is propagating through which in this case is
water (n; = 1.334). The analytically predicted coupling efficiency across a 20 um channel for a 2
pum waveguide follows the shape of the equivalent simulation results but the coupling efficiency is

lower at 0.57 (2.4 dB). This difference is due to the simulation mode profiles not being Gaussian.

3.10 Simulation of transmission signal of passing bead

The axially aligned input and output waveguide layout is designed to allow detection of flowing
beads by measuring the change in optical power transmitted from the input waveguide to the output
waveguide as beads flow through the beam. A simulation was performed to measure the change in
transmission due to a bead flowing through a beam coupling an input and output waveguide. The
results of the simulation would be used to understand how a flowing bead will interact with the
beam and give a quantitative estimate for amplitude of the transmission signal change that might be

measured in the real device.

As a full 3D simulation would be too computationally intensive, the 3D channel waveguide
structures were converted into equivalent 2D slab waveguides by substituting the core refractive

index with the effective index of the fundamental mode for the equivalent width 3D channel
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waveguide. The input and output waveguides used in the simulation were both single mode and so
the n,¢r for the 3D, 2 um wide by 2 pm high waveguide was used in this simulation so n,rr =
1.466. Single mode waveguides were used as opposed to multimode waveguides to simplify the
bead interaction with the beam. Figure 3.11 shows the structural layout used in the simulation. A 2
pUm wide, single mode input waveguide transmits a beam across a 20 pm wide microfluidic channel
to a 2 um wide, single mode output waveguide. A 5.6 pm diameter polystyrene bead (ng3onm =
1.598), was translated in the Y direction across the beam, 5 um from the channel wall at the

estimated near side and far side equilibrium positions.

Qutput
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Channel S um Far equilibrium position
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Near equilibrium position

8 N N NN Bead BN ] N N SN S B B B S . .

Figure 3.11: Schematic of the optical structure layout for simulation of the transmission signal as a bead
flows through the beam crossing the microfluidic channel.

Figure 3.12 shows the overlaid transmission signals for a bead passing on the near and far
equilibrium positions. The X axis scale of Figure 3.12 shows the bead displacement in the
simulation Y direction from the central axis of the input waveguide. Figure 3.13 shows the electric
field distribution for the beam crossing the channel for bead Y displacements which produce the

minimum and maximum transmission for both the near and far equilibrium positions.

For a bead passing on the near side equilibrium position to the input waveguide, the transmission
signal decreases as the bead enters the beam and deflects the beam away from the output
waveguide reaching a minima of 12.0% at Y=-2.2 um. The deflection, shown in Figure 3.13(a) is
caused by refraction of the beam as it passes through the bulk of the circle representing the bead
which has a higher refractive index (ngz,nm = 1.598) than the surrounding water (ns3onm =

1.334). As the bead approaches the central axis of the input waveguide the transmission increases
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to a maximum of 102.6% at Y=0. The transmission is increased slightly from the baseline
transmission when no bead is interacting with the beam because the higher refractive index, circle
representing the bead acts as a lens to focus more power into the output waveguide as shown in
Figure 3.13(b). As the bead moves away from the central axis of the input waveguide the
transmission signal decreases in a manner symmetrical to when the bead entered the beam reaching
a minima of 12.0% transmission at Y=2.2 um. The transmission signal for a bead passing at the
equilibrium position on the far side of the channel to the input waveguide shows a transmission
signal which almost identically matches the transmission signal for a bead passing at the near side
equilibrium position. For a bead passing at the far side the two transmission minima are 12.0% at Y
displacements of -2.2 um and 2.2 um and the maximum transmission at Y=0 is 102.7%. As with
the passage on the near side equilibrium position, on the far side the bead acts to deflect (Figure
3.13(a) and (c)) and focus (Figure 3.13(b) and (d)) the beam to reduce and increase transmission

respectively.
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Figure 3.12: Simulation results showing power measured at the collection waveguide output as a bead is
translated in the Y direction through the beam. The Y position is relative to the input waveguide central axis.
The signals for beads at the near side and far side equilibrium positions relative to the input waveguide are
overlaid.
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Figure 3.13: Electric field distribution for a beam crossing the microfluidic channel when the bead is at the
(a) near side and offset by -2.2 um, (b) nearside and axially aligned, (c) far side and offset by -2.2 um and (d)
far side and axially aligned.

The transmission minima for beads passing at both equilibrium positons corresponds to an 88%
reduction in transmitted power which, provided the baseline transmission signal variation is <« 88%
of the baseline transmission amplitude, will ensure transmission based detection of beads with a
high signal to noise ratio. The small increase in transmission of 2.6% will be harder to detect as it

will require a very low baseline transmission signal variation.

3.11 Conclusion

This chapter has detailed the design of the optical light path to allow excitation of fluorescence
from flowing beads and also collection of light from the fluidic channel. A basic waveguide layout
of axially aligned input and output channel waveguides bisected by a rectangular cross section
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microfluidic channel was devised. Positioning the waveguide layer halfway up the height of the
microfluidic channel cross section would allow illumination of both inertial focussing equilibrium

positions and allow transmission based detection of flowing beads.

A silica based material system with a germania doped core was selected as the refractive index is
similar to that used in the cores of commercially available optical fibres allowing efficient input
and output coupling. The index contrast is sufficient to ensure the majority of the optical power is
contained in the core allowing fine control of the spotsize by adjustment of the waveguide
dimensions. The high silica content in the core material also minimises any difference in etch rates
which can cause etch defects. The refractive indices of the deposited films at the wavelengths
required for excitation of bead based assays were measured by ellipsometry and confirmed with
prism coupling. The sputtered germania-silica films had a refractive index of 1.471 and 1.467 at
wavelengths of 532 nm and 633 nm respectively. The PECVD silica had a refractive index of 1.461
and 1.456 at wavelengths of 532 nm and 633 nm respectively, and was shown to match that of bulk

silica.

These refractive indices were used as parameters in the subsequent numerical simulations of the
optical light path using the BeamPROP software which uses the beam propagation method. The
waveguide dimensions required for single mode operation at both 532 nm and 637 nm wavelengths
were determined to be 2 um wide by 2 um high. The coupling efficiency for butt-coupling of light
with a single mode waveguide to a 2 um wide by 2 um high integrated waveguide were calculated
as 0.90 and 0.84 for wavelengths of 532 nm and 633 nm respectively. Simulated mode profiles of
the single mode waveguides confirmed the majority of the optical power is confined in the core.
Simulations of the coupling efficiency of axially aligned channel waveguides, optically coupled
across a microfluidic channel determined that a 20 um microfluidic channel has a coupling
efficiencies of 0.79 and 0.88 for 2 um and 10 pm waveguide widths respectively allowing enough
light across to the collection waveguide for transmission based detection of flowing beads. The
effect of a flowing bead interrupting transmission between waveguides by passing through the
beam was simulated revealing a dual dip transmission signal caused by refraction based deflection
of the beam by the passing bead. The transmission minima corresponded to a transmission dip of

78% which was expected to allow transmission based detection with a high signal to noise ratio.



CHAPTER 4
Device Fabrication

4.1 Introduction

The ability to mass produce highly accurate, identical devices with intrinsically aligned elements is
a key virtue of integrated optics. The microflow cytometer device developed in this work was
designed as a monolithic silica based chip partly to exploit the mass production techniques used by

the microelectronics industry.

In Chapter 3 the designs for the waveguides and the basic microfluidic channel structure were
described. For the waveguide structures a germania:silica was selected, BPM based simulations
concluded that a waveguide core layer of 2 pum thickness would allow single mode waveguides to
be produced but also allow wider waveguides to be produced to allow for wider beam widths. A
rectangular cross section microfluidic channel was selected as it would produce inertial focussing

of beads with two equilibrium position.

In this chapter the dimensions of the microfluidic channel are first designed and the final chip
design is presented. Then a detailed description is given of the fabrication processes used to
produce the integrated optical microflow cytometer devices. The fabrication processes were
selected and developed with the aim to realise the designs with the best possible accuracy whilst
keeping to the key aim of making a device suitable for mass production. The fabrication protocol
was built around the widely available mass production techniques of photolithography, magnetron
sputtering, plasma enhanced chemical vapour deposition (PECVD) and inductively coupled plasma
(ICP) etching.

4.2 Microfluidic channel design

4.2.1 Theoretical determination of channel dimensions

Having identified inertial focussing as the ideal particle focussing method in Chapter 2, this section
describes the design of the microfluidic channel dimensions using theoretical relationships. Using a
straight, rectangular cross section microfluidic channel produces inertial focussing at two

equilibrium positions centred on the long faces of the channel cross section. By positioning the

41
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waveguides halfway up the long face of the channel, the beam crossing the channel will illuminate

both equilibrium positions as shown in Figure 4.3 (a) and (b).

As the particle diameter is set at 5.6 um for a standard Luminex immunoassay bead the fluidic
channel dimensions must be chosen to allow inertial focussing to take place whilst being simple to
fabricate and operate at practical back pressures and flow rates. As a first step the minimum
channel aspect ratio of h/w = 3/2 known to produce two equilibrium positions, was chosen in
order to minimise the depth of channel required for a given width [49]. The channel depth
determines the fabrication time as it determines the thickness of cladding and the etch depth
required for correct vertical positioning of the waveguides. For a set aspect ratio the channel width
and length determine the minimum flow rate and flow velocity required for inertial focusing to take
place, the channel length required for beads to reach equilibrium and ultimately the fluidic

resistance of the channel and pressure drop across it. As full inertial focussing occurs when R,, =

1, the minimum flow rate required for inertial focussing can be calculated for any channel width

when a = 5.6 um, Re, = 1 and h = 1.5w using the following equation derived from equation 2.2.
_ 3Repuw*  5uw?

= = 4.1
4pDna?  8pa?

Figure 4.1(a) shows that the minimum flow rate required for inertial focussing increases rapidly
with channel width as Q « w3. The minimum average fluid velocity required for inertial focussing
is shown to increase linearly with increasing channel width as U « w because U = Q/A. Using this
minimum average fluid velocity in equation 2.5 with estimated lift coefficients of C;; = 0.5 and
C;, = 0.05 [49] yields the channel length required for beads to reach equilibrium which is shown

in Figure 4.1(c) to increase with channel width as Ly « w2,

The fluidic resistance, R of a channel when L = L, for varying widths can now be calculated

according to the following equation [72].

12uL
R = 4.2
hw3(1 — 0.63w/h)
Then the pressure drop, AP, can be calculated using the minimum required flow rate Q.
AP = RQ 4.3

It can therefore be observed from Figure 4.1(d) and Figure 4.1(e) that the fluidic resistance of a
channel of L = Ly decreases with channel width but the total pressure drop across the channel
increases linearly with channel width as a greater flow rate and channel length are required for

inertial focussing to take place in wider channels.
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Figure 4.1: Theoretical graphs showing how varying the microfluidic channel width when h = 1.5w, Re,, =
1 and a=5.6 um affects (a) flow rate required for inertial focussing, (b) average flow velocity required for
inertial focussing (c) the channel length, Lg, required for beads to reach equilibrium (d) fluidic resistance for
a channel of length Ly and () the pressure drop across a channel of length L, at flow rate Q. Inset plots show
a linear Y axis.

From these calculations channels with widths approaching the bead diameter appear to be
advantageous as they are quicker to fabricate and also incur a lower overall pressure drop however
a significant practical drawback is that they are vulnerable to blocking. As a compromise to
minimise the pressure drop and channel length but reduce blocking vulnerability a channel with a
height of 30 pm and width of 20 pm, shown in Figure 4.3 (a), was selected. For this cross sectional

dimensions inertial focussing is theoretically predicted to occur at a minimum flow rate of 0.16 pl/s
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which produces an average fluid flow velocity of 0.27 m/s. Figure 4.2 shows the theoretical
downstream length required to focus immunoassay beads in a channel with the above cross
sectional dimensions for a range of flow rates calculated using equation 2.5 with estimated lift
coefficients of C;; = 0.5 and C;, = 0.05 [49]. This relationship yields a maximum channel length
required for inertial focusing of 37 mm at the minimum flow rate of 0.16 pl/s operating at a
pressure of 5.1 bar which can be effectively sealed using adhesive based wafer sealing techniques
[73]. Using a higher flow rate will allow inertial focussing to take place over a shorter downstream
distance for example a flow rate of 0.3 pl/s (U = 0.5 m/s) gives Ly = 20 mm. A channel of 20 um
width was also simulated in Chapter 3 to produce an input waveguide to output waveguide
coupling efficiency of 0.79 which was expected to allow transmission based detection of flowing

beads with a high signal to noise ratio.

10°

0 0.2 0.4 0.6 0.8 1
Flow rate ul/s

Figure 4.2: Theoretical downstream length required to focus 5.6 pm diameter beads in a fluidic channel with
cross sectional dimensions of h X w = 30 x 20 um? with varying flow rate.
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Figure 4.3: (a) Cross section view of microfluidic channel with inertially focussed 5.6 um diameter beads at
approximate equilibrium positions. (b) Plan view of microfluidic channel showing inertially focussed beads
passing through the beam

4.2.2 Experimental determination of inertial focussing length using test channels

A preliminary study with PDMS test channels was conducted to experimentally measure the length
of channel required for inertial focusing to take place and compare this to the theoretical
predictions. The channel length required to focus beads parallel to the long face of the microfluidic

channel was assessed as migration in this direction requires the most downstream distance.

The PDMS test channels were manufactured with standard soft lithography techniques [74], [75].
The PDMS microfluidic blocks were bonded to a glass substrate using oxygen plasma sealing [76],
[77] and input and output ports were punched at each end of the channels and fluidic tubing was
inserted. The PDMS channels were fabricated with a slightly smaller cross section as they were
expected to expand under flow to approximate the dimensions of a 30 x 20 um? glass channel.
Figure 4.4 shows a microscope image of the cross section of the fabricated PDMS channel which
had dimensions of w = 25.5 um, h = 12.2 um and L = 40 mm. The long face of the channel was

orientated parallel to the glass substrate to allow viewing of the bead flow streams in this direction.



46 Chapter 4 Device fabrication

122 um
25.5 um
+— |

Figure 4.4: Microscope image of the cleaved cross section of PDMS microfluidic channel oxygen plasma
sealed to a glass substrate.

5.6 um fluorescent calibration beads (CALZ1, Luminex, USA) were flowed down the channel at a
flow rate of 0.13 pl/s (U = 0.22 m/s). Higher flow rates could not be achieved with the tubing
connections used. The fluorescence streaks from multiple fluorescent beads were imaged using the
method described in detail in Chapter 6, section 6.2.2. Fluorescence was excited from the flowing
beads by transmission illumination using a laser beam from a 633 nm Helium-Neon (HeNe) laser
focussed through a 20x microscope objective onto a region of the microfluidic channel. The
illuminated region was imaged onto a CCD camera using a fluorescence microscope and a video
was recorded of the fluorescent streaks left by flowing beads. Image processing to combine the
fluorescence streaks from multiple beads onto a single image displayed the distribution of all bead

flow paths during the video acquisition period.

Figure 4.5 shows the images of the fluorescence streaks taken at 5 mm intervals down the length of
the microfluidic channel. At the channel entrance the bead flow streams were spread from wall to
wall and as beads progressed down the channel the flow streams became confined into a narrow
flow stream at the centre of the microfluidic channel wall due to inertial focussing. By taking the
intensity profile across the channel width in each image it was possible to measure the distribution
of bead flow streams. Figure 4.6 shows the width of the intensity profile of each image, measured
as the full width at half maximum intensity was reduced to near the bead diameter by 15 mm
downstream from the channel entrance indicating inertial focussing had effectively confined all
beads to the middle of the channel. The bead flow streams remained confined until the channel

outlet at 40 mm.
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Figure 4.5: Fluorescence microscope images of the fluorescent streaks from multiple flowing fluorescent
beads flowing in the PDMS test channel. Images from left to right show the distribution of bead flow streams
sequentially at 0 mm, 5 mm, 10, mm and 15 mm from the microfluidic channel entrance.
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Figure 4.6: Distribution of beads across the channel width measured as the full width at half maximum
intensity of the imaged fluorescence streaks at successive intervals downstream from the channel entrance.

Measurement of the channel width during sample flow revealed that the pressure caused the
elastomeric PDMS channel to expand in width by 17% to 29.9 um. The expanded channel width
approximated the dimensions chosen for the final silica channel height and so could be used to
estimate the downstream required length for inertial focussing in the final device. Inserting this
measured channel length into equation 2.6 yields the lift coefficient for particle migration along the
channel long face as C;,=0.07. This is higher than the lift coefficient suggested in the literature of
C;, = 0.05 [49] and explains why inertial focussing is observed experimentally to occur over a

shorter downstream distance than predicted by theory.

Based primarily on the experimental results it was decided that a channel of 30 mm length should
be long enough to allow full confinement by inertial focussing and provide enough additional
length to position waveguides for illumination of the focussed stream. A plan view schematic of the
final microfluidic channel design on the chip is shown in Figure 4.7 (a). The microfluidic channel
inlets and outlets consisted of circular reservoirs which were designed to allow a flat bottomed

ferule to be pressure sealed on top for fluidic connections.
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Figure 4.7: Plan view schematic of the proposed chip design.

The final channel dimensions chosen for the microfluidic channel in the microflow cytometer

device were 20 pum wide by 30 pm deep and 30 mm long.

4.3 Fabrication overview

The fabrication steps required to make the integrated optical microflow cytometer developed in this
work are shown in Table 4.1. Detailed explanations of the fabrication techniques used, and the

reasoning behind them are given in the subsequent sections.
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Table 4.1: Overview of all fabrication steps required to make the integrated optical microflow cytometer.

Step | Process

Waveguides

Clean substrates with solvent clean then piranha clean

Deposit 2 um GeO2:SiO- films by sputtering

Anneal, 6 hours 950 °C in 5 L/min O».

Define waveguide layout using photolithography

Deposit 200 nm thick chrome by electron-beam evaporation.
Remove resist by lift-off, to reveal chromium mask layer.

ICP etch Ge0.:SiO; film to a depth of 2 um.

Remove chrome mask with wet etching.

9. Clad waveguides with up to 4 um SiO; by PECVD.

10. | Anneal cladding at 950°C for 6 hours in 5 L/min Os.

11. | Repeat steps 9 and 10 until a cladding thickness of 18 pum is reached.
12. | Cut out separate chips using a wafer dicing saw.

13. | Planarize cladding by polishing the chip surface.

Microfluidic channel

14. | Clean substrates with solvent clean then piranha clean.

15. | Define microfluidic channel layout on chip with photolithography.
16. | Deposit 1 um thick chrome by electron-beam evaporation.

17. | Remove photoresist by lift-off to reveal chrome mask.

18. | ICP etch to depth of 30 pum.

19. | Remove chrome mask with wet etching.

Polishing

20. | Cut off 1mm of end of waveguides with wafer dicing saw.

21. | Polish waveguide end facets.

Sealing microfluidic channel

22. | Seal top of microfluidic channel with SU-8 coated coverslip with access holes predrilled.

@ NSO~ WM

4.4 Substrate selection and preparation

A SiO; (silica) based material system was chosen for the device for several reasons. Primarily silica
offers superior optical characteristics compared to polymers [78], including low absorption in the
visible range and low autofluorescence which can be a source of background noise for fluorescence
measurements. Also the rigid and hard nature of silica means devices can withstand high fluid
pressures and can be used many times without deformation of the device structure. Additionally,
the low coefficient of thermal expansion reduces temperature related effects on optical
performance, which is especially important for integrated optical components with stringent
dimensional tolerances such as MMI devices and kinoform lenses. Also silica is compatible with a

wide range of relevant biological solutions including most acids, buffered saline and solvents.

Bulk silica substrates (Spectrosil 2000, UQG optics, UK) of dimensions 50 mm x 50 mm and 1
mm thick were used as the transparency allows viewing of the device from both sides and the bulk
silica matches the thermal expansion properties of the layers deposited on top. Two chips could be
fitted on a substrate allowing some batch production. An alternative substrate would be thermally

grown SiO; on silicon, which is more cost effective in large wafer sizes making it more suitable for
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batches, however the opaque silicon and the potential for thermal expansion mismatch are

drawbacks.

Cleaning the substrate is a vital part of the fabrication process as any contamination on the surface
can cause problems further down the fabrication chain. Particles can cause pin holes in deposited
films or inclusions which can increase waveguide propagation losses or prevent any light guiding at
all. Surface layers of organic contaminants can lead to poor adhesion of deposited layers. The
cleaning procedure used for all substrates and newly deposited films was to sonicate, in acetone,
then isopropanol for 10 minutes each, followed by a water rinse. This step removes the majority of
particulates and grease on the surface. A further 20 minute immersion in a so called ‘piranha’
mixture consisting of 1 part 38% hydrogen peroxide added to 3 parts 98% sulphuric acid was used
to completely remove organic contaminants. Following this the substrate is again rinsed in DI H,O

and oven dried for 4 hours at 120 °C to dehydrate the surface.

4.5 Magnetron sputtering of GeO,.SiO,

RF sputtering was chosen as the deposition method for the GeO,:SiO; films as it has excellent
thickness uniformity, good film adhesion and the refractive index can be controlled by the

sputtering target composition.

A typical RF sputterer configuration is shown in Figure 4.8 and consists of a cathode mounted
target which is composed of the material to be sputtered, opposite to an anode mounted substrate,
all contained in a vacuum chamber. Gases are pumped into the chamber and ionised into a plasma
by a 13.56 MHz alternating voltage between the electrodes. The ions are accelerated towards the
cathode bombarding the target, ejecting the target atoms which deposit on the substrate surface. For
GeO,:Si0, deposition Ar ions bombard the target whilst the O, ions combine with free Ge and Si to

maintain stoichiometry in the deposited film [79].
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Figure 4.8: Schematic of the chamber setup for RF sputtering.

Substrates were sputtered on a Plasmalab 300 sputtering machine made by Oxford Instruments,
UK. The target used had a Ge0.:SiO, composition of 24.75%:75.25% by weight respectively
which was expected to give a refractive index difference over bulk silica of ~0.015 [61], [80]. The
sputtering conditions were a magnetron power of 300 W, chamber pressure of 10 mTorr, the gasses
used were O, at 5 sccm and Ar at 20 sccm. These parameters were selected based on the work by
Dr Hamish Hunt [66] and advice from Neil Sessions. Two chamber temperatures were
investigated, 20 °C and 200 °C to investigate the effect of deposition temperature on film

propagation losses.
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Figure 4.9: The deposition thickness with respect to time, measured by profilometer for sputtering at
substrate heating temperature of (a) 20 °C and (b) 200 °C.

The thickness of the deposited films compared to a tape-masked region was measured on a KLA-
tencor P-16 stylus profilometer. Figure 4.9 shows that the sputtering rates for both chamber
temperatures were similar at 0.27 pum/hr and 0.26 nm/hr for 20 °C and 200 °C respectively. Prism
coupling at a wavelength of 633 nm was used to measure the refractive indices and propagation
losses of the sputtered films after annealing. The refractive index was the same for both deposition
temperatures at 1.469 +0.0007. The propagation losses were 1.5 dB/cm £ 0.4 dB/cm and 0.7 dB/cm
+ 0.4 dB/cm for the films deposited at 20 °C and 200 °C respectively. The lower propagation loss
for the film deposited at 200 °C was thought to be due to an annealing effect during deposition,

reducing structural discontinuities in the film and homogenising the refractive index.
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Ge0,:SiO; films for the final devices were deposited at 200 °C to thickness of 2.0 pm, with a
thickness variability of 0.05 um (1 standard deviation) for a single film and thickness variability of

0.07 pm between samples.

4.6 Silica PECVD

Plasma enhanced chemical vapour deposition (PECVD) was chosen to deposit the SiO; cladding
mainly because the high deposition rate is more efficient for the thick cladding than sputtering.
Other advantages include, good adhesion, surface conformity and the ability to control the film

refractive index using the flow ratio of the precursor gases.

Figure 4.10 shows the setup for the PECVD machine (Plasmalab 100 system PECVD, Oxford
Instruments, UK) used in this work. The chamber contains two electrodes, a top electrode, through
which a gas shower head runs, and a bottom electrode which is a heated table on which the sample
sits. The top electrode is connected to a RF power source oscillating at 13.56 MHz while the
bottom electrode is grounded. The heated table raises the substrate temperature to a range between
250 °C and 450 °C. Precursor gases are pumped into the chamber through the shower head and out
through the bottom of the chamber which is maintained at a pressure range of 0.5-1.0 Torr. The
gases are ionized into a plasma by the RF voltage between the electrodes, the free electrons
produced initiate the reaction of neutral precursor molecules on the surface of the substrate.
Additionally, ions are accelerated towards the bottom electrode and bombard the substrate

producing more active sites at the surface, increasing the deposition rate [79].
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Figure 4.10: Schematic of the PECVD setup used.
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The basic parameters used in this work for deposition of SiO, was an RF power of 20 W, chamber
pressure of 1000 mTorr, table temperature of 350°C. These parameters were selected based on
advice from oxford instruments and Dr Owain Clark. The gases used were N at 80 sccm and

precursor gases of NoO and SiHs, at a range of flow ratios.

The first batch of annealed films deposited with precursor gas flow ratio of 141:1, N2O:SiH4 were
observed to crack when stored in the presence of air in Teflon (polytetrafluoroethylene) boxes for a
period of 1 week or more indicating that the films were under tensile stress. This was especially
apparent with films of 8 um and above. In addition the refractive index of these annealed films was
measured by prism coupling at a wavelength of 633 nm to be 1.470 which was too high for use as a
cladding. The cause of the tensile stress and high refractive index was thought to be due to a silicon
rich film based on reports in the literature [81], [82]. The effect of the flow ratio of the precursor
gases, on the film refractive index was investigated with the aim of depositing a low stress film
with a refractive index as close to bulk SiO; as possible. The refractive index of the film was used
as a metric for the film stoichiometry. Figure 4.11 shows that as the ratio of N.O:SiHs was
increased the refractive index of the non-annealed film decreased, tending towards that of SiO;.
This trend matches those reported in the literature [82] however the gas ratios used here to achieve
the same refractive indices are approximately 25x higher. This was later attributed to a clogged gas

filter in the PECVD machine which may have slowed the actual input gas flow rate for both gases.
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Figure 4.11: Refractive index of PECVD silica before annealing versus precursor gas flow rate ratio. Error
for each measurement is 0.0001 (1 SD).

The final optimised flow rates selected for PECVD silica deposition were N,O at 2000 sccm and
SiH, at 4.2 sccm. This flow ratio produced a non-annealed film refractive index of 1.4632 + 0.0001
and an annealed film refractive index of 1.4571 + 0.0001 at a wavelength of 633 nm. The annealing
process is described in the next section. At this flow ratio the deposition rate was 1.92 pum/hr,
which is much faster than sputtering of SiO, which was measured at 0.135 pm/hr. As an extra

measure to reduce film stress the cladding was deposited in steps of no more than 4 um followed
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by annealing. The cycle was repeated until the final cladding depth required for the devices of 18

um was achieved.

4.7 Annealing

Newly deposited films are annealed in the presence of oxygen to relieve film stress and also to
restore the film stoichiometry. Oxygen deficiency can change the refractive index of the film and

lead to high losses due to absorption.

The Ge0,:SiO; substrates with the newly deposited films were annealed in a tube furnace at 600°C
for 6 hours with an O flow of 2 L/min and a temperature ramp up/down rate of 5 °C/min. The
effectiveness of the annealing process was investigated by measuring the refractive index and

propagation losses of the deposited films by prism coupling.
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Figure 4.12: Effect of annealing GeO-:SiO- films at 600 °C on (a) refractive index and (b) slab propagation
loss. Measured using prism coupling with TE polarisation.

Figure 4.12 shows the effect of annealing the GeO,:SiO- films at 600 °C on the refractive index and
on the propagation loss of the film. The refractive index was shown to decrease with annealing
time, after 6 hrs the final refractive indices were 1.4680 and 1.4685 for TE and TM polarisations
which is lower than reported in the literature [61], [83]. The birefringence of the films is the
difference in refractive index for TE and TM polarisations and so was deemed to be negligible at

5x10*. The propagation losses were shown to increase with annealing time.

The PECVD silica films were annealed after each 4 um thick deposition step at 950 °C for 6 hrs.
The higher temperature was used for more effective stress release as it is closer to the softening

temperature of silica [84].
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4.8 Photolithography and Lift-off

Photolithography was chosen as the waveguide and microfluidic channel pattern transfer technique
as it is highly accurate, with a resolution of down to 0.8 um, and can produce batches of identical
devices, simplifying mass production. Other pattern transfer techniques for producing waveguides
in include direct writing of the waveguide core using UV writing [85] and e-beam lithography [86]
to define a photoresist mask. Microfluidic channels can also be fabricated by micromilling [39]. All
of these direct write methods are suitable for rapid prototyping with high accuracy but do not have

the mass production capability of photolithography.

The lift-off process is a method by which metal patterns are created on a substrate using a
sacrificial photoresist layer. A bi-layer lift-off process, using two layers of resist was used in this
work as it allows micron thick chrome layers to be deposited. The general procedure is shown in
Figure 4.13. First the lift-off resist layer is spin coated onto the substrate, and soft baked to remove
the solvent. Then the imaging resist is applied using the same process. Next the imaging resist is
exposed to UV light through a patterned mask. The exposed imaging resist is soluble in developer
and is dissolved during the development stage, exposing the lift-off resist layer which is also
dissolved leaving an undercut. The substrate is then coated in chromium by electron-beam (e-
beam) evaporation deposition, which is described in more detail in the next section. The final step

is to dissolve away the resist bilayer leaving only the chromium in direct contact with the substrate.

1. Spin on Lift-off resist 4. Develop bi-layer

—_

2. Spin on S1813 imaging resist 5. Deposit chrome
[

—

3. Expose imaging resist through

m M 6. Dissolve resist ('Lift-off')

Figure 4.13: Bi-layer photolithography and lift-off process.

For the waveguide hard mask a 300 nm thick lift-off resist layer (LOR-3B) with a 1.3 um imaging
resist layer (S1813) was used. For the microfluidic channel hard mask a 2.8 um thick lift-off resist
layer (LOR-30B) with a 1.3 um imaging resist layer (S1813) was used [87]. All resists were
supplied by Microchem Corp, USA.
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4.9 Electron-beam evaporation deposition

Chromium was selected as the hard mask material for ICP etching as it has a low etch rate
compared to SiO,. Electron-beam evaporation deposition was chosen as the deposition method for
the chrome mask as it is capable of producing micron thick layers at a high deposition rate. In
addition the deposition process is line-of-sight which gives a cleaner lift-off. In the e-beam
deposition system used, the substrate is placed in a vacuum chamber on a rotating stage above a
crucible containing the metal to be deposited. A high intensity beam of electrons is magnetically
focussed into the crucible to sublimate the metal into a vapour which condenses on the substrate
[79].

Hard masks were deposited on substrates at a rate of 0.65 um/hr. The thickness of the hard mask
required, T, based on the required etch depth, h, and etch selectivity, S, was calculated using the

following equation.
h
Te > E x 1.85 4.4

The multiplication factor was determined by multiple etch tests and is required to add extra chrome
thickness on any sloped features on the substrate. The hard masks thicknesses used for the etching

of the waveguides and microfluidic channels were 100 nm and 1.3 um respectively.

4.10 ICP etching

Inductively coupled plasma (ICP) etching was used to etch the channel waveguide structures and
the microfluidic channels. The technique was chosen as it can produce etched structures with
vertical side walls at a high etch rate [88]. A waveguide cross section with vertical side walls is
desirable as it will produce a symmetrical mode profile for efficient input/output coupling. Vertical
side walls are also important for the fluidic channel cross section in order to minimise deflection of
the beam crossing the channel and also to ensure the correct rectangular shape to enable inertial
focussing. Also it is important that the three optical layers are etched at a similar rate in order to
minimise distortion to the microfluidic channel shape. ICP etching is ideal as it provides fine

control of the selectivity through the ratio of etch gases and also the plasma energy.

Figure 4.14 shows the setup for the ICP system (Plasmalab 100 ICP380, Oxford instruments, UK)
used. The substrate is loaded into the chamber and sits on a Helium cooled table. Gases are pumped
into the chamber and ionised into a dense plasma by the RF driven coil in the upper part of the
chamber. The etch process is partly physical and partly chemical. An RF bias on the substrate table
at the bottom of the chamber accelerates the ions down onto the substrate ejecting molecules from
the substrate surface. Chemical etching is performed by free radicals from the plasma which adsorb

to the substrate surface and react chemically producing volatile products which are pumped out of
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the chamber. Additionally gas molecules adsorbed to the substrate surface react to form a
passivating polymer layer. Any passivation layer on the horizontal surfaces of the substrate are
etched away by the ion bombardment, exposing the substrate below to further chemical etching.
The side walls of the substrate features remain protected by the passivation layer and so the overall

etching process is anisotropic, producing straight, vertical side walls [79].
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Figure 4.14: Schematic of ICP system used.

410.1 Etch rate of materials

In this work the small substrates were loaded into the ICP etcher on top of a 6” silicon carrier
wafer. Table 4.2 shows the two ICP processes used. In both processes The CaFs provides fluorine
free radicals which chemically etch the SiO, and also polymerise to passivate the side walls. The
O, removes the polymer from the horizontal surfaces and also prevents excessive build-up of
polymer. Recipe 1 uses a higher ICP power to produce a dense plasma and the high RF power
provides high energy ion bombardment for a fast etch process. Recipe 2 uses lower ICP and RF
powers and substrate temperature to increase selectivity as the lower powers and temperature

favour polymer formation.
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Table 4.2: ICP etch recipes

Parameter Recipe 1 | Recipe 2
ICP Power (W) 2500 1500

RF bias Power (W) 70 32
Chamber pressure (mTorr) | 10 10

O, flow rate (sccm) 15 10

CaFs flow rate (sccm) 40 28

Table temperature (°C) 45 20

He cooling (sccm) 15 15

Figure 4.15 shows the etch depth versus time for recipe 1, measured on a profilometer on several
different samples, for bulk SiO, and for sputtered GeO,:SiO,. Both show a linear trend showing
that etch rate does not change significantly with depth. The etch rate for PECVD silica was also
measured but only for a single sample. The etch rate for each material is summarised in Table 4.3.
The highest etch rate was for the GeO,:SiO.. The PECVD SiO; etched at a faster rate than the bulk
SiO, which suggests the former is of a lower density. The recipe shows a minimum selectivity of

43:1 50 a 30 um deep channel requires a chromium masking layer at least 0.7 um thick.
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Figure 4.15: Etch depth versus time for (a) bulk SiO2 and (b) sputtered GeO,:SiO; using etch recipe 1.

Table 4.3: Etch rates using ICP etch recipe 1.

Material Etch rate (um/min)
PECVD SiO; | 0.261
Ge02:Si0; 0.387
Bulk SiO2 0.215
Chrome mask | 0.005

The etch rates allow calculation of the etch time using the following equation.

Tps Tgs T
=224 B8 45
RPS RGS RS
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Tps, Tgs, and Tg are the thickness and Rpg, Rgs, and Rg are the etch rates for PECVD SiO,
Ge02:Si0; and bulk SiO; respectively. A 30 um deep channel took 124 minutes to etch.

4.10.2  Etching of waveguides

Etch recipe 1 was used to etch the channel waveguide structures. The 2.0 pum thick Ge0.:SiO;
films with a chromium masking layer were etched to a depth of 2.4 um to ensure complete removal
of the core material around the waveguide structure. The side wall angle of the etched waveguides
was measured by imaging the end facet of a PECVD clad sample on a scanning (SEM) electron
microscope in back scattering mode to enhance the contrast between the core and cladding
material. SEM Images of the end facets for the waveguides with an original mask width of 1.8 pm
and 10.0 um are shown in Figure 4.16 (a) and (b) respectively. The waveguides have a trapezoidal
cross section with an average top corner angle of 96.8 °+1.4 ° measured for 40 different
waveguides. The trapezoidal cross section did not significantly affect the mode symmetry of the

intensity profile produced by the waveguides as described in Chapter 5.

b)

Figure 4.16: SEM images of PECVD clad channel waveguide cross sections for original mask widths of (a)
1.8 pmand (b) 10.0 pm.

Figure 4.17 shows the fabricated waveguide widths versus the original mask width. The narrowest
waveguides are larger than the original mask width while the wider waveguides are smaller than
the original mask width. The range of waveguide widths fabricated allowed a waveguide width to
be selected for single mode or multimode operatation. The 1.8 um wide mask design produces a
waveguide with an average width of 2.0 um and so should best approximate the dimensions for a

single mode waveguide with a symmetrical mode profile specified in Chapter 3.
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Figure 4.17: Fabricated waveguide width (top and bottom) versus original mask width.

4.10.3  Etching of microfluidic channels

Test samples were etched and the etched structures were imaged by SEM. Figure 4.18 (a) shows
the face of the microfluidic channel side wall revealing the three optical layers. The faster vertical
etch rate of the GeO,:SiO; is apparent as there is a narrow trench sitting on top of the ridge on the
fluidic channel floor. The ridge itself is 2.4 um high and is due to the original surface ridge formed
by the waveguide cladding before etching. The size of the ridge may affect the direction and
velocity of the fluid flow. This effect can be reduced by planarization of the chip surface before
etching which is described in the next section. The etching has caused some cracking or
discontinuity between the PECVD SiO; and the substrate SiO, which may have been due to heating
of the substrate during etching. This cracking is not observed at the polished end facet of the
waveguide and so may only be in the immediate vicinity of the microfluidic channel. Figure 4.18
(b) shows the cross section view of a 14.5 um wide by 27.5 um deep test microfluidic channel
etched into a SiO, substrate. The channel cross section shows good verticality overall with an
average sidewall angle of 91 °+4.3° measured for 6 different channels on the same substrate.
Overall the cross section is a good approximation of the rectangular shape needed for inertial
focussing. The trenches at the bottom of the channel are likely due to bombarding ions being
deflected by the angled facet of the chromium mask, leading to a higher rate of etching at the
bottom corners [79]. This mechanism is illustrated in Figure 4.18 (c). As the trenches run parallel
to the direction of flow they are unlikely to significantly alter the direction of fluid streamlines and

influence inertial focussing behaviour.
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Figure 4.18: Scanning electron microscopy images of the etched microfluidic channels. (a) Angled view of
the sidewall of an 8 um deep channel showing the different optical layers. (b) Cross section of 14.1 um wide
by 27.5 pum deep microfluidic channel etched into bulk SiO,. (c) Mechanism of ion deflection which
produces trenches at the bottom of the microfluidic channel.

Chips with channel waveguides, clad in PECVD silica and with a chromium hard mask were
etched to the target depth of 30 um. Three devices with integrated waveguides and microfluidic
channels were fabricated, numbered 1 to 3. Devices 1 and 2 were designed with a microfluidic
channel width of 20 um and were etched using recipe 1.

Device 3 was designed with a microfluidic channel width of 14 um and was intended to be used for
investigation of the effect of a higher aspect ratio microfluidic channel on inertial focussing. The
device was not used in the flow cytometry studies however as the narrower channel was susceptible
to blocking. The microfluidic channel for device 3 was etched using Recipe 2, the parameters were
based on work by Messow et al [88] and the recipe was expected to show improved selectivity and
reduce trenching. The recipe showed a better selectivity than recipe 1 at 54:1, but a lower SiO; etch
rate at 0.091 um/min. Microscope imaging of the channel cross section of test channels revealed
that the trenching effect was significantly reduced, as can be seen in Figure 4.19. This is thought to
be due to a lower RF bias power reducing the bombarding ion energy. Drawbacks of this process

are the slower etch rate which requires nearly double the time to etch.



Chapter 4 Device fabrication 63

Figure 4.19: Cross section view of a 21 um wide channel etched into bulk SiO; using ICP etch recipe 2.

The final dimensions of the microfluidic channels etched into the three complete devices are shown
in Table 4.4. The width of the etched channels was measured as 1.1 um wider than the mask width
on devices 1 and 2 and 1 um wider than the mask width on device 3. The increase width was
thought to be due to a combination of a chromium hard mask with slightly wider features than the

design and a small amount of lateral etching.

4.11 Planarization by polishing

As noted in the analysis of Figure 4.18 () the etching of the ridged chip surface results in ridges on
the floor of the microfluidic channel measured to be 2.4 um high. Such ‘micro-weir’ structures
have been shown to redirect flow to produce a vertical force on flowing particles and so may push
the inertial focussing equilibrium positions up [89]. Planarization of the chip surface before etching
can prevent these features. Three planarization methods were trialled. Using an FHD deposited
cladding was shown to produce a planar top surface however the process required further
optimisation to prevent stress based cracking. An etch back process was trialled but produced high

surface roughness on the etched surface.

The approach chosen was to surface polish the ridge features flat using chemical-mechanical
polishing. The chip was affixed with wax onto a self-levelling mounting block which allowed it to
freely rotate. The polishing jig, shown in Figure 4.20 (a) pushes the chip surface against a rotating
polishing wheel, shown in Figure 4.20 (b) covered in polishing fluid (Alkaline colloidal silica
solution, SF1 polishing fluid, Logitech, UK).
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Figure 4.20: (a) Chip affixed to a polishing jig. (b) Polishing jig on rotating polishing plate.
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Figure 4.21: (a) Surface ridge height versus polishing time at different lateral position on chip. (b) Cross
section view of surface ridges for different lateral position on chip after planarization.

Figure 4.21 (a) shows that the surface polishing rate is fastest at the edge of the chip, and slowest in
the middle of the chip. This is because more polishing fluid is able to access the regions close to the
edge of the chip, making the polishing rate faster. Figure 4.21 (b) shows the cross-section view of
the surface ridges at increasing lateral distance from the middle of the chip, after 4 hrs of polishing.
The ridge at the middle shows no planarization whilst the ridge at the right edge is fully planarized
and in addition 15 pum of cladding has been removed.
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The chemical mechanical planarization process was shown to be effective at local planarization
however the polishing rate was dependant on the proximity from the middle of the chip. For the
illumination of flowing beads, the waveguides selected for used were halfway up the height of the
channel. Whilst this trial used basic equipment available in our lab, chemical-mechanical

planarization is used industrially to produce wafers with excellent planarization uniformity [79].

4.12 End facet polishing

After the microfluidic channel were etched, the end facets of the waveguides were polished using
conventional lapping and polishing setups. Briefly, chips to be polished were stacked together in
wax and affixed to a polishing jig similar to that shown in Figure 4.21 (a). The end facets were first
lapped with abrasive alumina slurry to remove around 1mm of waveguide length and planarize the
end facets. Next the chip end facets were polished to reduce the surface roughness, giving an
optical finish for efficient coupling into the waveguides. The polished end facets of the waveguides
are shown in Figure 4.21 (b). The polishing and lapping machines used were Logitech LP50

models each fitted with a polishing and lapping plate respectively.

4.13 Sealing methods

The microfluidic channels required for inertial focussing are long and narrow producing a high
back pressure and therefore requires a robust sealing technique. The designs used in this work are
20 um wide, 30 um high and 30 mm long and must operate at flow rates up to 0.4 pl/s which gives

a pressure drop, calculated using equations 4.2 and 4.3, of 10.36 bar.

A sealing technique using a Polydimethylsiloxane (PDMS) lid bonded to top of the chip using
oxygen plasma activated bonding was trialled. Oxygen plasma bonding is a method for irreversibly
bonding a PDMS surface to another piece of PDMS or glass by creating covalent bonds between
the two surfaces. PDMS consists of polymer chains of —O-Si(CHs)2- monomer units. Exposure of
the chains near the surface to oxygen plasma causes the —CHs; groups to be replaced with —OH
groups. When two activated surfaces are brought into close contact the OH groups form an Si-O-Si
bond with the loss of water. Higher bond strengths are achieved by increasing the density of OH
sites on a surface by using optimised plasma conditions. Generally a higher plasma pressure (200-
1000 mTorr) low RF power (20 W) produce a greater density of surface sites. The exposure time
must be limited, usually to less than 30s, to prevent damage to the polymer chains of the PDMS
which can lead to decreased bond strength [90]. Bond strength can also be improved after contact
by baking the sealed devices in an oven at 95 °C to drive out water at the interface produced from
the condensation reaction. Oxygen plasma sealed microfluidic channels sealed using a Tepla 300
plasma system at 1000 mTorr O, at 20 W for 20s were observed to delaminate above a channel

pressure drop of 2.59 bar (@ = 0.1 ul/s, Ur = 0.17 m/s). Another technique using pressure
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clamping of a PDMS lid was shown to leak above a channel pressure drop of 1.29 bar (Q = 0.05
/s, Us = 0.08 m/s).

The most pressure resistant sealing technique was adhesive bonding of a glass lid over the
microchannel using a thin film of SU-8 photoresist as the adhesive. In adhesive bonding the
uncured liquid adhesive conforms to the surface it is placed in contact with. Curing of the adhesive
causes the monomeric precursors to polymerise into long chains hardening the adhesive layer. The
close contact (<0.5 nm) between the adhesive and surface creates very strong van der Waals forces
between OH groups on the polymer chain of the adhesive and OH groups on the surface [91]. To
ensure a strong bond very close conformal contact must be achieve by ensuring the surface to be
adhered to is clean and has a higher surface energy than the adhesive and so is effectively wet by

the adhesive. Applying pressure to an interface also improves conformation.

The adhesive sealing procedure was adapted from several techniques used in the literature [92],
[93]. Microfluidic channel lids were prepared from 170 pm thick cover slips made from
borosilicate glass. The lids were cut to size and two, 2 mm diameter access holes were drilled
through 32 mm apart. These lids were cleaned using the silica cleaning protocol and then spin
coated with a 3 um thick layer of the negative photoresist SU8-2 (Michrochem corp, USA). The
SU-8 layer was soft baked on a hot plate at 65 °C for 5 minutes and then 95 °C for 3 minutes. The
hot plate was then reduced until the SU-8 temperature is 72 °C and slightly tacky. The chip was
aligned by hand with the microfluidic reservoirs opposite to the lid access holes and then pressed
down onto the lid. The chip and lid were then flipped over and tweezers were used to apply
pressure to the lid until full contact was achieved. An assembled device with a lid is shown in
Figure 4.22.

Access hole

Figure 4.22: Adhesive bonding of SU-8 coated lid onto chip. The chip is on a hotplate with tweezers applying
pressure to bring the lid into full contact.

The adhesive bonding technique allowed operation of devices 1 and 2 up to a channel back

pressure of 5.18 bar (@ = 0.2 pl/s, U = 0.33 m/s). Further improvements to the bond strength can

be made by fully planarizing the chip surface to maximise the contact area and also by applying

more pressure during bonding using a heated screw press.
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4.14 Complete devices fabricated

Using the processes described, three devices were fabricated with channel waveguides integrated
with a straight, square cross section microfluidic channel. All devices had a waveguide core layer
of 2 um height with a range of waveguide widths from 2 pm to 9.2 pm. Device 1 and 2 were
fabricated with mask designs for microfluidic channels 20 pum wide. The actual fabricated channels
were measured on a microscope to have a width of 21.1 pm £0.9 um and 21.1 pm +0.2 pm for
device 1 and device 2 respectively. Device 3 was fabricated with a mask design for a microfluidic
channel 14 pm wide. The actual fabricated channels were measured to have a width of 15.0 um +
0.2 um. The depth of the microfluidic channels was measured using a Z-scope optical profiler to be
28.8 28.8 £0.4 um for device 1, 30.5 £0.5 um for device 2 and 30.0 £0.4 um for device 3. These
measurements are summarised in Table 4.4. Figure 4.23 shows a photograph of device 2 without a

microfluidic lid.

Table 4.4: Measured dimensions for waveguides and microfluidics of fabricated devices.

Device 1 Device 2 Device 3
Waveguide height 2 um 2 um 2 um
Waveguide width 2-9.2 ym 2-9.2 pym 2-9.2 um

Microfluidic channel width | 21.1 pm £0.9 um | 21.1 um 0.2 pm | 15.0 um 0.2 pm
Microfluidic channel height | 28.8 +0.4 um 30.5+0.5 um 30.0 um +0.4 pm

50 mm WG array

Microfluidic channel

Figure 4.23: Photograph of device 2 without the microfluidic channel lid.

Devices 1 and 2 were used in the flow cytometry studies described in Chapter 6.

4.15 Conclusion

The dimensions of the microfluidic channel required for inertial focussing of 5.6 um diameter
beads were determined. The cross sectional dimensions of 30 um high and 20 um wide were
determined from rules in the literature and the limitations of the fabrication processes to be used
and operating pressures. The channel length required for the devices was determined to be 30 mm

with an experimental study using PDMS test channels.

The fabrication process developed enables the production of monolithic, SiO, based microflow

cytometer devices with fully integrated microfluidic channels and waveguides. The total processing
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time to produce a chip is 88 hours including all annealing and drying steps. Whilst this is longer
than the production time for equivalent devices made with polymers (1 day) [25] the glass based
production techniques allow robust optical circuits to be manufactured with the potential for
inclusion of advance integrated optical components. The use of expensive cleanroom facilities can
also be offset by producing large batches, for example at least 20 chips can be manufactured at a

time on an 8” diameter wafer.

In summary the production process was as follows. The GeO2:SiO; films forming the waveguide
core were deposited with magnetron sputtering showing good thickness uniformity at 2 um + 0.050
pm with a refractive index of 1.469 +0.0007 at a wavelength of 633 nm. The sputter deposition
process at 200 °C showed lower slab propagation losses than the process at 20 °C suggesting the
higher temperature process produces a film with fewer discontinuities and a more homogeneous
refractive index. Annealing of the films in oxygen was shown to reduce the film refractive index
and may increase propagation losses. ICP etching of the films protected by an e-beam deposited
chrome hard mask was shown to produce waveguide structures with a width +10% of the original
mask design. Waveguides of 2.0 um average width and 2.0 pum high were produced which are a
good approximation of the single mode waveguide structures identified in the BPM simulations in
Chapter 3. Additionally waveguides of up to 9.2 um wide were produced allowing multimode
operation. PECVD deposition of SiO, was shown to be a viable technique for the deposition of a
thick cladding, up to 18 um with a refractive index matching that of bulk SiO,. Increasing the flow
rate of N.O relative to SiH4 was shown to produce films of matching refractive index to bulk silica
and alleviated stress induced cracking of the films. Planarization techniques were trialled as a
means to reduce ridges in the cladding and chemical/mechanical polishing was shown to be

successful at local flattening of ridges.

The microfluidic channels were fabricated using the same technique as the waveguides. The
structures were defined with an e-beam deposited chrome hard mask and ICP etched to the required
depth. Microfluidic channels were etched in multilayer substrates with integrated waveguides. The
microfluidic channels produced were rectangular in cross section and could be made up to 30 um
deep and with any chosen width. A sealing technique using adhesive bonding of a glass coverslip
lid on top of the microfluidic channel was shown to be effective up to a channel pressure drop of
5.18 bar (Q = 0.2 ul/s U = 0.33 m/s).

Three complete devices were fabricated, numbered 1-3. The next chapter describes the optical
characterisation of the optical light path in these devices and then Chapter 6 describes the use of the

devices for analysis of flowing beads.



CHAPTER 5
Characterisation of waveguide
performance and illumination beam

5.1 Introduction

The design of the optical and fluidic components and the optimised fabrication processes required
to realise the integrated optical flow cytometer devices have been described in the previous two
chapters. Having fabricated the devices the optical light path including the waveguides and
illumination beam were characterised. This allowed the theoretical design process to be verified
and also informed the interpretation of the data from the flow cytometry studies which are
described in the Chapter 6.

In this chapter first the modal behaviour of the narrowest 2.0 pm average width waveguide is
assessed by imaging of the mode intensity profile. Then the power budget for the device is
established in order to assess how optical attenuation may affect the function of the device. The
real mode intensity profiles are compared to the simulated mode intensity profiles to verify if the
simulated coupling efficiencies from Chapter 3 can be used as an approximation. The propagation
loss of the waveguides are measured with two methods, the total waveguide insertion loss and by
measuring the decay in scatter or autofluorescence along the waveguides. The insertion loss of the
microfluidic channel is then measured and compared to the simulated insertion losses. Finally the
shape of the beam launched into the microfluidic channel by the 2.0 um wide and 9.2 um wide
waveguides are analysed by imaging the beam with fluorescent dye solution in the microfluidic
channel. This would later clarify how beads were illuminated in the flow cytometry studies
presented in Chapter 6.

5.2 Mode profiling

In Chapter 3, the BPM simulations determined the waveguide dimensions for single mode
operation using the selected germania:silica material system. Chapter 4 showed waveguides of 2
um high by 2 um average width could be produced by conventional photolithography and etching.

This section evaluates the mode intensity profile of these waveguides to confirm single mode

69
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operation and to measure the spotsize and compare this to the simulated spotsize. Mode profiling
involves imaging the output of a waveguide and analysing the intensity distribution. Single mode
operation is indicated by a Gaussian-like intensity distribution in the horizontal and vertical

dimensions which does not change shape as the input radiation is scanned across the input facet.

The optical apparatus used to image the mode profile at wavelengths of 532 nm and 637 nm is
shown in Figure 5.1. Light from either a laser diode pumped solid state laser at 532 nm (20 mWw,
0Z-2000-532-3.5/125-P-40-3S-3A-1-20, OZ optics, Canada) or a 637 nm laser diode (5mwW
iIFLEX2000, QIOPTIQ, USA) was butt coupled into the polished end facet of the waveguide via a
single mode fibre under polarisation control. The chip was imaged from above using a microscope
and CCD camera (ORCA R2 Hamamatsu Photonics, Japan) to aid alignment during butt-coupling.
The transverse intensity distribution at the end facet was imaged with a 20x 0.40 NA onto a CMOS

camera (Moticam 2, Motic, HK).

CCD Key
Camera 1 OBJ:  Objective
L o PD: Photodetector
il SMF:  Single mode
: fibre
Filter
= P: Polariser
CMOS Q OBJ 1 Polarisation
Camera 2 OBJ 2 controller
o = Sea_pm
i SMF
P Device Solid state
Z!Y laser
X

Figure 5.1 Schematic of the optical setup used to image the mode profile of the waveguides.

The known distance between adjacent waveguides within the same field of view was used to
calibrate each image. Polarisation was confirmed by adjusting the polarisation controller to
maximise the mode profile pixel intensity with a TE or TM orientated polariser in front of the
camera [94]. The images for the mode profile were analysed in MATLAB to provide the intensity
distribution in the Y and Z direction through the peak of the mode intensity distribution. A
Gaussian curve, described by the following equation, was fitted to the data points for each intensity

distribution.

- 5.1

_ 2
I =1, exp <_M>
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Where I, is the peak intensity, b is the peak position, c is the width related to the spotsize w (Full
width at 1/e? intensity) by ¢ = %. The mode profiles were measured for the 2.0 pm average width

by 2.0 um high waveguide on device 1 before the microfluidic channel was etched.

First a test was performed to confirm that the waveguide was single moded by translating the input
fibre in the Y and Z directions in order to attempt to excite higher order modes. Figure 5.2 and
Figure 5.3 shows that when the input fibre position relative to the waveguide central axis, IP, was
translated in Y and Z by 1 um increments the mode intensity profile in Y and Z remained
Gaussian-like with only the peak amplitude changing, indicating single mode operation at both
wavelengths. These observations agree with the predictions made by the simulations in Chapter 3

that a 2.0 um wide by 2.0 high waveguide would be single moded at both wavelengths.

a) Input fibre Y translation, Y profile b) Input fibre Y translation, Z profile
‘;510.4 3 ‘;510.4 3 . IPy=0pm
= =2 IPy=1pm
w L w L
;':3 0.2 ;':3 0.2 IPy=2 pm
£ £ ._\ IPT=3_ um
0 0 a = L TTren e
0 1 2 3 0 1 2 3
Y (pm) Z (um)
c) Input fibre Z translation, Y profile d) Input fibre Z translation, Z profile
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Figure 5.2: Confirmation of single mode operation at a wavelength of 532 nm by analysis of the mode profile
cross section as the butt coupled input fibre is translated in 1 um increments relative to the axial centre of the
waveguide. Input fibre translation in Y direction showing (a) Y profile and (b) Z profile. Input fibre
translation in Z direction showing (c) Y profile and (d) Z profile.



72 Chapter 5 Characterisation of waveguide performance and illumination beam

a) Input fibre Y translation, Y profile b) Input fibre Y translation, Z profile
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Figure 5.3: Confirmation of single mode operation at a wavelength of 637 nm by analysis of the mode profile
cross section as the butt coupled input fibre is translated in 1 um increments relative to the axial centre of the
waveguide. Input fibre translation in Y direction showing (a) Y profile and (b) Z profile. Input fibre
translation in Z direction showing (c) Y profile and (d) Z profile.

Figure 5.4 shows the TE mode intensity profiles for the 2.0 um average width by 2.0 um high
waveguide for wavelengths of 532 nm and 637 nm. Changing the polarisation of the input fibre
was shown not to change the mode profile dimensions significantly and so only the mode profiles

for TE polarisation are presented.
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Figure 5.4: False colour images showing the mode profile for the fabricated 2.0 um average width by 2.0 um
high channel waveguide at wavelengths of 532 nm and 637 nm with TE polarisation input. The cross-section
in Y and Z through the mode peak is shown below each picture. Mode profiles of the single mode input

fibres are also shown for comparison.

The cross sections in Y and Z at both wavelengths displayed in Figure 5.4, approximate a Gaussian

distribution indicating that the fundamental mode is being predominately excited. Table 5.1
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compares the measured waveguide spotsizes at the full width at 1/e? intensity to the simulated
spotsizes from Chapter 3 and the measured single mode fibre spotsizes. There is good agreement
between the measured waveguide spotsize and the simulated waveguide spotsize in the Y direction
at a wavelength of 532 nm. At a wavelength of 637 nm the spotsize is slightly larger in the Y
direction than the simulated spotsize. For both wavelengths the measured spotsize is wider in Y
than in Z which disagrees with the symmetrical spot suggested by the simulation results. The
smaller dimensions in the Z direction may be due to a vertical tilt in the sample which could not be
accounted for by the calibration measurement which is done horizontally. The spotsizes for the
fibre are within the region stated by the manufacturer of 3.5 um £0.5 um for 460HP [59] and 3.6
- 5.3 um for SM600 [68].

Table 5.1 Measured spotsize in Y and Z for a 2.0 um average width by 2.0 um high channel waveguide at
wavelengths of 532 nm and 633 nm with TE polarisation compared to simulated 2 um wide by 2 um high
channel waveguide and measured single mode input fibres.

532 nm 637 nm
wy (UM) | @z (pm) | @y (UM) | w2 (UM)
Measured waveguide 2.5 1.8 3.0 2.4
Simulated waveguide 2.4 2.4 2.7 2.7
Measured single mode | 3.2 3.3 4.5 4.5
fibre

5.3 Device power budget

A power budget for the device was established in order to assess how optical attenuation in the
device may affect the device signal to noise ratio for fluorescence and transmission based detection

of flowing beads.

5.3.1 Coupling losses

The Coupling loss is the fraction of the optical power lost when light from a fibre or free-space
beam is coupled into a waveguide. Coupling losses are due to two main factors, a mismatch in the
intensity distribution of the modes supported by the waveguide and the modes of the input fibre and

Fresnel reflections at interfaces such as air to glass or glass to water.

The waveguides dimensions and refractive index were designed to ensure a high coupling
efficiency with a single mode fibre by ensuring a close spatial overlap in the mode intensity
distributions of the fibre and the waveguide. In general the measured spotsizes and the simulated
spotsizes for the waveguide showed good agreement. It was therefore expected that the real
coupling efficiencies would approach the simulated coupling efficiencies of 0.90 and 0.84 for
wavelengths of 532 nm and 633 nm respectively calculated in Chapter 3. These values correspond

to coupling losses of 0.46 dB and 0.76 dB for wavelength of 532 nm and 633 nm respectively.
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The real coupling efficiencies would be expected to be slightly lower due to diffraction across the
air gap between the fibre and waveguide and Fresnel reflections at the waveguide interface. The
proportion of light reflected at the air to waveguide interface, R, can be estimated with the Fresnel

equation [95].

(ny —ny)?

= </ 5.2
(ng +ny)?

Ry
Where n, is the air refractive index and n, is the waveguide core refractive index. Using this
equation the proportion of light reflected at the interfaces was calculated as 0.04 for both

wavelengths.

Accounting for the Fresnel reflections the estimated coupling efficiencies for the realised 2.0 um
wide by 2.0 um high waveguide were 0.86 and 0.79 for wavelengths of 532nm and 637 nm
respectively. These values correspond to coupling losses of 0.66 dB and 1.02 dB for wavelengths
of 532 nm and 637 nm respectively These high coupling efficiencies would ensure that the amount
of stray light propagating in the substrate was minimised maintaining a high signal to noise ratio

for fluorescence and transmission based detection.

5.3.2 Propagation losses

The propagation loss of a waveguide is the optical power lost per unit length and is usually
expressed in dB/cm. Propagation loss is due to absorption of light by the waveguide material and
cladding and by scattering of light at the core/cladding interface and at discontinuities in the core
[95].

The insertion loss of a waveguide, L;, can be used to calculate the propagation loss per unit length
Lp, if the coupling losses, L., and the waveguide length, Ly, are known by using the following

equation.
Lp = (L —=Lc¢)/Lwe 5.3

The insertion loss of the 2.0 um average width by 2.0 um high waveguide was measured using the
optical setup shown in Figure 5.5. The output light from the waveguide was collected by butt
coupling a 50 um diameter core multimode fibre with a numerical aperture of 0.22 which was
optically connected to a photo detector power meter. The output power of the fibre coupled laser
was measured by butt coupling the single mode fibre from the laser to the multimode fibre. The

coupling loss for collection with a multimode fibre was considered to be negligible.
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Figure 5.5: Optical setup used to measure the insertion loss and propagation loss of the waveguides.

The insertion loss in decibels is calculated by the following equation.

Py
Py

Where Py, is the waveguide output power and P, is the fibre coupled laser output power. The

measured insertion loss at a wavelength of 532 nm for the 2.0 um wide by 2.0 pm high waveguide

with a length of 2.12 cm was 31 dB. This insertion loss corresponds to a propagation loss of 14.3

dB/cm. The insertion loss of the waveguide at 637 nm was not measured but was expected to be

lower due to reduced scattering loss at the longer wavelength.

Propagation losses were also calculated by measurement of the light intensity along the length of
the waveguide originating from either scattered light or autofluorescence. The microscope
apparatus shown in Figure 5.5 was used to image scattered light from the waveguides and used a
5% 0.15 NA objective and a top mounted CCD camera. The images were post processed in
MATLAB. First the image was background subtracted using an image of the same field of view but
with the laser switched off. Then the pixel intensity orthogonal to propagation direction was
summed to get the power in pixel counts (B,,) and converted to power in decibels (P;5 ) using the

equation.
PdB - 1010g10(pr) 55

Images were taken along the lengths of each waveguide and the measured propagation losses were
averaged to give a mean propagation loss with a reported error of 1 standard deviation. Propagation
losses were measured in this manner for the 2.0 pum average width and 9.2 um average width

waveguides on device 1 at wavelengths of 532 nm and 637 nm and for both input polarisations.
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At an input wavelength of 532 nm a significant amount of autofluorescence was excited along the
length of the waveguide as light was still visible with a long pass 542 nm filter (BLP01-532R-25,
Semrock, USA) in front of the CCD camera. This was thought to arise from metal impurities in the
germania:silica core or the PECVD silica cladding. At an input wavelength of 637 nm there was
not significant autofluorescence as the light was cut out when a long pass 645 nm filter (BLPO1-
633R-25, Semrock, USA) was inserted in the microscope. For both light originating from scattering
and from autofluorescence, the intensity is directly proportional to the optical power interacting

with the scattering/autofluorescing body and so both can be used to measure propagation loss.

Figure 5.6(a) and (b) show the false colour images of the autofluorescence along a section of the
2.0 um wide waveguide excited by input light at a wavelength of 532 nm for both input
polarisations. Figure 5.6(c) and (d) shows the power in decibels, calculated from the MATLAB
processing, plotted against the X position along the waveguide for both polarisations. The power
lost per unit length was taken as the gradient of the linear fit.

a) TE b) TM

0 500 1000 1500 0 500 1000 1500
X (um) X (um)

c) TE d) ™™

" : . 51 . . .
500 1000 1500 0 500 1000 1500
X (um) X (pm)

Figure 5.6 : Top row: False colour image of the autofluorescence from a 2 um wide waveguide excited by
input light at a wavelength of 532 nm for (a) TE polarisation and (b) TM polarisation. Bottom row:
Autofluorescence power versus propagation length (X direction) measured from each image.

Figure 5.7 (a) and (b) show the false colour images of the scattered light along a section of the 2.0
pm wide waveguide with input light at a wavelength of 637 nm for both input polarisations. Figure
5.6(c) and (d) show the power in decibels, calculated from the MATLAB processing, plotted
against the X position along the waveguide for both polarisations. Sample images for the 9.2 um

wide waveguide were also taken but are not presented.
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Figure 5.7: Top row: False colour image of the scattered light from a 2 pm wide waveguide excited by input
light at a wavelength of 637 nm for (a) TE polarisation and (b) TM polarisation. Bottom row: Scattered light
power versus propagation length (X direction) measured from each image.

Table 5.2 summarises the measured propagation losses for the 2.0 um wide and 9.2 pm wide
waveguides at both polarisations.

Table 5.2: Propagation loss measured by image analysis of waveguide autofluorescence (532 nm) or scatter
(637 nm). Error represents 1 standard deviation of the mean. NM = not measured.

532 nm 637 nm
TE ™ TE ™
WG Width | dB/cm |+ |dB/cm |+ |[dB/cm |+ | dB/cm | +
2.0 um -155 |16|-142 |25|-148 |54 |-11.0 |34
9.2 um -139 |27 ]-148 | 17| NM - NM -

The propagation loss for the 2.0 um waveguide measured by microscope imaging was close to the
propagation loss calculated using the waveguide insertion loss. The input polarisation showed no
significant effect on the propagation loss within the measurement error for both widths of
waveguide measured. The input wavelength also showed no significant effect on propagation loss
within the measurement error for the 2.0 um wide waveguide. The losses at an input wavelength of
637 nm for the 9.2 um wide waveguide were not measured. If the measurement error was reduced
it would be expected that the longer wavelength should exhibit lower propagation loss due to

reduced scattering. The waveguide width did not significantly affect the measured propagation loss
at 532 nm.
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The measured propagation losses are in the region of 13.9 -15.5 dB/cm and are high for
waveguides. The high losses may be due to roughness in the side wall of channel waveguides or
due to inclusions or discontinuities in the germania:silica film. The autofluorescence exhibited at an
input wavelength of 532 nm will also contribute to light absorption during propagation. A further
study of the deposition parameters, annealing and etch process for the waveguides would reveal a
good course of action to reduce the propagation losses but was outside the scope of this work. The
relatively high propagation losses did not affect function of the devices as fluorescence based and
transmission based detection of flowing beads was still achieved with a high signal to noise ratios

as described in Chapter 6.

5.3.3 Microfluidic channel insertion loss

The microfluidic channel insertion loss is the proportion of optical power lost in transmission from
the input waveguide to the output waveguide across the microfluidic channel. A low microfluidic
channel insertion loss is desirable to ensure enough optical power is collected by the output

waveguide to allow transmission based detection of flowing beads with a high signal to noise ratio.

The insertion loss incurred by the 21.1 um wide microfluidic channel filled with water (ns32nm=
1.334) in device 1 was measured using the same setup, and a similar technique to that used to
measure propagation loss. An image was taken of the waveguide autofluorescence with the
excitation and collection waveguide in the same field of view, bisected by the microfluidic channel.
As with the propagation loss measurements, the pixels in the image orthogonal to the propagation
direction were summed to give the autofluorescence power versus propagation length for both
waveguides. The power in pixel counts was converted to dB using equation 5.5. Separate linear fits
were then applied to the input waveguide power data and the output waveguide power data. The
insertion loss in dB was calculated as the difference between the last point on the line of best fit of
the input waveguide and the first point on the line of best fit of the output waveguide. Using this
technique it was only possible to measure the insertion loss at a wavelength of 532 nm as at a
wavelength of 637 nm, strong scattering occurs at the microfluidic channel obscuring
measurement. The insertion loss of the 21.1 um wide microfluidic channel were measured for the

2.0 um wide waveguide and for the 9.2 um waveguide at both polarisations.

Figure 5.8 shows the autofluorescence power in decibels versus propagation length measured for
2.0 um and 9.2 um wide waveguides at both input polarisations. All plots show a sharp dip in
power coinciding with the microfluidic channel. The insertion loss for the 2.0 um wide waveguide
was 2.75 dB and 3.46 dB for TE and TM inputs respectively. The insertion loss for the 9.2 um
wide waveguide was 3.61 dB and 3.58 dB for TE and TM input polarisations respectively.
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Figure 5.8: Analysis of the insertion loss caused by a 21.1 um wide microfluidic channel at a wavelength of

532 nm. All plots show autofluorescence power versus X distance along waveguide measured for a 2.0 um

wide waveguide with (a) TE and (b) TM input polarisations and for a 9.2 pm wide waveguide with (c) TE
and (d) TM input polarisations.

These measured insertion losses are higher than the simulated insertion losses for a ~20 um wide
channel which were simulated as 1.0 dB and 0.6 dB for 2 um and 10 um width waveguides
respectively. The increased insertion losses are likely to be partly due to Fresnel reflection and
most significantly scattering at the fluid/waveguide interfaces which were not accounted for in the
simulations. The input polarisation only appeared to significantly affect the insertion loss for the
2.0 um waveguide and may have been due to features on the end facets of this waveguide. The
waveguide width did not significantly affect the insertion loss. The channel coupling losses would
be expected to be higher if the fluidic channel were filled with air (ns3,,, = 1) instead of water as
the increased refractive index contrast would cause greater beam divergence. .A common
observation was that the propagation loss of the output waveguide was greater than the output
waveguide as shown by the steeper gradient of the linear fit. This may be due to the rapidly

decaying leaky modes which could be launched in the collection waveguide.

Overall the insertion loss incurred by the microfluidic channel was low enough to allow coupling
efficiencies of 0.53 and 0.45 for 2 um and 9.2 um wide waveguides respectively. These coupling
efficiencies were expected to allow enough light to be collected by the output waveguide for
transmission based detection of flowing beads with a high signal to noise ratio. Detection with a

high signal to noise ratio was demonstrated in the flow cytometry studies described in Chapter 6.
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5.3.4 Device insertion loss

The insertion loss of a device including the microfluidic channel was measured using the same
technique used for the waveguide insertion loss and was 19.59 dB. The total losses calculated from
all the components of the light path (Table 5.3) are slightly lower than the measured device
insertion loss. The difference is likely to be due to slight differences in the real coupling losses

compared to the simulated values used.

Table 5.3 Losses for each component of optical light path compared to measured device insertion loss

Component Loss (dB)
Input coupling 0.66
Input WG (L= 0.5cm) 7.40
Fluidic channel 2.75
Output WG (L= 0.5cm) 7.40
Output coupling loss 0.66
Total loss 18.86
Device insertion loss 19.59

5.4 Beam shape in the microfluidic channel

The shape of the beam was imaged in the microfluidic channel in order to inform the interpretation
of fluorescence and transmission signals produced by flowing beads in the studies described in
Chapter 6. Imaging of the beam at a wavelength of 532 nm crossing the microfluidic channel was
achieved by pumping a solution of the fluorescent dye R-phycoerythrin (0.4 pM in distilled water
with 0.2% v/v Tween20 surfactant) through the channel and imaging from above with the
microscope and CCD camera shown in Figure 5.1. The beam shape for the 2.0 um and 9.2 um
wide waveguides were measured for TE polarisation input. The full width at 1/6> maximum
intensity was measured by taking an intensity profile using MATLAB in the Y direction at the left
and right equilibrium positions of flowing beads. These equilibrium positions were identified
experimentally as 5 um from the left and right channel wall respectively as discussed in more detail
in Chapter 6.

Figure 5.9 shows images of beams crossing the microfluidic channel, as revealed by the fluorescent
solution, for the 2.0 um and 9.2 um wide waveguides. Figure 5.9 (a) shows the narrowest beam
width was at the output of the 2.0 um wide waveguide, the beam widths were 4.3 um and 5.9 pum
for the right and left equilibrium position. The XY plane beam dimensions for the 2 um width
waveguide provide a useful approximation for the XZ plane beam dimensions of all widths of
waveguide fabricated, considering they all have a height of 2 um. The widest beam produced was

from the multimode 9.2 um wide waveguide which yielded a width of 9.3 um at the right and 9.9
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pm at the left positions. Figure 5.9 (b) shows that this multimode waveguide launched a dual-lobed
intensity distribution across the channel, which was believed to be due to modal interference in the

waveguide due to excitation of multiple modes in the waveguide.
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Figure 5.9: Fluorescence microscope images of the beam crossing the microfluidic channel with
accompanying profiles showing the intensity distribution parallel to the Y axis for the right and left inertial
focussing position (a) 2.0 um wide single mode waveguide and (b) 9.2 um um wide multimode waveguide.

The width of the beam in the Y direction determines the illumination time and intensity for a bead
flowing through the beam. The choice of waveguide width to be used for the flow cytometry
studies was based upon maximising the signal to noise ratio for the mode of measurement. For the
measurement of the total fluorescent energy emitted from a flowing bead using a CCD camera as
descirbed in detail in Chapter 6, the 9.2 um wide waveguide was chosen. The wider beam allows
the flowing beads to be illumnated for longer without saturation of the CCD camera pixels,
resulting in a greater total fluorescence energy measured, and therefore higher signal to noise ratio.

In addition the 9.2 um wide waveguide was used for the transmission measurements as it was
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expected to produce transmission signals with longer durations which were thought to allow greater

accuracy for measurement of bead velocity.

5.5 Conclusion

The optical characterisation of the light path in the fabricated integrated optical microflow
cytometer devices has been described. The 2.0 um wide by 2.0 high waveguide fabricated was
shown to be single mode at both 532 nm and 637 nm as predicted by the simulations in Chapter 3.
These waveguides were shown to produce Gaussian like mode intensity profiles with spotsizes of

2.5 um and 3.0 um at wavelengths of 532 nm and 637 nm respectively.

The power budget for the fabricated devices was established to assess the impact of optical
attenuation of device performance. As the measured spotsizes were similar to the simulated
spotsizes, the coupling efficiency for the 2.0 um wide by 2.0 high waveguide was approximated by
the simulation coupling efficiencies from Chapter 3 adjusted for Fresnel reflection of 0.86 and 0.79
for wavelengths of 532 nm and 633 nm respectively. These high coupling efficiencies were
expected to minimise the light propagating in the substrate ensuring a low background signal for
fluorescence and transmission based detection of flowing beads. The propagation losses for the
waveguides were measured by two methods, from the waveguide insertion loss and by measuring
light decay along the waveguide. The propagation losses were shown to be from 13.9-15.5 dB/cm
for the 2.0 um and 9.2 um wide waveguides. The insertion loss incurred by the 21.1 um wide
microfluidic channel was measured at 2.75 dB and 3.6 dB for the 2.0 um wide and 9.2 um wide
waveguides for input light at a wavelength of 532 nm with TE polarisation. These insertion losses
were expected to be low enough to allow transmission based detection of flowing beads with a high

signal to noise ratio.

The shape of the beam launched by the input waveguide across the microfluidic channel was
revealed by fluorescence imaging. The smallest beam width which could be produced was from the
2.0 um wide waveguide and were 4.3 um and 5.9 pm for the right and left equilibrium positions.
The largest beam width was from the 9.2 um wide waveguide which produced beam widths of 9.3
pUm at the right and 9.9 um at the left equilibrium positions. The wider beam was deemed to be the
more suitable for fluorescence energy quantification using a microscope and CCD camera as it
would allow a greater total illumination power without saturating the CCD camera ensuring a high
signal to noise ratio. The wider beam was also thought to allow transmission based measurement of

bead velocity with greater accuracy.






CHAPTER 6
Flow cytometry studies using
fabricated devices

6.1 Introduction

Previously Chapter 3 and Chapter 4 described the design and fabrication of the integrated optical
microflow cytometer devices. This chapter evaluates the performance of the fabricated devices
according to the design specification with three studies. First, the extent to which inertial focussing
causes confinement of the flowing beads in the microfluidic channel of device 1 was assessed by
fluorescence streak imaging, measuring the count rate of the beads and measuring the signal
variation. Second, device 2 was used to measure the fluorescence from beads incubated with

human TNFa standard. Third, device 2 was used for transmission based detection of flowing beads.

6.2 Characterisation of inertial focussing of beads in device

6.2.1 Introduction

The straight, square rectangular cross section microfluidic channel design was designed to confine
beads by inertial focussing into two equilibrium positions centred on the long faces of the channel
cross section. This was expected to cause a greater proportion of beads to flow through the beam
and also to reduce signal variation by minimising variation in the total excitation power intersecting
with each bead. To test the effectiveness of the channel design, the extent to which inertial
focussing was causing confinement of the bead flow streams was assessed using fluorescence
streak imaging, measuring the count rate of the beads and measuring the fluorescence signal
variation of the beads. The fluorescence signals from inertially focussed beads in the left and right
equilibrium positions were also compared as these were expected to be different due to the

different beam illumination beam profiles at these positions.

6.2.2 Materials and Method

Characterisation of the inertial focussing of beads was conducted with device 1, which had a

microfluidic channel with a width of 21.1 um +0.9 um and a depth of 28.8 um. The input
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waveguide used to illuminate the flowing beads was positioned 17 mm downstream from the
entrance of the microfluidic channel and was 9.2 um wide by 2.0 um deep. The widest waveguide
was used as although it was multimode, it provided a wider illumination area and thus a longer
illumination time. This allowed a greater amount of total fluorescence energy to be collected

without saturating the pixels in the CCD image.

The device was placed in the optical apparatus shown in Figure 6.1 with the etched side of the
substrate facing down so that all imaging was done through approximately 1 mm of substrate. The
region of the microfluidic channel illuminated by the input waveguide was imaged with a 20x
objective onto a cooled CCD camera (ORCA-R2, Hamamatsu, Japan) through a 542 nm long pass
filter to cut out stray pump light. The fluidic input tubing was attached to the chip by pressure
sealing a flat bottomed ferrule connection against the input reservoir hole. Light from a 20 mW
fibre coupled, diode pumped solid state laser at 532 nm (0Z-2000-532-3.5/125-P-40-3S-3A-1-20,
OZ optics, Canada) was butt-coupled into the input waveguide using a single mode fibre under
polarisation control. Light leaving the output waveguide was collected with an objective lens and
focussed through a TE oriented polariser and then through a pinhole onto a photodetector attached
to a power meter. The total transmitted power was monitored for separate data acquisitions to allow
normalisation of fluorescence measurements between data sets. The polarisation was set to TE by

manipulating the polarisation controller until the output power was maximum [94].
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Figure 6.1: Schematic of the optical set up for imaging fluorescence from flowing beads.

The beads used to characterise the inertial focussing were fluorescence intensity calibration beads
for fluorescence microscopy (Inspeck Orange, ThermoFisher, USA) [96]. These polystyrene beads
are 5.6 um in diameter and are designed to produce repeatable fluorescence emission signals at a
wavelength of 560 nm under excitation light at a wavelength of 532 nm. The beads were suspended
at a concentration of 20 beads/uL in 0.2% Tween20, 1% bovine serum albumin (BSA), phosphate

buffered Saline. (PBS). The low bead concentration was intended to minimise the chance of
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coincident signals and the Tween20 surfactant and BSA were included to prevent aggregation and

nonspecific binding to surfaces.

The bead suspension was pumped to the chip using a syringe pump through a 10 um pore size filter
to remove clusters and then through tubing coupled to the chip input reservoir. A video of the
channel area illuminated by the waveguide was recorded at 79.5 frames per second with an image
exposure time of 0.0125 s and an interval of 79 s between frames when no data was being
recorded. As the transit time of each bead was much shorter than the exposure time, each image of
a streak of florescence left by a bead represented the total fluorescence energy emitted by that bead.
Figure 6.2 shows example frames from a video acquisition showing the region of the microfluidic
channel illuminated by the input waveguide when no bead is present in the beam (Figure 6.2(a))
and when a bead passes leaving a fluorescent streak (Figure 6.2(b)). The resultant fluorescence
energy collected from passing beads was calculated by post processing in MATLAB. A rectangular
region of interest, shown in Figure 6.2(b), was defined around the area in the image illuminated by
the waveguide and all the pixel values within this box were summed, for each frame, giving the

total fluorescence energy collected in pixel intensity units.

The origin of pixel intensity units is as follows, each photon incident on a CCD pixel during the
exposure time is converted into an electron by the photoelectric effect. Some photons do not
produce electrons and so a pixel array is assigned a quantum efficiency value which is the ratio of
the number of electrons stored in a pixel to the number of incident photons during the acquisition.
The charge accumulated in each pixel is directly proportional to the number of incident photons
during the exposure time provided that the pixel does not become saturated. At the end of the
exposure time the charge is shifted from each line of the pixel array onto a linear register which is
then readout through an output amplifier which converts the charge packet for each pixel into a
proportional voltage and applies a gain factor. Following this an analogue-to-digital converter
(ADC) converts the voltage form each pixel into a binary code which is readable by the computer.
The bit depth of the ADC defines the resolution with which each pixel intensity value can be
represented, for example a 16-bit digital value will be on a scale from 0 to 65536 pixel intensity
units. A CCD array can therefore be used to measure the total light energy incident on a pixel as
long as the as the quantum efficiency, gain factor, ADU conversion factor and bit depth are known
[97].
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Figure 6.2: Individual frames from video taken on a the fluorescence microscope of the region of the
microfluidic channel illuminated by the input waveguide when (2) no bead is passing through the beam and
(b) there is fluorescence from a bead passing through the beam within the region of interest (ROI).

The contribution to the signal from chip autofluorescence and intrinsic background in the camera
was eliminated by subtracting the summed pixel intensity of the region of interest when only buffer
solution was flowing. The background corrected, summed pixel intensity value was converted to
energy in joules using equation 6.1 where E' is energy in Joules, I, is 16 bit pixel intensity, F is
conversion factor of 0.275 electrons/analogue-to-digital-unit, E,, is photon energy at 578 nm of
3.44x107° J/photon, G is the camera gain, Q; is the quantum efficiency of 0.7 electrons/ photon at
578 nm [98].

I,xFE,

E=122
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GQx

The baseline background fluorescence was recorded when buffer alone was flowing. The standard
deviation of this background fluorescence was ~0.5 fJ. Any fluorescence energy values which
exceeded a threshold of ten standard deviations of the of the background fluorescence above the
baseline were deemed to be bead signals, with lower values discarded as noise. This process is
shown in Figure 6.3. To prevent the high peaks from distorting the interpretation of the data, peaks

from images where two beads are visible were excluded from the subsequent data analysis.



Chapter 6 Flow cytometry studies using fabricated devices 89

=

200 |7 Bead signals—~—,

©

150 f

o I

e 100 |

O}

?

@ 50 i

S Threshold

e (0] -

o : : : : :
53 53.2 534 536 538

Time (s)

Figure 6.3: Fluorescence energy collected by the CCD camera from beads flowing through the beam.
Showing the threshold at 10 x Standard deviation of the signal when only buffer is flowing. Peaks above the
threshold are from fluorescence from beads.

Two flow rates were investigated, 0.1 ul/s (U = 0.17 m/s) and 0.2 ul/s (U = 0.33 m/s). Inertial
focussing parallel to the short face of the microfluidic channel cross section (x-axis) was examined
using pixel by pixel summing of all the video frames containing a bead into a single image to give
the lateral distribution of beads passing through the beam. Inertial focussing parallel to the long
face of the microfluidic channel cross section (z-axis) was assessed by comparing the count rate of
beads detected to the maximum possible count rate determined by the bead concentration and flow

rate.

6.2.3 Results and discussion

Due to a high back pressure, running the chip at flow rates higher than 0.2 pl/s resulted in
delamination of the lid sealing the microfluidics and so the inertial focussing behaviour of beads
could only be investigated up to this flow rate. In addition blocking of the channel caused by bead
aggregates occurred quickly at higher flow rates and required the chip to be dismantled, cleaned
and resealed. Strategies for overcoming the operational limitations caused by high back pressure
and blocking are covered in section 7.2. At 0.2 pl/s the particle Reynolds number for the device
channel dimensions was calculated using equation 2.2 to be 1.25 which is above the threshold of 1

required for inertial focussing to take place.

The 2 um width waveguide was shown to excite fluorescence from flowing beads however using
the wider 9.2 um waveguide produced approximately twice the fluorescence energy as the bead
was illuminated for around twice the time. The difference in fluorescence signal was due to the use
of a single CCD image acquisition to integrate the entire fluorescence power produce by a bead
over time. Another commonly used metric for fluorescence signal is the peak fluorescence power
[99] which can be measured using a fast photodetector such as an avalanche photodiode. In this
case the 2 um waveguide would produce the same peak power as the wider waveguides if the same

illumination intensity were used. Measurement of the fluorescence energy using a CCD camera
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was adequate for the flow cytometry studies conducted in this work and so the wider 9.2 pum

waveguide was used throughout to excite fluorescence.

Figure 6.4 shows the combined fluorescence image from 612 individual fluorescent beads which
flowed through the beam during the video acquisition time driven at a flow rate of 0.2 pl/s (U =
0.33 m/s). The image shows that the beads are tightly confined into left and right equilibrium
positions centred 5 um = 1 pm from the microfluidic channel walls which indicates that inertial
focussing is well developed parallel to the short face of the channel (X axis). This agrees with the
mechanism suggested by Zhou et al that particle migration to equilibrium positions occurs quickly
parallel to the short face of the channel [54]. The dual lobed intensity distribution in the Y direction
observed previously in Figure 5.9 is again revealed in Figure 6.4 as the beads produce fluorescence
directly proportional to the excitation intensity as they pass through the beam. The greater
fluorescence intensity observed for the right equilibrium position is due to a bias for beads to pass
on the right side of the channel with a ratio of 2:1. This bias was likely to be due to asymmetrical
feeding from clumps of beads forming in the input reservoir as the bias was shown to switch sides

for separate experiments.
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Figure 6.4: Fluorescence microscope image showing the summed fluorescence from 612 beads which have
flowed through the beam driven at a flow rate of 0.2 pl/s. Intensity in the y direction is proportional to the
excitation beam intensity.
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The measured bead count rate at a flow rate of 0.2 ul/s was 142 beads/minute which is 59% of the
maximum count rate determined by the input bead concentration and flow rate. If flowing beads
were randomly distributed in the Z dimension then only 28% of beads would be expected to flow
through the beam based on the assumed dimensions of the beam in the XZ plane. This shows that
inertial focussing parallel to the long face of the channel is occurring but is not fully developed
because the analysis region is positioned 17 mm downstream and so there has not been enough
downstream distance for all particles to reach the equilibrium positions [49], [100]. Reducing the
flow rate to 0.1 pL/s (U = 0.17 m/s) reduced the proportion of beads flowing through the beam to
35 % which also confirms the presence of inertial focussing at the higher flow rate. It is predicted
using equation 2.5 that using a higher flow rate of 0.35 pul/s would lead to fully developed inertial

focussing at the analysis region causing all beads flow through the beam.

The fluorescence energies for beads flowing at 0.1 pl/s and 0.2 ul/s were compared. Figure 6.5 (a)
and (b) show the fluorescence energy collected by the CCD camera for beads pumped at flow rates
of 0.1 pl/s and 0.2 pl/s. The action of inertial focussing is clearly demonstrated by the reduction in
the variation of the bead signal amplitudes at the higher flow rate. The reduction in signal variation
can also be clearly seen by comparing the histograms of the fluorescence energy measured at each
flow rate in Figure 6.5 (c) and (d). The histogram for the 0.2 pl/s flow rate in Figure 6.5 (d) shows
a clear peak representing the modal fluorescence energy whilst there is no clear peak in
fluorescence energy for the 0.1 pl/s flow rate. Table 6.1 summarises the fluorescence energy
statistics obtained for each flow rate. The coefficient of variation (CV), for the measured
fluorescence energy is lower for the higher flow rate of 0.2 pl/s. At the right equilibrium position
the CV of the fluorescence energies is reduced from 58% to 40% when the flow rate is increased
from 0.1 pl/s to 0.2 pl/s. At the left equilibrium positon the CV of the fluorescence energies is
reduced from 92 % to 40% when the flow rate is increased from 0.1 pl/s to 0.2 pl/s. This
observation confirms that inertial focussing in both dimensions acts to reduce the fluorescence

signal variation as intended by the design of the device.

The measured fluorescence energy for the beads flowing at left and right equilibrium positions
were compared for the 0.2 pl/s flow rate. Figure 6.5 (d) shows the histogram of the fluorescence
energies of all the beads from this sample and compares the fluorescence energies for the right and
left beads. Table 6.1 presents the key statistical data. The median fluorescence energy for
individual beads passing on the right hand side, close to the input waveguide, at 205 fJ is ~12%
greater than those from beads passing on the left (178 fJ). This is believed to be due to diffraction
in the Z direction resulting in less of the incident pump power being intersected by beads on the
output (left) side of the channel. The coefficient of variation for the right and left bead position are
the same at 40% indicating that beam dimensions have a minimal effect on signal variation. Due to

the significant difference between the left and right bead signals, it was decided that quantitative
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comparisons of fluorescence signals between different samples of beads should use values from the

same side equilibrium position. It is expected that the lowest achieved fluorescence signal CV of

40% in device 1 may be reduced further by using higher flow rates to further confine the beads in

the Z direction.
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Figure 6.5: Top row: Fluorescence energy collected by the CCD camera for beads flowing at (a) 0.1 pl/s and
(b) 0.2 pl/s through the beam from a 9.2 um wide waveguide. Bottom row: histograms comparing the
fluorescence energies of beads flowing through the beam on the right (blue) and left (pink) side of the

channel for flow rates of (a) 0.1 pl/s and (b) 0.2 pl/s
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Table 6.1: Fluorescence energy collected by the CCD camera for flowing calibration beads at flow rates of
0.1 pl/ and 0.2 pl/s and for beads passing at left or right equilibrium positions for each flow rate.

0.1 pl/s 0.2 pl/s
Left Right Left Right
position | position | position | position
Mean fluorescence energy (fJ) 270.63 | 58440 |179.28 | 203.95
Median fluorescence energy (fJ) | 242.07 | 572.83 | 178.42 | 204.53
Standard deviation (fJ) 249.99 | 337.74 | 72.28 81.23
CV (%) 92.37 57.79 40.31 39.83

6.3 Device immunoassay for human TNFa,

6.3.1 Introduction

The microflow cytometer developed in this project was designed to measure the fluorescence from
beads used in a bead-based immunoassay, providing an alternative platform to the traditionally
used macro scale flow cytometers. To demonstrate this application device 2 was used to measure
the fluorescence from beads used in an immunoassay for the human version of the cytokine,
tumour necrosis factor alpha (TNFa). TNFa is a small cell signalling protein which is primarily
involved in the regulation of immune cells during systemic inflammatory responses. TNFa was
chosen as an example analyte as there is a broad interest in its role in the biological and medical
research community. TNFa, amongst other inflammatory cytokines, has been identified as an
important biomarker for the investigation of chronic neurodegenerative diseases in which chronic
inflammation plays a role such as Alzheimer’s disease [101]-[104] and Parkinson’s disease [105],
[106]. TNFa has also been implicated in the response of neurons after a stroke [107] and may be a
useful biomarker for lung cancer [108]. Typical circulating levels of TNFa in healthy individuals
are in the pg/ml range and these levels can spike by up to 3 orders of magnitude into the ng/ml
range during an acute inflammatory response [109] and are present at slightly elevated levels in the
10s of pg/ml range during chronic inflammation [104]. Due to the role of TNFa as part of a wider
signalling network of cytokines it is advantageous for researchers to measure the concentration of
multiple cytokines at once and so many studies rely on the multiplex analysis capabilities of bead
based immunoassays [32], [110].

The immunoassay kit used for this study was the magnetic Luminex performance assay kit for
human TNFa (Cat number LUHMO000, R&D systems, USA) [111]. The immunoassay beads used
by the kit are 6 um diameter superparamagnetic microparticles which can be retained in the
reaction tube with a magnet whilst the supernatant is removed allowing efficient removal of
unbound species after each incubation step. The beads are made from a polystyrene core coated a
with a shell doped with ferrite (FesOs) nanoparticles which impart the superparamagnetic

properties. As the concentration of ferrite in the shell is < 50%, the beads are still transparent [112].
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They also have the same fluorescence properties of standard Luminex immunoassay beads, the
reporter signal quantifies the bound analyte and is excitable at a wavelength of 532 nm and emits
fluorescence around 565 nm, while the classification signal, designating the analyte, is excitable at
635 nm and emits fluorescence at 670 nm and 700 nm. The aim of the study was to measure the
reporter fluorescence of beads incubated with a range of known concentrations of TNFa standard
in buffer in order to produce a standard curve. This standard curve could then be used in future
studies to measure the TNFa concentration in serum samples. An example standard curve provided
by the manufacturer is shown in Figure 6.6. Reporter calibration beads (CAL2, Luminex Corp.,
USA) are used to normalise between bead fluorescence measurements taken at different times
allowing for drift in the device illumination conditions and detector responses. These beads emit a
repeatable median fluorescence intensity (MFI) which is verified by the manufacturer. The MFI of
the calibration beads corresponds to a virtual concentration of analyte at 847pg/mL which has been
added to the curve on Figure 6.6. In Figure 6.6 the right Y axis scale displays the fluorescence
intensity relative to the calibrator bead value as a percentage.

® Standard @ Calibrator bead

100000 2819.3
f S
€ 10000 } e 12812 -
2 E - ® S
2 [ ° i 8%
2 [ £0
£ 1000 ° 282 =
] g8
(=} (] [ 'E
S 100 | | 28 2%
[e] E @ = [o)
= [ = -
= ' | §2
S 10 03 TE
® s
s
1 2 2 2 a2 2 a2 a2l 2 2 2 2 2 a2aa 2 2 2 2 a2 a2 a2 2 a2 22
1 10 100 1000 10000

Human TNFa Concentration (pg/mL)

Figure 6.6: Standard curve taken from the product data sheet for the Magnetic-Luminex® Performance Assay
Human TNF-o Kit [111]. The MFI value for the reporter calibrator beads are shown on the plot to illustrate
the relative fluorescence of the beads within the scale of the calibration range. The right Y axis scale is the

fluorescence intensity relative to the calibrator beads as a percentage.
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6.3.2 Materials and method

The reagents and equipment used to perform the bead-based immunoassay for human TNFa are

detailed in Table 6.2. The details of most of the reagents used in the kit are proprietary but

concentrations and compositions are given if known.

Table 6.2: Reagents and equipment used for the bead based immunoassay for human TNFa (Performance
Assay Human TNF-a Kit Cat number LUHMO000, R&D systems, USA) [111].

Reagent/equipment

Description

Magnetic
microparticles

Magnetic microparticles, 6 um diameter, coated in anti-hTNF-o which
acts as the capture antibody in the sandwich style immunosassay.

Biotin-antibody

Biotin-anti-hTNF-a which binds as the detection antibody in the
sandwich style assay.

Cytokine standards 1
and 2

A mixture of recombinant human cytokines including Human TNF-a in
buffered protein base. The cytokine standards were serially diluted to
produce samples containing TNFa at 154 pg/ml and 4150 pg/ml

Wash Buffer

Buffer for washing microparticles.

Calibrator diluent

Buffered protein base to dilute the human recombinant cytokine standard.

Microparticle diluent

Buffered protein base for diluting magnetic microparticles.

Biotin Antibody
diluent

Buffered protein base for diluting detection antibody.

Streptavidin-PE

Streptavidin phycoerythrin conjugate. Binds to the biotin on the biotin-
antibody, fluorescently labelling the beads.

1.5 mL tubes

To hold sample for reaction

Magnetic separator
tube rack

Tube rack for 1.5 mL tubes with a magnet at the one side of the bottom of
the tube.

Vortex mixer

Horizontal orbital vortex mixer with 4.5 mm diameter orbit with holder
for 1.5 mL tubes. For mixing samples.

Precision pipette

For measuring and dispensing reagents.

Table 6.3 details the protocol for the immunoassay. The immunoassay was performed following
the manufacturer’s protocol for the human TNFa assay kit however the incubation volumes used
were 5 x larger than the recommended 50 pl to allow a 200 pl sample of beads to be injected into
the microflow cytometer device. A smaller sample injection volume would have been possible if a
parallel injection loop system was incorporated into the fluidic system however the equipment was
not available at the time of the study. To account for the altered mixing dynamics of the larger
volume the incubation time for the microparticles with the TNFa sample was extended to 5 hours
to ensure full binding. The magnetic microparticles from the kit were incubated with human TNFa.

standards at 154 pg/ml, 4150 pg/ml and a blank buffer sample as a background reference.
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Table 6.3: Protocol used for the bead based immunoassay for human TNFa.

Step | Protocol

1. 250 pL of each TNFa standard dilution were added to separate tubes containing 250 uL of
microparticle suspension and then placed in a rack on a horizontal vortex mixer with 4.5
mm diameter orbit at 800rpm for 5 hours at room temperature.

2. The suspension was washed to remove the free TNF-a using the magnetic tube rack. The
tubes were place in the rack and left for 5 minutes to allow the magnetic microparticles to
form a pellet on the side wall at the bottom of the tube. Whilst still magnetised the liquid in
the tube was removed completely with a pipette. The tubes were removed from the magnet
and the beads are resuspended in 500uL of wash buffer. The process is repeated three times
and on the final time no wash buffer was added.

3. 250 pL of biotinylated anti-hTNFa was added to each tube and incubated for 1 hour at room
temperature at 800 rpm.

4. The wash step was repeated to remove free biotinylated antibody

5. 250 pl of Streptavidin-PE was added to each tube, which were then incubated for 30
minutes at room temperature at 800 rpm.

6. The wash step was repeated to remove free Streptavidin PE.

7. The particle were resuspended in 500 pL of wash buffer and incubated on the shaker at 800
rpm for 2 minutes. They samples were then ready for analysis

Device 2 was used to measure the fluorescence of the beads. This device had a microfluidic
channel 21.1 pm + 0.1 um wide by 30.5 pum £ 0.5 um deep. The input waveguide used was 9.2 pm
wide by 2.0 um deep and located 22 mm downstream from the microfluidic channel entrance. The
same free space fluorescence collection system was used as for the measurement of fluorescence
from calibration beads in section 6.2. Both the reporter calibration beads and magnetic
microparticles from the assay kit were at a final concentration of 25 beads/pl in the assay wash
buffer and were flowed through the device for analysis at 0.1 pl/s. The lower flow rate had to be
used to avoid delamination of the chip over the extended operation time. Reporter calibration beads
(CAL2, Luminex Corp., USA) were run through the device before the immunoassay beads in order

to check beads were being inertially focused.

6.3.3 Results and discussion

All fluorescence data were taken from beads passing through the right equilibrium position as a
greater number passed on this side. The fluorescence from calibration beads was measured on the
device first to establish the extent to which inertial focussing was occurring in device 2. Inertial
focussing in the X direction was confirmed with fluorescent streak imaging, showing confinement
into left and right equilibrium positions. The measured bead count rate was 113 beads/minute
which was 75% of the expected count rate at a concentration of 25 beads/pl and a flow rate of 0.1
pl/s. This showed that inertial focussing in the Z dimension was confining most of the beads to
flow through the beam. The proportion of beads to flow through the beam was greater for device 2
than previously observed in device 1 even though a lower flow rate of 0.1 pl/s was used with
device 2. The CV measured for the calibration beads with device 2 was lower at 29% compared to

40% in device 1 also indicating increased Z confinement in device 2. The increased Z confinement
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in device 2 may be due to the slightly greater h/w aspect ratio of 1.45 in device 2 compared to 1.36
in device 1 [49]. In device 2 the greater aspect ratio channel may have caused beads to migrate
primarily to the equilibrium positions centred at the long face of the channel resulting in a greater
proportion of beads flowing through the beam. In device 1 the lower aspect ratio channel may
allowed stable equilibrium positions centred on the short faces of the channel which would have
reduced the number of beads which could migrate to the equilibrium positions centred on the long
faces of the channel and resulted in a lower proportion of beads flowing through the beam. In
addition the input waveguide in device 2 is position 5 mm further downstream compared to device
1 which allows more time for beads to migrate to equilibrium positions, increasing the

confinement.

Figure 6.7 compares the histograms of the fluorescence energies measured for the calibration beads
and immunoassay beads. The histogram for the calibration beads in Figure 6.7(b) shows a clear
modal peak confirming inertial focussing. The frequency distribution of the fluorescence energy
measured for the sample incubated with 154 pg/ml TNFa in Figure 6.7(a) shows a possible 3 modal
peaks. The lowest peak at 2.5 fJ is likely to be due to some fluorescent debris remaining in the
sample. The peaks at 27.5 fJ and 62.5 fJ are most likely from the fluorescent beads, and the higher
peak may be due to fluorescence from two beads being collected in the same frame during the
integration time. As the beads would have passed on same side, the algorithm for detection of a
double signal would not have excluded these points from the data. In future work a fluorescence
collection system which uses a data acquisition rate in the MHz range would be expected to almost
eliminate the occurrence of coincident signals. The histogram for the fluorescence energy measured
from the 4150 pg/ml sample in Figure 6.7(c) shows a lower total number of beads (n=43) were
measured compared to the other samples. This was attributed to beads being lost during the

immunoassay wash step and so only a weak modal peak at 7.5 fJ is observed.
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Figure 6.7: Histograms of fluorescent energies collected by the CCD camera for bead samples incubated with
TNFa standard at concentrations of (a) 154 pg/ml and (c) 4150 pg/ml and also (b) reporter calibrator beads.

Figure 6.8 shows the median fluorescence energies measured using microflow cytometer device 2
for the two TNFa standard concentrations and also including the data point for the calibration
beads plotted at a position equivalent to a bead sample incubated with 847 pg/ml TNFa standard.
The right Y axis scale shows the median fluorescence energy relative to the calibrator bead sample
MFI as a percentage for easy comparison. Median fluorescence values were plotted as the median
is distorted less by outliers. Table 6.4 details the statistical data for these data points. The median
fluorescence value measured for the 154 pg/ml sample was 37% of the calibration beads median
fluorescence value at 35 fJ compared to 93 fJ. The calibration curve given by the manufacturer
[111] predicts that the relative fluorescence intensity from an assay for 154 pg/ml TNFa should be
26% of the calibrator intensity. The high signal value may be due to the inclusion of double signals
in the data. If the middle modal peak from Figure 6.7(a) at 27.5 fJ were used to represent the data
for the 154 pg/ml sample then the relative fluorescence intensity would be 29% and would be

closer to the value measured by the manufacturer. The median fluorescence value measured for the
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4150 pg/ml sample was 20% of the calibrator and so was much lower than the 352% percent given
by the manufacturers calibration curve. The low number of beads measured for the 4150 pg/mi
sample limits the confidence in the measured fluorescence for this sample and a repeat study would
have to be conducted. It is possible that at high antigen (TNFa) concentrations there may still be
unbound antigen in the bulk and this will reduce the valency of the free floating detection antibody
resulting in fewer detection antibodies binding to the beads. This effect, known as the “hook” effect

[113] has been documented in Luminex flow cytometers and microflow cytometers [18].

The immunoassay beads show a higher CV of 74% and 124% compared to the calibrator beads at
29% which indicates that the immunoassay protocol has increased the signal variation. In future
experiments, variation could be reduced by using the same sample volume as the manufacturer in a
96 well plate format which would allow duplicated data points to be measured. A parallel study on

a luminex flow cytometer would also allow comparison and verification of results.
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Figure 6.8: Standard curve for fluorescence measurement of beads incubated with human-TNFa standards at
154 pg/ml and 4150 pg/ml using microflow cytometer device 2. Also showing the fluorescence
measurements for the calibrator beads plotted at a position equivalent to a bead sample incubated with 847
pg/ml TNFa. The right Y axis scale is the fluorescence energy relative to the calibrator beads as a percentage.
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Table 6.4: Fluorescence energies measured at the right equilibrium position for bead samples incubated with
TNFa standard and also calibrator beads.

TNFae standard Standard
Concentration Mean (fJ) | Median (fJ) | deviation (fJ) | CV (%)
Blank 0 pg/ml 0 0 1 0
154 pg/ml 34 35 26 74
Calibrator beads
(equivalent to 847 pg/ml) | 89 93 26 29
4150 pg/ml 51 19 64 124

The high CV for the standard samples has prevented a quantitative analysis of the dose-response
relationship. The large signal variation was attributed to the immunoassay protocol and not the
device which measured a CV at 29% for calibration beads which is only 9% higher than another
inertial focussing fluorescence microflow cytometer in the literature [114]. Strategies for reducing
the signal variation caused by the immunoassay protocol are discussed in Chapter 7. A reduced CV
and a greater range of standard concentrations and repetitions will be needed in future experiments
to plot a calibration curve. The detection of fluorescence from immunoassays beads incubated with
TNF « at concentrations as low as 154 pg/ml does however show that the device is capable of
detecting fluorescence from beads within a clinically useful concentration range for an acute
inflammatory response [109]. Future experiments will aim to achieve the assay limit of detection of
1.5 pg/ml [111].

Fluorescence signal variation arises from a number of factors such as size variation of particles,
variation in fluorophore concentration, fluctuation in laser power and vibration induced changes in
input coupling efficiency. The primary source of signal variation for the measurement of
calibration beads is due to positional variation in the Z dimension due to incomplete inertial
focussing. The illumination intensity profile in the vertical direction has a Gaussian intensity
profile with a spotsize of 4.3 um and so a bead 1 um off the vertical axis will be experience ~75%
if the illumination intensity of an axially aligned bead. The most effective way to decrease signal
variation is to reduce the variation in Z position by increasing the flow rate to ensure full inertial
focussing is taking place. In device 2, increasing the flow rate to 0.27 pl/s (U = 0.45 m/s) would
ensure that full inertial focussing is achieved at the analysis region positioned 22 mm downstream
from the channel entrance. Another method to reduce the impact of the variable position of beads
in the Z direction would be to use a deeper waveguide to produce a broader beam in the Z direction

which would reduce the variation in illumination intensity per micron of Z translation.
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6.4 Measurement of transmission signal of passing beads

6.4.1 Introduction

In addition to measurement of bead fluorescence the change in transmitted optical power from the
input waveguide to the axially aligned output waveguide may be measured as beads pass through
the beam. This transmission based detection of flowing beads allows measurement of the total
count rate of beads, recognition of double signals and potentially synchronisation of fluorescence
data collection for noise-reduction. Transmission based detection of flowing beads can also be used
to measure bead velocity. For fully inertially focused beads, flowing on the same plane as the
optical axis, the reduction in transmitted power should be directly related to bead diameter and so
can be used to detect bead size [115]. If beads are not fully inertially focussed then the reduction in
transmitted power was expected to also be related to the displacement of a bead in the Z dimension

from the centre of the beam.

A study was conducted to measure the change in transmitted optical power from the input
waveguide to the output waveguide as beads pass through the beam. From the simulations of the
transmission signal of beads in Chapter 3 the transmission signal was expected to predominantly
show a reduction in transmission as the bead deflects the beam and possibly a slight increase if the

bead acts as a lens to focus light into the collection waveguide.

6.4.2 Materials and method

Device 2 was used to measure the transmission signal of the beads. This device had a microfluidic
channel 21.1 pm + 0.1 pm wide by 30.5 pm + 0.5 pm deep. The input/output pair of waveguides
used were 9.2 pm wide by 2.0 um deep and located 22 mm downstream from the microfluidic
channel entrance. The same free space fluorescence imaging system used shown in Figure 6.1 was
used as to image the fluorescence from calibration beads whilst transmission measurements were
taken. This was done in order to confirm inertial focussing was taking place and also measure the
intensity profile of the beam. To measure the effect of beads flowing through the beam on the
optical transmission between the input and output waveguide, the output waveguide was butt-
coupled to a 60 um diameter core multimode fibre connected to an avalanche photodetector (APD)
(APD120A2/M, Thorlabs, USA) with an output bandwidth of 50 MHz. The zero baseline power
was determined with the laser turned off, to allow determination of fractional transmission across
the channel. A fluorescent bead suspension (Inspeck Orange, ThermoFisher, USA) at 10 beads/ul
concentration was prepared and flowed through the device at flow rates of 0.2 pL/s and 0.05 pL/s
whilst transmission measurements were recorded. The higher flow rate was used to ensure good
confinement of the beads by inertial focussing and the lower flow rate was used to take
transmission measurements when beads were not being inertially focussed. The power transmitted

across the fluidic channel and collected by the output waveguide was acquired multiple times on a
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digital oscilloscope recording 10° data points at 200 ns interval. Each acquisition was initiated
manually and displayed on the scope screen and checked by eye, any acquisitions containing a bead

signal were saved.

6.4.3 Results and discussion

To confirm that inertial focussing was taking place at a flow rate of 0.2 pl/s (U = 0.33 m/s), during
the period that the transmission measurements were recorded, a video of the fluorescence streaks
was acquired during the same time period. The summed image of all the fluorescence streaks
would also reveal the intensity profile of the illumination beam in the Y direction and inform the
interpretation of the measured transmission signals. Figure 6.9 shows an image combining the
fluorescence from 163 beads which passed through the channel during the time the transmission
data was acquired with a driving flow rate of 0.2 pl/s. The left and right streaks of fluorescence
confirm beads are well confined to left and right inertial focussing equilibrium positions. At each
equilibrium position the average displacement of the bead centre from the nearest channel wall was
5um £ 1 um. As observed in the immunoassay experiments, with the same device, there was a bias
of beads to pass on one side as the ratio of beads which passed at the left and right equilibrium
positions was 3 to 2 respectively. This bias is reversed compared to the measurements taken for the
immunoassay indicating that the bias is unstable and may be dependent on beads clumping on one
side in the reservoir before being fed into the channel. The bias is not represented in the image in
Figure 6.9, as the pixel intensity for the right and left beads have been normalised to represent the
intensity distribution on the right and left equally even though more beads passed on the right.
Inertial focussing in the Z dimension was confirmed by 63% of beads flowing through the beam
with a fluorescence energy CV of 28% for the beads at the right equilibrium position. The intensity
profile in the Y direction for left and right beads is shown in Figure 6.9 and reveals the beam has a
multilobed intensity profile due to the multimode excitation waveguide. The beam intensity profile
for the right side beads has 2 asymmetric peaks while the beam intensity profile for the left side
beads has 2 or possibly 3 asymmetric peaks. The beam width in the Y direction, defined as the full
width of the intensity profile at 1/e? of the intensity profile maximum, was 9.6 um for the right
beads and 10.0 um for the left beads.



Chapter 6 Flow cytometry studies using fabricated devices 103

intensity (a.u.)
o

I
|
|
I
|
|
| | i
Qutput ! I Input i
WG :
|

I

|

|

I

|

|

Microfluidic Channel
e

—right beads
—leftbeads

0 5 10 15 20 25 30
X (pm)

Figure 6.9: Fluorescence microscope image showing the summed fluorescence from 163 beads which have
flowed through the beam driven at a flow rate of 0.2 pl/s during the period when the transmission
measurements were taken. Intensity in the Y direction is proportional to the excitation beam intensity.

Transmission data for 15 beads were collected to evaluate the change in transmitted power for
nominally identical beads. Figure 6.10(a) and (b) show the change in transmissivity across the
fluidic channel measured from the output waveguide as beads flow through the beam, normalised
to the transmissivity with buffer solution alone flowing in the channel, for flow rates of 0.2 uL/s
and 0.05 uL/s, respectively. In Figure 6.10(a), in the case of the higher flow rate, beads 1 and 2
show large decreases in transmission (decreases of 71% and 59% respectively) indicating that a
large proportion of the optical power leaving the input waveguide is absorbed or deflected away
from the output waveguide by the bead. The signal variation of the baseline transmission signal
was recorded as the standard deviation of the transmission signal recorded when only buffer was
flowing in the fluidic channel over 10 acquisition cycles and was 1.14%. The minimum detectable
change in transmission, defined as a transmission change of thrice the baseline transmission signal,
was therefore 3.42%. The signal to noise ratio for transmission based detection was calculated
using equation 3.6 with oz = 1.14 % giving a maximum signal to noise ratio of 61 for the
maximum AT of 71%. This signal to noise ratio is better than transmission based detection on a
similar integrated optical microflow cytometer developed by Rosenauer et al who used a chip with
photoresist waveguides to detect 12 um beads with a signal to noise ratio of 26 [115]. The high
signal to noise ratio measured on the device in this thesis shows promise for detection of particles

of <5.6 um in diameter which will incur a lower change in transmission.
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According to the simulations of the transmission signal of a passing bead, performed in Chapter 3,
the increased refractive index of the bead, combined with its circular shape can act to refract light
away from the output waveguide causing a transmission decrease up to 88%. Such a large
transmission decrease was not observed experimentally because the illumination beam used is at
least 4 um wider than the bead diameter and so even when the bead is entirely within the beam
there is always some light transmitted to the output waveguide which does not interact with the
bead. In addition the beads are not fully confined in the Z direction and so some light may pass
under or above a bead without interacting with the bead. Other contributing causes for the decrease
in transmission in the experimental transmission measurements are absorption of light by the
fluorophore in the bulk of the bead, and deflection of the light away from the output waveguide by

either reflection at the buffer-bead interface if the bead surface is smooth or by scattering.

The amplitude of the transmission decrease is believed to be related to the volume of bead which is
interacting with the beam with a greater interacting volume causing a greater decrease in
transmission. This relationship has been observed by Rosenauer et al [115]. In the case of the
transmission measurements taken in this thesis, where all beads are of the same diameter, it is
thought that the amplitude dip of the transmission represents the Z displacement of a bead from the
centre of the beam so that a bead with zero displacement will produce the maximum possible
decrease in transmission. This measurement would therefore be useful for assessing the Z
confinement of flow streams to confirm inertial focussing. It is envisaged that transmission based
detection of particle size would be particularly useful for alternative applications such as the
detection of the size of cells and microvesicles. In future work the use of a data logging system will
allow large numbers of transmission signals to be obtained enabling a more rigorous statistical

evaluation.

Increases in transmission as beads passed through the beam were also measured. In Figure 6.10(a),
bead 3 shows two peaks of increased transmission of 109 % and 106 % as the bead passes through
the beam. When the flow rate was reduced to 0.05 pl/s a similar two peak increase was observed
for beads 1 and 2 but over a longer time period due to the slower bead velocities. The simulations
in Chapter 3 showed that the bead can act as a lens to focus more light into the collection
waveguide increasing transmission. It is also possible that scattering or reflection from the surface
of the bead may also contribute to an increase in transmission by directing more light into the

output waveguide.

An additional observation is that the shape of the transmission dip for bead 1 in Figure 6.10(a)
appears to reflect the shape of the beam Y intensity profile in Figure 6.9. It is supposed that the two
minima in this signal coincide with the bead passing through the two intensity maxima of the

illumination beam in the Y direction.
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Figure 6.10: The change in optical power transmitted across the microfluidic channel as beads flow through
the beam for flow rates (a) 0.2 pl/s and (b) 0.05 ul/s. Multiple bead signals are overlaid for comparison.

If all beads were fully inertially focussed and therefore confined to flow on the same plane as the
excitation beam, the transit time of a bead passing through the beam could be used to calculated
bead velocity, Ug. The transit time of a bead, t, was defined as the total time that the transmission
power was greater than 3 standard deviations above or below the mean background transmission
when only buffer was flowing. The beam width in the Y direction, w,,, and the bead diameter, a,

were then be used to calculate bead velocity using the following equation.
Ug = (wy, +a)/t 6.2

The measured mean bead velocity, for wy = 10.0 um, and a = 5.6 um was 0.71 m/s £0.22 m/s for
a flow rate of 0.2 pl/s and 0.32 m/s £0.09 m/s for a flow rate of 0.05 pl/s. The theoretical maximum
flow velocity in the rectangular cross section microfluidic channel, U,,,, was calculated to compare

against the measured bead velocities using the following equation [49].

on =3 (i)
Here Q is the flow velocity. The theoretical maximum flow velocities in the microfluidic channel
of device 2 were 0.67 m/s and 0.17 m/s for flow rates of 0.2 ul/s and 0.05 pl/s respectively. The
measured bead velocities were therefore faster than the theoretical maximum flow velocities
indicating that the transmission based measurement of velocity overestimates bead velocity. The
overestimation may be due to variation in the Z position of each bead as a bead with a centre
displaced above or below the optical axis of the beam will present a smaller diameter to the beam
and therefore will exhibit a shorter transit time. A method which will more accurately measure

bead flow velocity, irrespective of the Z position of a bead is by using two sets of input/output
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waveguides of known separation and measuring the time difference between the transmission

minima.

In summary, transmission based detection of flowing beads has been demonstrated with a signal to
noise ratio of 61, showing good potential as an additional source of information for measuring bead

size, velocity and Z displacement in the channel.

6.5 Conclusion

The three studies presented in this chapter have demonstrated that the fabricated microflow
cytometer devices function as intended by the design specification. Characterisation of the
distribution of flowing beads in the microfluidic channel has shown that inertial focussing acts to
confine flowing immunoassay beads in two dimensions as intended by the design. Beads were well
confined parallel to the short face of the channel into left and right equilibrium positions 5 pm +1
pm from the channel walls. There was also partial confinement parallel to the long face of the
channel indicated by 59 % of beads flowing through the illumination beam. This confinement was
shown to effectively reduce the fluorescence signal variation from fluorescent calibration beads
down to a CV of 29% which is only 9% higher than another inertial focussing fluorescence
microflow cytometer in the literature [114]. Further confinement of the bead flow streams was
expected at higher flow rates but could not be tested due to delamination of the chip at flow rates
above 0.2 pl/s (U = 0.33 m/s). The device was used to measure the fluorescence from beads used
in an immunoassay for TNFa and was demonstrated to detect fluorescence from bead samples
incubated with TNFa at 154 pg/ml. Finally the device was used to demonstrate transmission based
detection of flowing beads with a maximum signal to noise ratio of 61. This mode of detection
shows promise to provide additional functionality for this microflow cytometry platform allowing

measurement of particle size, velocity and Z displacement in the microfluidic channel.

The experiments conducted represent the first demonstration of an integrated optical microflow

cytometer in an all glass system which combines integrated optics with inertial focussing.



CHAPTER 7
Conclusions and future work

7.1 Conclusions

The work presented in this thesis has demonstrated the realisation of a silica-based microflow
cytometer combining inertial focussing with integrated optics suitable for performing bead based
immunoassays. This work was motivated by the need to integrate a light control system with
microfluidics enabling the mass production of low cost, compact, high performance microflow
cytometers. Integrated optical waveguides were identified as the ideal system to achieve this as
they offer compact, precise light control and are intrinsically aligned to the microfluidic structures
during fabrication. A silica-based material system was selected for efficient optical coupling, and
the potential for low propagations losses, low absorption and low autofluorescence in the visible
wavelength range as well as mechanical and chemical robustness. Silica chips can also be mass
produced using conventional fabrication techniques employed by the microelectronics industry,
reducing costs. A suitable application for the proposed microflow cytometer was identified as that
of bead based immunoassays due to the well-established fluorescence properties of commercially

available beads and the immediate applications in biological and medical research.

A range of techniques for particle focussing in microfluidic channels were reviewed with respect to
their suitability for combination with silica-based integrated waveguides. The main criteria were
ease of integration, simplicity of fabrication using mass production techniques, simplicity of
operation and minimisation of additional equipment bulk. The most established techniques use
sheath fluid to hydrodynamically focus particles in 1 or 2 dimensions into the centre of a
microfluidic channel. Typical structures used for 2D sheath based focussing require complex 3D
fabrication processes which are not suitable for mass production and the extra pumps to control
sheath fluid infusion add operational complexity and bulk to a device. Magnetic focussing with
aligned soft magnetics tips is well suited for magnetic beads used in immunoassays however the
system reviewed was bulky, required alignment and could not focus particles continuously which
would limit the throughput of a device. Dielectrophoretic focussing shows good potential for full
integration on chip and could also be used to sort particles downstream however the patterning of

the electrodes would have added a third fabrication step increasing fabrication time and reducing

107
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yield. Inertial focussing using straight, rectangular cross section microfluidic channels was
identified as the most suitable technique. The microfluidic channels are simple to fabricate by
photolithography and deep reactive ion etching and control of the focussing only requires control of
the flow rate at which the sample is injected. An additional useful feature of inertial focussing
occurs when the particle concentration is high enough to bring the particles into close proximity
(within 4 particle diameters). In this case flow proceeds with an even staggered spacing preventing

coincident signals caused by multiple beads passing through a beam simultaneously.

The design of the optical light path in the microflow cytometer was addressed. A basic waveguide
layout of axially aligned input and output channel waveguides bisected by a rectangular cross
section microfluidic channel was devised. Positioning the waveguide layer halfway up the height of
the microfluidic channel cross section would allow illumination of both inertial focussing
equilibrium positions and allow transmission based detection of flowing beads. A silica based
material system with a germania doped core was selected as the refractive index is similar to that
used in the cores of commercially available optical fibres allowing efficient input and output
coupling. The index contrast is sufficient to ensure the majority of the optical power is contained in
the core allowing fine control of the spotsize by adjustment of the waveguide dimensions. The high
silica content in the core material was also intended to minimise any difference in etch rates which
can cause etch defects. The refractive indices of the deposited films at the wavelengths required for
excitation of bead based assays were measured by ellipsometry and confirmed with prism coupling.
The sputtered germania-silica films had a refractive index of 1.471 and 1.467 at wavelengths of
532 nm and 633 nm respectively. The PECVD silica had a refractive index of 1.461 and 1.456 at

wavelengths of 532 nm and 633 nm respectively, and was shown to match that of bulk silica.

The measured refractive indices were used as parameters in the subsequent numerical simulations
of the optical light path using the BeamPROP software which uses the beam propagation method.
The waveguide dimensions required for single mode operation at both 532 nm and 637 nm
wavelengths were determined to be 2 um wide by 2 um high. The coupling efficiency for butt-
coupling of light with a single mode waveguide to a 2 um wide by 2 um high integrated waveguide
were calculated as 0.90 and 0.84 for wavelengths of 532 nm and 633 nm respectively. Simulated
mode profiles of the single mode waveguides confirmed the majority of the optical power is
confined in the core. Simulations of the coupling efficiency of axially aligned channel waveguides,
optically coupled across a microfluidic channel determined that a 20 um microfluidic channel has a
coupling efficiency of 0.79 and 0.88 for 2 um and 10 um waveguide widths respectively allowing
enough light across to the collection waveguide for transmission based detection of flowing beads.
The effect of a flowing bead interrupting transmission between waveguides by passing through the

beam was simulated revealing a dual dip transmission signal caused by refraction based deflection
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of the beam by the passing bead. The transmission minima corresponded to a transmission dip of

78% which was expected to allow transmission based detection with a high signal to noise ratio.

The dimensions of the microfluidic channel required for inertial focussing of 5.6 pum diameter
immunoassay beads were determined. The cross sectional dimensions were chosen to be 30 pm
high and 20 um wide and were determined from rules in the literature and also the limitations of
the fabrication processes to be used. The channel length required for the devices was determined to
be 30 mm by analysis of inertial focussing in PDMS test channels. A fabrication process using two
masks and conventional microelectronics fabrication techniques was developed. The germania-
silica waveguide films deposited by magnetron sputtering had a thickness of 2 um + 0.050 pum with
a refractive index of 1.469 +£0.0007 at a wavelength of 633 nm. ICP etching produced waveguide
structures 2.0 um average width suitable for single mode operation and a range of waveguide
widths up to 9.2 um for multimode operation. An optimised PECVD process was developed as a
viable method to deposit the 18 um thick waveguide cladding layer with no stress induced cracking
and at a refractive index matching bulk silica. Annealing of both the films deposited by magnetron
sputtering and PECVD in the presence of oxygen was shown to reduce refractive index. Etching of
the microfluidic channels with ICP etching produced trenches up to 30 um deep with near vertical
side walls at 91 °+4.3° which are suitable for inertial focussing. Sealing of the microfluidic channel
with a glass lid and SU-8 adhesive layer was shown to be effective up to a channel pressure drop of
5.18 bar (Flow rate of 0.2 ul/s). Three microflow cytometer devices were fabricated, devices 1 and
2 had microfluidic channels ~20 um wide by ~30 um deep and device 3 had a microfluidic channel

~15 um wide by ~30 um deep.

The optical path of the fabricated microflow cytometers devices were characterised. The 2.0 um
average width by 2.0 um height waveguides were shown to be single mode at 532 nm and 637 nm
respectively agreeing with BPM simulations. These waveguides were shown to produce Gaussian
like mode intensity profiles with spotsizes measured at full width of 1/e> maximum intensity of 2.5
pm and 3.0 pm at wavelengths of 532 nm and 637 nm respectively. The power budget for the
fabricated devices was established to assess the impact of optical attenuation of device
performance. As the measured spotsizes were similar to the simulated spotsizes, the coupling
efficiency for the 2.0 pm wide by 2.0 high waveguide was approximated by the BPM simulation
coupling efficiencies of 0.86 and 0.79 for wavelengths of 532 nm and 633 nm respectively. These
high coupling efficiencies were expected to minimise the light propagating in the substrate
ensuring a low background signal for fluorescence and transmission based detection of flowing
beads. The propagation losses of the waveguides were high however still allowed enough optical
power for fluorescence excitation at in the microfluidic channel and transmission across the chip.
The insertion loss incurred by the 21.1 um wide microfluidic channel in device 1 was measured at

2.75 dB and 3.6 dB for the 2.0 um wide and 9.2 um wide waveguides for input light at a
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wavelength of 532 nm with TE polarisation. These insertion losses were expected to be low enough
to allow transmission based detection of flowing beads with a high signal to noise ratio. The shape
of the beam launched by the input waveguide across the microfluidic channel was revealed by
fluorescence imaging. The smallest beam width which could be produced was from the 2.0 um
wide waveguide and were 4.3 um and 5.9 um for the right and left equilibrium positions. The
largest beam width was from the 9.2 um wide waveguide which produced beam widths of 9.3 pm
at the right and 9.9 um at the left equilibrium positions. The wider beam was deemed to be the
more suitable for fluorescence energy quantification using a microscope and CCD camera as it
would allow a greater total illumination power without saturating the CCD camera ensuring a high
signal to noise ratio. The wider beam was also thought to allow transmission based measurement of

bead velocity with greater accuracy.

The performance of the fabricated devices as microflow cytometers were evaluated. Observation of
fluorescence calibration beads flowing in the microfluidic channel revealed confinement of the
bead flow streams in two dimensions by inertial focussing. Beads were well confined parallel to the
short face of the channel into left and right equilibrium positions 5 um +1 pm from the channel
walls. There was also partial confinement parallel to the long face of the channel indicated by 59 %
of beads flowing through the illumination beam. This confinement was shown to effectively reduce
the fluorescence signal variation from fluorescent calibration beads down to a CV of 29% which is
only 9% higher than another inertial focussing fluorescence microflow cytometer in the literature
[114]. Further confinement of the bead flow streams was expected at higher flow rates but could
not be tested due to delamination of the chip at flow rates above a channel pressure drop of 5.18 bar
(Q = 0.2 m/s, U =0.33 m/s). A fluorescence bead immunoassay was conducted for the cytokine
TNFa at a range of concentrations demonstrating the application of the device. The device was
demonstrated to detect fluorescence from bead samples incubated with TNFa at 154 pg/ml. Finally
the device was used to demonstrate transmission based detection of flowing beads. Flowing beads
produced transmission attenuation of up to 71% corresponding to a maximum signal to noise ratio
of 61. This mode of detection shows promise to provide additional functionality for this microflow
cytometry platform allowing measurement of particle size, velocity and Z displacement in the

microfluidic channel.

The devices produced and tested in this work are the first demonstration of a monolithic glass
based microflow cytometer which combines integrated optics with inertial particle focussing. The
platform allows mass production of robust chips with high quality optics offering a compact and
affordable alternative to traditional flow cytometry machines. It is also expected that this adaptable
platform can be applied to a variety flow cytometry applications including analysis of cells and

microvesicles.
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7.2 Future work

7.2.1 Overcoming pressure and blockage problems in the microfluidic channel

The long narrow dimensions of the microfluidic channel were designed primarily to inertially focus
the beads. These dimensions however meant that the channel was liable to blocking and also had a
high pressure drop which could cause delamination of the lid. The adhesive bonding process can be
further optimised. Carlier et al have developed a method which has been tested up to 80 bar which
uses a silane coupling agent covalently attached to the glass to promote adhesion to the SU-8
adhesive layer [73]. They also used a heated wafer bonding press to evenly apply a set amount of
pressure to the bond ensuring good conformal contact of the adhesive to the wafer. Increasing the
cross sectional area of the microfluidic channel will reduce blocking and but will increase the
pressure drop across the channel because a longer channel and greater flow rate will be required to
produce inertial focussing. For example a 40 x 60 um? channel will require Q = 1.28 pl/s (U =
0.53 m/s) to produce focussing over Ly = 14.9 cm producing a pressure drop of 10.29 bar. As the
height:width aspect ratio must be at least 3:2 for inertial focussing with two equilibrium positions,
increasing the cross sectional area will also require thicker cladding and deeper etching in order to
keep the waveguides halfway up the height of the channel. An alternative approach would be to
swap the aspect ratio to 2:3 and using a spiral channel as discussed in section 7.2.3 may be a better
solution as a greater cross sectional area can be used whilst minimising the cladding depth and etch
depth required for the channel. Using a curving microchannel can also reduce the downstream
length required to focus particles by up to a factor of 5 reducing the channel pressure drop by the

same factor [54].

7.2.2 Planar chip top surface

A fully planarized chip top surface is desirable as it prevents bumps on the microfluidic channel
floor after etching and also improves the adhesive sealing of the lid. Specialised chemical-
mechanical planarization systems are available for chips fabricated on 4” or 6” circular wafers. The
need for planarization can be avoided by using an altered waveguide layer pattern devised by Friis
et al [29]. The structure shown in Figure 7.1 uses a narrow strip of waveguide core material
framing the shape of the microfluidic channel. This means that the etched microfluidic channel has
a flat bottom and there is a greater contact area on the top surface to improve the strength of the

sealing.
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Figure 7.1: Structure of waveguide layer used by Friis et al allowing a flat bottom to an etched fluidic
channel [29].

The extra strip of core material is narrow enough so that it does not significantly affect the shape of

the beam launched across of the microfluidic channel.

7.2.3 Inertial focussing with a single equilibrium position

In order to remove the 12 % difference in fluorescence signal for beads on the near and far
equilibrium positions the design of the microfluidic channel can be altered to produce only one
equilibrium position. Curved microfluidic channels can be used to induce a secondary transverse
flow know as Dean flow to push particles on to a single equilibrium positon. In a curving
microchannel operating at channel Reynolds numbers greater than 1, the momentum of the faster
moving flow at the centre of the channel forces it towards the outside of the channel. This
movement induces recirculation flows which are directed back to the inner wall of the channel
curve flowing along the top and bottom walls of the channel. A secondary flow destabilises the
equilibrium position on the outside of the curve and also the equilibrium positions on the top or
bottom of the channel leading to beads only flowing at the equilibrium position close to the inside

wall of the curve. This process is illustrated in Figure 7.2.
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Figure 7.2: Schematic of a spiral channel used by Bhagat et al [114]. Inertial lift forces direct particles to
equilibrium positions while recirculating Dean flows destabilised all inertial focussing positions except the
one centred on the wall at the inside of the channel curve.

Spiral designs are compact and reduce overall chip length but reduce the accessibility of the
microfluidic channel to waveguides [114]. An increased linear length at the end of the spiral would
allow greater access. Sinusoidal microfluidic channels can be used to produce Dean flow and are

more accessible for integration of waveguides [47], [57].

7.2.4 Reduction of signal variation from immunoassay beads

The high CV measured for the fluorescence bead immunoassay compared to the control beads
indicated high variability in the amount of detection antibody binding to beads during the
immunoassay procedure. The immunoassay protocol was adapted from the manufacturer’s protocol
for a 250 pul sample volume in a 1.5 ml tube rather than the recommended 50 ul sample volume in a
96 well microplate. A 50 pl syringe could not be used to inject the sample because the volume of
the tubing and filter before the chip was ~100 pl and so the sample would not have reached the
chip. Instead a 250 pl volume syringe was used to inject the sample. Whilst the larger sample
volume should not have affected the binding kinetics of the antibody-antigen interaction as the
concentrations were the same, the mixing action and wash step mechanics were different.
Inefficient mixing in the Eppendorf may have led to heterogeneous binding amongst each bead
sample increasing the CV. An inefficient magnetic wash protocol may also have altered the amount
of free analyte and free detection antibody present in the sample. This would have altered the
amount of detection antibody bound to the beads leading to a fluorescence measurement that was
unrepresentative of the analyte concentration. Future immunoassays will be conducted exactly to
the manufacturer’s protocol with 50 pl sample volumes in a 96 well plate. A parallel sample
injection loop can be included in the injection system so small sample volumes can be injected into
the chip. In addition results will be verified with parallel measurements on a conventional Luminex

flow cytometer and all data points will be from triplicate measurements.
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7.2.5 Compact fluorescence collection

The free-space fluorescence collection system used in this work can be replaced with a more
compact system. Off chip solutions include positioning a high numerical aperture fibre over the
illumination region to collect fluorescence or placing a small area photodetector immediately over
and close to this region. The ideal solution is on chip collection of fluorescence using wide
waveguides with a high numerical aperture set at a minimum of 90 degrees to the excitation
waveguide to minimise collection of pump light. Increasing the thickness of the waveguiding layer
will improve collection efficiency but will introduce multimode behaviour to the excitation
waveguide. Using a 2 um thick waveguide layer with a 2 um wide single mode input waveguide
for illumination and a wide multimode output waveguide for collection would offer the best

compromise for illumination and collection performance.

7.2.6 Device instrumentation and packaging.

The optical and fluidic apparatus used in this work to evaluate the device can be altered and
packaged to make the device more user friendly. Precise sample injection can be enabled with the
inclusion of a parallel sample loop injector which allows pl volumes to be injected into a flow
stream without introducing bubbles into the system. As mentioned previously a large reduction in
device footprint and operation complexity can be made by on chip fluorescence collection using
waveguides or fibres. Permanently gluing fibres to the input and output waveguides will produce a
very mechanically robust optical connection which does not need re-alignment. Fluorescence or
transmission light signals can be detected by fibre coupled avalanche photodiodes which are
connected to a data acquisition card with a fast sampling rate (2.8MS/s). Such data acquisition
cards can be integrated with signal processing and control software such as labVIEW™ (National
Instruments, US) which can be programmed to detect and log fluorescence or transmission peaks
allowing real time presentation of the data. This software can also be used to control the laser

power and pump flow rate.

7.2.7 Integration of optical focussing structures

Integrated structures such as kinoform microlenses [21] and multimode interference devices [20]
for light focussing have been demonstrated and would allow narrow beam widths to be maintained
across the wider microfluidic channels proposed in in sections 7.2.1 and 7.2.3. Multimode
interference devices are particularly appealing as they have less stringent fabrication tolerances
compared to kinoform microlenses. MMI devices consist of a single mode length of waveguide
joined to a wider, multimode section of waveguide of an exact length. The multiple modes excited
in the wider section constructively and destructively interfere with each other with propagation
length resulting in reimaging of the single mode input at a particular distance from the input [116].

The microfluidic channel can be positioned at the end of the MMI device and the position of focus
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is determined by the MMI device length. MMI devices have been demonstrated to reimage single
mode spots at a distances exceeding 40 um into a microfluidic channel filled with DI water [20].
Such small spotsizes, maintained across a microfluidic channel can be used for characterisation of

sub-micron diameter particles such as microvescicles.

7.2.8 Investigation of microvesicles

The small spotsize which can be produced by the integrated optical waveguides is useful for
interrogation of small biological particles called microvesicles. Microvesicles are small fragments
shed from the plasma membrane of cells which form into submicron diameter particles which can
act as vectors for information exchange between cells [117]. They are typically shed by cells in
response to specific stimuli, and shedding has been associated with a number of processes such as
inflammation [118] and cancer progression [119] and as such they have been identified as a useful
biomarker for investigations of health and disease. Elevated microvesicle numbers in the blood or
expression of particular membrane proteins may indicate a disease state. Flow cytometry is
commonly used to quantitatively assess microvesicle populations. Forward scatter measurements
can count numbers and measure size, and fluorescence from specific stains can identify the proteins
expressed on the surface of microvesicles. The ideal beam width for interrogating microvesicles is
only slightly wider than the microvesicle diameter. In this case the chance of coincident signals
from multiple particles is reduced and also the proportion of optical power interacting with the

particle is maximised which ensures a high signal to noise ratio for scatter measurements[120].

Inertial focusing of microparticles using straight channels becomes impractical as very narrow
channels are required which exert a very high channel pressure drop. For example, inertial focusing
of 0.2 um diameter particles would require a channel of w x h = 1.4 x 2.8 pm? and L = 10 mm
which would have to operate at a flow rate of 0.05 pl/s (U = 13.2 m/s.) incurring a channel
pressure drop of 1.2x 10* bar. Instead, focusing techniques which employ dean flows for sample
stream confinement are appealing as they can be implemented with channels of widths 10-300 pm
[40], [121], [122]. The technique detailed in section 2.2 and shown Figure 2.2 which uses
expanding and contracting sections of channel to induce dean vortices for vertical confinement
could be easily applied to the current chip format [40]. Curving channels could also be used to
induce dean flow based vertical confinement. A microflow cytometer devised by Mao et al (Figure
7.3) used a 90° bend in a channel to redirect a sheath input above and below a sample flow causing
vertical confinement of the sample. Horizontal confinement was achieved by introducing a sheath

flow from each side downstream of the bend [122].
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Figure 7.3: Vertical confinement of a sample input (A) by redirection of a sheath input (B) using induced
dean flow at a 90° bend. Horizontal focussing is achieved downstream by side sheath inputs C and D. Image
taken from [122]

7.2.9 Measurement of forward and side scatter

A configuration similar to the waveguide layout used by Kotz et al [25], shown in Figure 2.7, and
Golden et al [38] would allow forward scatter and side scatter to be measured. Collection
waveguides slightly offset from the excitation waveguide and at an angle of 0.5°-2.0° would collect
the forward scatter and waveguides at an angle of 60° or greater would collect side scattered light.
Narrower width waveguides would give finer discrimination of the scatter angle but would collect
less light while wider waveguides would collect more light but reduce the angular discrimination.
The addition of scattering measurements would allow the chip to be used to measure the size and
internal structure of particles and could be applied to investigation of cell populations or

microvesicles.

7.3 Concluding remarks

The work described in this thesis has produced a novel platform for microflow cytometry which
integrates waveguides with deep microfluidic channels suitable for inertial particle focussing. The
all glass platform offers a robust, mass producible system that can be adapted to include advanced
integrated optical components allowing a multitude of flow cytometry applications to be

developed.
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