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ABSTRACT

Microphotonics and Nanoislands Integrated Lab-on-Chips (LOCs) for
the Detection of Growth Hormones in Milk

Jayan Ozhikandathil, Ph.D.
Concordia University, 2012

Lab-on-a-chips (LOCs), alternatively called micro total analysis systems («TAS) are
miniaturized chemical or biological analytical devices that integrate one or several
laboratory functions on a single chip. LOCs handle small amount of sample volume and
enable the analysis and detection with enhanced performances in short time.

This thesis focuses on developing LOC platforms for the detection of growth hormones
such as bovine somatotropin (bST) and recombinant bovine somatotropin (rbST) in milk.
Bovine somatotropin is a polypeptide growth hormone naturally produced by the anterior
pituitary gland in mammals, which has strong influences on the biological effects such as
growth, developments and reproductive functions. The bST is useful to increase the milk
and meat production. With the emergence of the recombinant DNA technology, large
quantities of artificial hormones called recombinant bovine somatotropin (rbST) are
produced and used for the production of milk and meat in dairy industry. Use of growth
hormones for the production of milk and meat is still controversial due to its potential
effects on animal and human health. Hence, there is a huge demand for highly sensitive,
rapid and low cost devices for the detection of growth hormones. Currently, the growth
hormones are detected by large equipment which needs large amounts of reagents and
bio-liquids in addition to longer analysis time. In this context, there is a large demand for
developing a miniaturized bio-analytical platform for the rapid and precise screening of
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growth hormones in milk. In this thesis, development of LOC platforms for the labeled
and label-free detection of growth hormone is attempted.

The labeled detection of the rbST was demonstrated in a low cost lab-on-a-chip platform
fabricated by integrating an optical microfluidic system on silica-on-silicon (SOS)
waveguide with a PDMS (polydimethylsiloxane) microfluidic chip. In order to achieve
higher sensitivity and specificity, a novel cascaded waveguide coupler (CWC) system is
designed and fabricated on the silica-on-silicon platform. A novel method of fabricating
nano-island morphology is developed for the label-free detection of bovine growth
hormone. Experimental and theoretical analysis of tuning the gold nano-island
morphology is investigated and implemented for the label-free detection of growth
hormone. Subsequently, the nano-island morphology is integrated into a PDMS
microfluidic chip and a LOC is realized. A low cost, all polymer lab-on-a-chip is
developed by integrating silver-PDMS nanocomposite by in-situ synthesis of nano-
composite inside the microfluidic chip and detection of growth hormone is also
demonstrated. The nano-islands are integrated into silica-on-silicon waveguides for the
development of a nano-enhanced evanescent wave sensor for the detection of rbST.
Extraction of growth hormone from milk by solid phase extraction and its detection are
also demonstrated. Finally, a monolithically integrated LOC on silica-on-silicon (SOS)
comprising of microfluidics, optical waveguides and Echelle grating based spectrometer
is realized. The simulation and integration process of a micro-spectrometer with the

optical waveguide and microfluidic channel are also presented.
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Chapter 1: Introduction and literature review

1.1 Introduction

Bovine growth hormone (bGH), also known as bovine somatotropin (bST) is a
protein molecule having a polypeptide chain of 191 amino acids [1]. The bST is
produced naturally by the anterior pituitary glands of mammals and it has several
complex biological functions such as growth, development and reproduction. The role
of bST in lactation in mammals was identified in 1937[2]. The bST increases the
tissue metabolism and the uptakes of nutrients leading to an enhanced synthesis of
milk. Therefore, the bST has been employed in dairy industry as a growth promoter
for enhancing the production of milk and meat. The level of bST in blood can be
increased by injecting it in cattle and hence the milk yield is increased. The bST has
also been used for the treatment of growth disorder such as dwarfism [3]. As the
growth hormone increases the tissue metabolism, it has been reported to be misused
in sports for increasing the muscle mass in humans and horses.

Polypeptides are made up of amino acids and they are the building blocks of
proteins[4]. Figure 1.1 illustrates the formation of peptide chain from two amino

acids molecules. The structure of amino acid is shown in Figure 1.1 (a).
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Figure 1.1 (a) Structure of amino acids and (b) Formation of peptide[4].

The carboxyl (COOH) and amino (NH;) groups of two amino acid reacts and form
the peptide bonds of polypeptides as shown in Figure 1.1(b). Research on
polypeptides is significantly important because they are widely used as drugs in
therapeutic treatment [5-7], disease markers [8, 9], antimicrobial animal feed
additives and analytes for protein identification in proteome research [10].

The development of genetic engineering has made possible the cloning of
polypeptides using recombinant DNA technology [11, 12]. The recombinant DNA
technology could produce a large amount of artificial hormone for various
applications. The artificial hormone is commonly referred to as recombinant bovine
growth hormone (rGST) or recombinant bovine somatotropin (rbST). The chemical
structure of rbST can be slightly different from the bST, because the manufacturing
process of tbST may add a few extra amino acids at the end of bST molecules. The
number of extra amino acids in the rbST may vary between 1 to 10 and it has been
reported that these extra amines do not alter the biological activity [13]. As the
recombinant DNA is a low cost technology, the production of large quantities of tbST
can lead to misuse. Use of rbST is controversial [14-16], because it could be

potentially harmful to the health of human and animal. The use rbST is legal in dairy



farming in some Asian countries, Mexico and USA. However, it is banned in Canada
and European Union. Hence, there is a huge demand for a rapid and precise screening
method for the growth hormone is dairy industry. The methods of detection of bovine
growth hormone reported in literature are based on the protein detection methods by
using macroscopic instruments which require long time, large amounts of biomaterial
and reagents. This thesis aims at developing miniaturized sensor platforms so that the
detection and analysis of bovine growth hormone can be carried out faster by using

small amounts of biomaterials for the point of need (PON) applications.
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Figure 1.2 Evolution of the analytical methods for the detection of proteins

(hormones, etc.) in various environments (food, soil, etc.)



An evolution chart of analytical methods reported in literature for the detection of
traces of protein is given in Figure 1.2. The earliest methods of detection of protein
are thin layer chromatography (TLC) [17], enzyme-linked immunosorbent assay
(ELISA) and radioimmunoassay (RIA). High-performance liquid chromatography
(HPLC) is a most widely used chromatography method for the past thirty years for
the separation of proteins from a complex mixture, in which discrete volumes of
sample are passed through column at various velocities. The nature of analytes is
analyzed based on the time taken for the elution of sample through the column.
Though the concept of gas chromatography-mass (GC-MS) spectrometry was
introduced in the early 1960s [18], the successful demonstration of GC-MS for the
drug detection, environmental analysis is carried out by the 90°s[19]. The
disadvantage of the GC-MS is that the analytes should be thermally stable under GC
conditions [20]. The resolving power of the HPLC is greatly enhanced in ultra
performance liquid chromatography (UPLC) [21] by reducing the size of the silica
particle used on the separation column. The analytical method explained so fat are
based on large macroscopic instruments, hence the miniaturized analytical systems or
lab-on-a-chip (LOC) is essential for the rapid and point-of-need (PON) applications.

Several protein detection methods such as enzyme-linked immunosorbent assay
(ELISA) [22, 23], radioimmunoassay (RIA) [24] or bioassay methods [25] and
Surface Plasmon Resonance (SPR) [26] are demonstrated for the detection of growth
hormone. ELISA is a widely used protein detection method, which works based on
the immunoassay. In immunoassay, the concentration of protein is measured by a

specific antigen (protein)-antibody interaction. For ELISA, a known amount of



antibody is introduced to the substrate functionalized with the unknown amount of
protein to be detected. The reaction of antigen and antibody is detected by introducing
an enzyme and the detection is carried out by observing the color change occurring on
the substrate using a colorimetric method. The disadvantage of ELISA is that it
predicts the concentration of bST in a relative term based on the affinity and
concentration of antibody. RIA is a labeled detection approach, in which the antigen
is tagged with a radioactive substance and hence the antigen-antibody interaction is
detected by measuring the gamma rays by using a gamma counter. The
radioimmunoassay requires special apparatus, license to use it and radiation safety
precautions. Liquid Chromatography Mass Spectroscopy (LC-MS) is a powerful
bioassay method widely reported for the screening of polypeptides, which has high
sensitivity and specificity to the molecules of interest. Liquid chromatography is used
to separate the protein of interest from a complex mixture of protein and detect by
using mass spectroscopy. In mass spectroscopy, the proteins are ionized using gas
phase, electron spray or chemical ionization method and proteins are separated based
on mass-to-charge ratio and analyzed by electromagnetic fields. The LC-MS is a
complex process and it requires expensive instruments. In surface plasmon resonance
(SPR) sensors, a thin layer of noble metals such as gold or silver is coated on the
sensing substrate. The surface plasmon waves are excited by coupling the light to a
thin metal layer by a prism and the protein adsorbed on the metal layer changes the
plasmonic property.

The proteins having aromatic amino acids exhibit intrinsic fluorescence properties,

therefore, they can be detected and quantified through their emission properties [27].



Mary K Lawless et al. [28] reported the application of reverse phase high-
performance liquid chromatography (RP-HPLC) for the separation and quantification
of 36 amino acid peptides. This peptide has intrinsic fluorescence properties,
therefore the detection was achieved by the excitation light of 280 nm and the
emission recorded at 350 nm. The peptides having no fluorescent properties need to
be tagged with the fluorescent material for the detection. In 1970, T.E.W Feltkemp et
al. [29] published a work on tagging of Immunoglobulin G (IgG) with Fluorescein
Isothiocynate (FITC) and the use of column chromatography for the separation of
labeled molecules. FITC has the absorption and emission peak at 495 nm and 525 nm
respectively. The reaction leading to the formation of FITC conjugated polypeptides
is illustrated in Figure 1.3, herein, the free amino group of peptides forms a stable

thiourea bond with the FITC molecules.
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Figure 1.3 Reaction of FITC-Peptide conjugation[30].



In this thesis, miniaturized analytical systems are developed for the detection of bST
and rbST. Miniaturized analytical devices commonly referred to as micro total
analysis systems (WTAS) or Lab-on-a-chips (LOCs) are fabricated by integrating one
or multiple biochemical analytical process modules in a single chip [31]. One of the
main process modules in the lab-on-a-chip is microfluidic circuits, which transport
and handle small amount of bio-liquids and reagents for the detection and analysis. A
detailed classification map of the lab-on-a-chips based on the integration process,
sensing method and actuation schemes is illustrated in Figure 1.4 [32]. Two
approaches of integration processes are commonly used for the lab-on-a-chip,

namely, hybrid and monolithic integration.
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Figure 1.4 Classification of LOC based on the integration process, sensing and fluidic

actuation schemes.

In monolithic integration, all the process modules are integrated in a single material
platform, which is useful for the fabrication of a compact and portable device.
However, often times, it is required to use different materials for various requirements
of micro total analysis systems. Hence a hybrid integration approach will be suitable

in this scenario. In this thesis both the hybrid and monolithic integration approaches



are investigated. The fluid actuation schemes used in the micro total analysis systems
are electrophoresis, capillary forces, electro-osmosis and syringe injection. As the
syringe injection is the simplest method, it is used in thesis work.

The sensing techniques used in the pTAS are mechanical, optical and electrical as
illustrated in Figure 1.4. Mechanical detection of biochemical reactions are
demonstrated with micro or nano-scale cantilever sensor chips [33]. The biochemical
reaction performed on the cantilever introduces a change in surface stress or mass,
which could be measured from the deflection or natural frequency of the cantilever.
Optical based detection is the most generally used method because of their
widespread use in biology and life science. A wide variety of detection methods are
reported based on the change of property of light due to the biochemical reaction [32,
34]. Optical detection can be based on chemiluminescence [35], absorption,
fluorescence, plasmon resonance shift or evanescence [36]. Absorption is an earliest
optical detection method, which depends on the chromophores present in the
biospecies that are responsible for the absorption of light. The biochemical reactions
which release light are termed as chemiluminescent. Therefore the biodetection is
possible thorough the chemiluminescent by detecting the light. Fluorescence
detection is based on the fluorescent labels, which are tagged with biospecies, hence
the monitoring of the biochemical reaction is possible by detecting the light emission
from the fluorescent labels. Optical detections based on resonance shift are label free
detection which can be implemented in either Surface Plasmon Resonance (SPR) or
Localized Surface Plasmon Resonance (LSPR) [37].This approach has been proven to

have great potential as they are sensitive to the biochemical reaction occurring on a



sensing surface. Hence the plasmon resonance shift based detection is greatly
employed for the affinity biosensors. In SPR sensors, a thin metallic layer is used to
generate surface plasmon waves and the biochemical reaction happening on the metal
layer modifies the plasmonic property. SPR sensors are already available
commercially. Surface plasmon resonance produced in the nanoparticles is known as
localized surface plasmon resonance (LSPR). The localized surface property of
metallic nanoparticle and the shift of LSPR band can be used to monitor the
biochemical reaction. At present, LSPR based sensors are gaining more attention due
to simplicity in the optical setup and higher sensitivity. Evanescent wave, the
exponentially decaying tail of the propagating wave is useful for the biodetection
[38]. Evanescent wave sensors can be deployed in both fluorescence and absorption
based detection.

In this thesis, optical method is used as the optical detection has higher sensitivity,
good stability and good spatial resolution. A novel optical LOC developed by using
silica-on-silicon waveguide and PDMS microfluidic chip is demonstrated for the
detection of fluorescently tagged recombinant bovine growth hormone. Evanescence
based sensor chip is developed by using a novel cascade waveguide coupler (CWC)
with higher sensitivity and specificity. To adopt the LSPR based method in LOC,
novel method of integration of nanoparticles in microdevices is required, and hence
the micro-nano integration has been an interesting topic in micro total analysis
systems research at present. A LSPR senor is developed for the label-free detection of
bovine growth hormone, in which a novel method of manufacturing gold nano-island

is developed. This method is simple, low cost and compatible to integrate in
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microfluidic chips. LSPR property of silver-PDMS nanocomposite is investigated for
the label-free detection of bovine growth hormone. Subsequently, by synthesizing the
silver-PDMS nanocomposite directly in the PDMS microfluidic device, a novel all
PDMS lab-on-a-chip is developed. Finally, the evanescence and LSPR detection
method are combined and a nano-enhanced evanescence sensor is developed by
integrating gold nano-islands in silica-on-silicon optical chip and PDMS microfluidic

chip.

1.2 Lab-on-a-chips (LOCs)
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Figure 1.5 A generalized block diagram representing various processes involved in
the LOC (Figure adopted from Book: BioMEMS Science and engineering

perspectives, S. Badilescu and M.Packirisamy 2011 [32]).
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Lab-on-a-chips (LOCs), also called micro total analysis systems (uTAS) are
miniaturized analytical devices, which are fabricated by integrating one or multiple
laboratory functions in a single chip. The size of the LOCs can be of the order of few
millimeters to centimeters, therefore, they can be packaged and integrated with
electronics for the realization of portable devices. Microfluidics is the integral
component of LOCs, which enable the transportation and analysis of the
biomolecules in micron scale and hence the samples and reagents required for the
bio-analysis and detection can be of the order few nanoliters to microliters. As the
detection and analysis is carried out by using small amounts of samples, the
performance and throughput are very high and analysis time is much shorter. Figure
1.5 shows a generalized block diagram representation of WTAS [32]. A fully
integrated pTAS is capable of transporting the samples and reagents through pre-
treatments and mixing modules by using microfluidic circuits. Subsequently, the
samples were transported to a biochemical reaction unit to undergo molecules
separation and detection. By integrating the microfluidic and detection modules,
many of the processes required for the bio-analysis and detection can be attained.

The concept of miniaturization of laboratory functions and its benefits are
demonstrated for the first time by Manz et al. in the year 1990 [39], in which,
theoretical performance of the miniaturized version of flow injections systems,
chromatography and electrophoresis are compared with the existing macroscopic
systems and found that the performances of the miniaturized devices have been
greatly enhanced. In 1991, Manz and Verpoorte [40] fabricated a cell detection

system by integrating a molecule separation unit based on [40] liquid chromatography
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in a microfluidic channel. This system was fabricated by using anisotropic etching
and bonding of silicon wafer. Electrochemical detection was used in the first fully
synthesized pTAS developed by Verpoorte et al. in 1994 [41]. This system had two
silicon micropumps connected with the Ion Sensitive Field-Effect Transistor (ISFET)
using silicon rubber and demonstrated to be useful for the detection of pH and
phosphate. In the early stages of uTAS, electrical detection was widely used in
microdevices due to the easiness of miniaturization. However, the optical detection
method is the most widely used approach in life science due to several advantages
including higher sensitivity, better spatial resolution, higher discrimination ability and
good stability [42]. Optical detection in microfluidic devices can be achieved either
by directly coupling the light to the microfluidic channel or by the interacting the
evanescent wave with biospecies [43, 44]. In the later, the microfluidic channel is
placed near to the core of the waveguide so that the evanescent wave can interact with
the biomolecuels [45].

In 1996, Ramsey and Jacobson [46] reported DNA fragment analysis carried out in an
integrated micro device. Samples of DNA and enzymes were injected into the micro
reaction chamber by electrophoresis, and a CCD camera was equipped with the
experimental setup in order to imaging the particles by using laser induced
florescence (LIF). The fluorescence measurements were carried out using the
photomultiplier tube. This device was a microfluidic chip with optical detection and
flow visualization tools were integrated externally.

In 1998, Burns et al.[47] fabricated a pTAS by integrating multiple components such

as nanoliter liquid injector, sample mixer and positioning system, temperature
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controlled reaction chamber, an electrophoretic particle separation system and a
fluorescence detection system on silicon wafer. This device was fabricated by
monolithic integration of multiple modules and photodetector onto a silicon platform
and demonstrated to be useful for the analysis of DNA at nanoliter volumes.

In the early stages of LOCs, silicon micro fabrication technology was adopted for the
fabrication of LOCs due to the availability of well-established integrated circuit
fabrication process. However, in order to meet a large variety of requirements, other
material platforms and novel fabrication methods are being investigated at present.
Some of the polymeric materials such as polydimethylsiloxane (PDMS), Poly (methyl
methacrylate) (PMMA) were found to be excellent for the fabrication of PTAS
because of the cost-effective fabrication methodologies and excellent material
properties supporting uTAS functionalities. PDMS has several advantages: it is
biocompatible, optically transparent and easily moldable to any complex 3D
structures by soft lithography, therefore, it has been widely used for the fabrication of
UTAS. In the year 2000, Bartholomeuze et al. [11] reported a bioluminescence
method using PDMS microfluidic device, in which, a PDMS microfluidic channel
was fabricated by using SU8 mold and sealed with glass lid. The chip was
demonstrated to be able to monitor the change of concentration of intracellular
Adenosine Triphosphate (ATP) during the reaction with the luciferase in correlation
with the change in light intensity.

Fabrication of PWTAS on integrated optical platform has several advantages, as
semiconductor fabrication technologies can be used for the fabrication of

microphotonics and microfluidic parts. In 2001, Friis et al. [48] fabricated a
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microfluidic channel on silica-on-silicon waveguide and sealed the channel with
polysilicon by anodic bonding, and it was used for flow cytometry. Absorption and
fluorescence detection were carried out by pumping 100uM fluorescein to the
microchannel and exciting with a laser of 488nm coupled to the waveguide. The
attenuation of the silica-on-silicon (SOS) waveguide is very low in the order of
0.01dB/cm [49] and hence the SOS is attractive for the integration of micro-optical
components.

In 2003, Ruano et al. [50] published a work on a fluorescence based biodetection
system, in which they fabricated several microphotonics components such as
waveguides, beam splitter, S-bend and Y-branch on silica-on-silicon platform using
flame hydrolysis deposition (FHD), photolithography and silica micromachining. The
microfluidic channel and reservoir were micromachined on the silica-on-silicon
waveguide and by using two thick PDMS layers, the microfluidic channel was sealed.
The fluorescence detection ability of the device was demonstrated with Cy 5 dye.
Figure 1.6 shows the schematic of the integration of the device proposed by Ruano et

al. [50].
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Figure 1.6 Fluorescence detection system on silica-on-s-silicon waveguide (Figure

adopted from Ruano et al. [50]).

The use of multiple material platforms for the integration of uTAS got significant
attentions because the properties of different materials can be exploited for various
applications. Optical properties and photo patterning qualities of SU8 paved the way
to build 4TAS by integrating optical waveguide and microfluidics. In 2003,
Mogensen et al. [51] integrated a SU8 waveguide with a microfluidic channel for the
detection of bromothymol cells through absorption measurements. This work was
focused on the characterization of photonics aspects of the device. SUS is used as the
core of the waveguide and oxidized silicon wafer or Borofloat glass as top and bottom
cladding for the vertical confinement of light in the waveguide. Air is used as the
lateral cladding medium for simplifying the fabrication process. With SU8 negative

photo resist and PDMS, a hybrid integrated LOC was fabricated by Leeds et al. [52]
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in 2004. In their work, the qualities of SU8 and PDMS are used for the integration of
an optical waveguide with microfluidic channel. Since the refractive index of SUS is
1.6, SU8 was used as the core of the waveguide and PDMS with refractive index of
1.43 was used for the cladding and microfluidic chip was fabricated on PDMS.

Monolithic integration of dye laser, waveguides, microfluidic channel, diffusion
mixer and photo detectors is demonstrated for the uTAS by Balslev et al. [53] in 2004
and the device is shown in Figure 1.7. In this device, waveguide and microfluidics are
fabricated out of SU8 on silicon platform. Fluorescence detection was achieved by

the inbuilt photo detector and dye laser.
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Figure 1.7 Fully integrated uTAS (Adopted from Balslev et al. [53])

In 2005, David A. Chang-Yen et al. [54] published a work on monolithic integration

of optical waveguide and microfluidics on PDMS as illustrated in Figure 1.8. Curing
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temperature of PDMS is varied to achieve different refractive indices for the core and
cladding of the waveguide. They demonstrated a good confinement of light and an
attenuation of PDMS waveguide was 0.3dB/cm. However, this device was not
demonstrated for any bio applications. The attenuation of PDMS waveguide was

several orders higher compared to the silica-on-silicon waveguide.

tluid trench integrated iofo
waveguide pattern

substrate PDMS

=145
RL =149 waveguide PDMS

RI=147)
silica fiber - buffer coat
stripped back af interface
Figure 1.8 Optical waveguide and fluidic trench monolithically integrated on PDMS

(Figure adopted from David A. Chang-Yen et al. [54]).

Detection of multiple analytes is possible through the fluorescent labeling of multiple
biomolecules with different types of fluorphores having different excitation and
emission characteristics. In order to separate the emission spectra and excitation
signals for each labeled analytes, a spectrometer has to be integrated with the chip.
Chandrasekaran et al.[55] reported an optical microfluidic system of hybrid integrated

excitation laser and spectrometer-on-chip (SOC) [56] for the fluorescence based bio-
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detection. The schematics of this device is shown in Figure 1.9, In this study,
microfluidic chip is fabricated on silicon and excitation light from a fiber laser is
focused to the detection zone in a free space optical arrangement, An Echelle grating
based spectrometer is arranged in the system to collect the fluorescence. This hybrid
integrated system cannot be made portable for the point of care detection as the
collection and excitation fibers need to be equipped with micromanipulators.

Moreover, alignment of fibers with microfluidics is critical in this setup.

Spectrometer
Input fiber
Collector fiber
Peristaltic pumg
& 1353t
/
Fluorophores
Fluid out

Figure 1.9 Hybrid integrated optical microfluidic system for the fluorescence

detection (adopted from Chandrasekaran et al. [55])

The main disadvantage of the labeled detection is the cost and time required for
optimizing the labeling conditions. The label free detection depends on the inherent
property of the biomolecules of interest. The detection by simply measuring the
absorption of light by biomolecules is one of the earlier approaches, which are based

on the absorption of light by the chromophores in the biospecies. The sensitivity and
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reliability of the simple absorption based approach is limited and hence the other
techniques by using Surface Plasmon Resonance (SPR), carbon nanotubes, nanowires
and nanoholes are also reported for the label free detection [34]. In SPR sensor, a thin
metal layer is deposited on a substrate and the propagating Plasmon waves are
produced by coupling the light to the metal layer. The property of the plasmon wave
changes when the biospecies are adsorbed on to the metal layer. Noble metal
nanoparticles such as gold and silver have huge application potentials in the
biosensing and hence they have been already demonstrated for many biosensing
applications due to their plasmonic properties.

In recent years, the use of nanotechnology in the miniaturized biosystems has been
greatly addressed in literature [57]. Integration of nanomaterials in microfluidics
channel facilities the application of unique properties of nanoparticles for the
biosensing with the handling of small amounts of bioliquids. Integration of SPR
sensor in microfluidic device has been already implemented and a commercial device
called Biacore 3000 is already available. However, the light coupling optics in SPR

system is complex and hence Biacore 3000 systems still requires large apparatus.
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Figure 1.10 Gold nanoparticle integrated microfluidic device for the label-free

detection (Figure adopted from Yi Zhang et al. Lab- on a chip [58])

Integration of gold nanoparticle in a microfluidics device is reported for the
biodetection [58], herein the gold monolayer was deposited on quartz substrates by
silane layer and subsequently integrated with a microfluidic device fabricated on
cyclic olefin copolymer (COC). In a recent work, a multiplexed label free detection of
protein is demonstrated with the integration of nanoparticles in a microfluidic
environment [58]. The schematic representation of the device is shown in Figure
1.10. An optical bench holding the light source and spectrometer are designed and
implemented with the microfluidic chip having multiple parallel channels to carry out
a multiplexed protein assay.

The nanofabrication methods must have certain qualities in order to adapt them for
the integration of nano-structures in microfluidics. The adhesion of nanostructure
with microfluidic device, the feasibility to deposit nanostructures with various size
and shape and the easiness of implementation of illumination and optical
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measurements setup are essential qualities required for the integration of

nanomaterials in microfluidics devices.

1.3 Thesis motivation

As outlined in the literatures, large quantities of artificial hormones are synthesized
and misused in sports and dairy industry due to the advancement of recombinant
DNA technology. The use of artificial hormone is controversial because of its
potential side effects on the health of human and animal. Hence there is a large
demand for a rapid and precise detection device. Traditionally, the detection and
estimation of concentration of growth hormone in milk is carried out by macroscopic
instruments. A miniaturized sensing device that is easy to use at the point-of-need
(PON) would be required for an effective controlled use of growth hormone.

From the literatures on lab-on-a-chip, it is evident that various methods of improving
florescence detection sensitivity in lab-on-a-chip device are still required. In addition,
the integration of nano-structures in microfluidic devices can also produce LOCs with
enhanced performances. Most importantly, a cost effective fabrication methods for
making LOCs with enhanced performances has always a great demand.

In this thesis, optical detection method is adopted for the development of lab-on-a-
chip because of the higher sensitivity and stability. The labeled and label-free
detections have their own merits and demerits, hence, both of the approaches are used
for the detection of growth hormone. There are challenges to be addressed in the
integration process of microfluidic and optical components for the realization of lab-

on-a-chip devices with higher sensitivity.
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It is indeed necessary to develop novel nanofabrication technologies for the
development of nano-integrated microfluidic devices. The unique SPR optical
property of nanostructure is useful for the biosensing with higher sensitivity. The
fabrication method of nanostructure should also be compatible with the fabrication
process of microfluidic devices.

Developments of LOCs on the polymer could significantly reduce the cost of
fabrication and material, so that a low cost device can be developed. Hence a low
cost method of integration of nanostructures with the polymer LOC platform for

optical detection needs be developed.

1.4 Objective and scope of the thesis

The main objective of the thesis is to develop optical lab-ob-a-chip device for the
detection of growth hormone in milk.
The main objective of the thesis is achieved through following sub-objectives:
1. Develop a low cost optical microfluidic system for the realization of a lab-on-
a-chip.
a. A hybrid integrated lab-on-a-chip on silica-on-silicon and PDMS.
b. Test the fluorescence detection ability and sensitivity.
2. Optimize the labeling condition of growth hormone and detect in the lab-on-a-
chip and analyze the detection limit and sensitivity.
a. Optimize the labeling condition with different types of fluorophores

with growth hormone and test the sensitivity in the lab-on-a-chip.
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Increase the sensitivity and specificity of the detection by developing a novel
evanescent wave based fluorescence sensor and analyze the detection limit
and performance.

a. Simulation and analysis of evanescent coupling efficiency and testing
the performance of the device with fluorophore tagged growth
hormone.

Develop a label-free based sensor using gold nano-island and integrate into a
microfluidic device.

a. Simulation and development of novel nanofabrication method for the
deposition of nano-islands and test the refractive index sensitivity of
the sensor platform.

b. Test the label-free sensing ability of the nano-islands on the glass
substrate and subsequently develop a method to integrate them in a
microfluidic chip for the realization of lab-on-a-chip.

Develop a low cost LOC by using silver-PDMS nano-composite for label free
detection of growth hormone.

Integrate the nano-island on a silica-on-a-silicon waveguide for the nano-
enhanced evanescent lab-on-a-chip and test label free detection sensitivity of
the device.

Separation of growth hormone from milk and detection.

Develop a monolithically integrated lab-on-a-chip by integrating microfluidic

channel, optical waveguide and spectrometer on chip.

24



1.5 Organization of the thesis in a manuscript-based format

This thesis is written in manuscript-based format with 11 Chapters. In the present
Chapter, main objective and sub-objectives are explained. A brief introduction of the
existing methods of detection of growth hormone and various significant methods
reported for the developments of lab-on-a-chip devices are reviewed. The application
potentials of nanomaterials for the biosensing and the importance of integrating them
in LOC device are examined. The thesis chapters are arranged to address the
objective of the thesis explained in Section 1.4 and the thesis is formatted according
to the “Thesis Preparation and Thesis Examination Regulations (version-2011)” of
the School of Graduate Studies at Concordia University. The Chapters 2-8 are
duplicated from one published journal article, three journal papers accepted for
publication, and four submitted or to be submitted journal articles. The Sections,
Figures and the Equations in the duplicated articles are numbered as per the thesis
regulation. A single reference list is presented in Reference section. Conclusion and

the future recommendations are explained in the chapter 11.

Chapter 2 is duplicated from the article published in Journal of Biomedical

Optics: This chapter covers the Objective 1(a) and 1(b) of the “objective and scope”
of the thesis explained in Section 1.4

Ref [59]): Jayan Ozhikandathil and Muthukumarn Packirisamy “Silica-on-silicon
(SOS) Waveguide Integrated PDMS Lab-on-a-chip for Quantum dot Fluorescence

Bio-detection” J. Biomed. Opt. 17, 017006 (2012). (Impact Factor: 3.188)
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Integration of microfluidics and optical components is an essential requirement for
the realization of optical detection in lab-on-a-chip (LOC). In this work, a novel
hybrid integration of silica-on-silicon (SOS) waveguide and polydymethylsiloxane
(PDMS) microfluidics for realizing optical detection based biochip is demonstrated.
SOS is a commonly used platform for integrated photonic circuits due to its lower
absorption coefficient of silica and the availability of advanced microfabrication
technologies for fabricating complicated optical components. However, the
fabrication of complex microfluidics circuits on SOS is an expensive process. On the
other hand, any complex 3D and high-aspect-ratio microstructures for the
microfluidic applications can be easily patterned on PDMS using soft lithography. By
exploring the advantages of these two materials, the proposed hybrid integration
method greatly simplifies the fabrication of optical LOC. Two simple technologies—
namely, diamond machining and soft lithography—were employed for the integration
of an optical microfluidic system. Use of PDMS for the fabrication of any complex
3D microfluidics structures, together with the integration of low loss silica-on-silicon
photonic waveguides with a straight microfluidic channel, opens up new possibilities
to produce low-cost biochips. The performance of SOS-PDMS-integrated hybrid
biochip is demonstrated with the detection of laser induced fluorescence of quantum
dots. As quantum dots have immense application potential for biodetection, they are

used for the demonstration of biodetection.
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Chapter 3 is duplicated from the article accepted for publication in IEEE Sensor

Journal: This chapter covers the Objective 2 of the “objective and scope” of the
thesis explained in Section 1.4

Ref[60]: Jayan Ozhikandathil, Simona Badilescu and Muthukumaran Packirisamy
“Detection of Fluorophore-Tagged Recombinant Bovine Somatotropin (rbST) by
using Silica-on-silicon (SOS)-PDMS Lab-on-a-chip” Accepted for publication in

IEEE Sensor Journal, 2012.(Impact Factor: 1.5)

The presence of potentially harmful substances in milk is a concern for consumers.
The discovery of the recombinant DNA technology allowed the production of large
quantities of recombinant bovine somatotropin (rbST), which is allowed to be used to
increase the milk and meat production in many countries. The use of recombinant
bST (rbST) is controversial because of its potential effects on animal and human
health. Use of the existing large instruments for the detection of rbST suffers from
disadvantages such as the need of large quantities of reagents, increased time of
assays and most importantly, the high-cost of equipments. In this work, a novel
optical lab-on-a-chip (LOC) is proposed for the detection of a fluorophore-tagged
tbST. The advantages of silica-on-silicon (SOS) platform for the optical waveguide
and polydimethylsiloxane (PDMS) for microfluidics are exploited for the fabrication
of a low cost lab-on-a-chip. The tagging of rbST with two different types of
fluorophores such as FITC and Alexa Fluor (AF)-647 is carried out and used for the

detection in the proposed lab-on-a-chip.
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Chapter 4 is duplicated from the article accepted with minor modifications by

the Journal of Biophotonics: This chapter covers the Objective 3 of the “objective
and scope” of the thesis explained in Section 1.4

Ref: Jayan Ozhikandathil and Muthukumarn Packirisamy “Detection of recombinant
growth hormone by evanescent cascaded waveguide coupler on silica-on-silicon”

accepted to Journal of BIOPHOTONICS 2012. (Impact Factor: 4.343)

An evanescent wave based biosensor is developed on the silica-on-silicon (SOS) with
a cascaded waveguide coupler (CWC) for the detection of recombinant growth
hormone. SOS is an attractive platform for binding the antigen and antibodies with
fluorescent complexes within the evanescent wave penetration depth in order to
perform the fluoroimmunoassay. So far, U-bends and tapered waveguides are
demonstrated for increasing the penetration depth and enhancing the sensitivity of the
evanescent wave sensor. In this work, a monolithically integrated sensor platform
containing a cascaded waveguide coupler with optical power splitters and combiners
designed with S-bends and taper waveguides is demonstrated for an enhanced
detection of recombinant growth hormone. In the cascaded waveguide coupler, a
large surface area to bind the antibody with increased penetration depth of evanescent
wave to excite the tagged-rbST is obtained by splitting the waveguide into multiple
paths using Y splitters designed with s-bends and subsequently combining them back
to a single waveguide through tapered waveguide and combiners. Hence a highly
sensitive fluoroimmunoassay sensor is realized. Using the 2D FDTD (Finite-
difference time-domain method) simulation of waveguide with a point source in Rsoft

FullWAVE, the fluorescence coupling efficiency of straight and bend section of
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waveguide is analyzed. The sensor is demonstrated for the detection of fluorescently-

tagged recombinant growth hormone with the detection limit as low as 25 ng/ml.

Chapter 5 is duplicated from the article prepared to submit to the IEEE Journal

of Photonics: This chapter covers the Objective 4(a) of the “objective and scope of
the thesis” explained in Section 1.4

Ref: Jayan Ozhikandathil and Muthukumaran Packirisamy “Finite-difference time-
domain simulation and implementation of a morphologically-tuned gold nano-islands
integrated biosensor”, Prepared to submit to the IEEE Journal of Photonics (Impact
Factor: 2.344)

This chapter presents simulation analysis and implementation of morphology tuning
of gold nano-islands structure deposited by a novel convective assembly technique.
The gold nano-islands were simulated using 3D Finite-Difference Time-Domain
(FDTD) techniques to investigate the effect of morphological changes and adsorption
of protein layer on the localized surface plasmon resonance (LSPR) properties. Gold
nano-islands structures were deposited on glass substrate by a novel and low-cost
convective assembly process. The structure formed by an uncontrolled deposition
method resulted in a nano-cluster morphology, which was annealed at various
temperatures to tune the optical absorbance property by transforming the nano-cluster
to nano-island morphology by modifying the structural shape and interparticle
separation distances. The dependence of the size and the interparticle separation
distance of the nano-islands on the LSPR properties were analyzed in the simulation.
The effect of adsorption of protein layer on the nano-islands structure was simulated

and a relation between the thickness and the refractive index of the protein layer on
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the LSPR peak was presented. Further, the sensitivity of the gold nano-island
integrated sensor against refractive index was computed and compared with the

experimental results.

Chapter 6 is duplicated from the article accepted for publication in Journal of

Biomedical Optics: This chapter covers the Objective 4(b) of the “objective and

scope” of the thesis explained in Section 1.4

Ref [61]: Jayan Ozhikandathil, Simona Badilescu and Muthukumaran Packirisamy
“Gold Nano-island Structures Integrated in a Lab-on-a-Chip for Plasmonic
Detection of Bovine Growth Hormone” Accepted for publication in Journal of
Biomedical Optics July issue 2012. (Impact Factor: 3.188)

Three dimensional gold nanostructures fabricated through a novel convective
assembly method are treated thermally to obtain a nano-island morphology. The new
structure is proved to be adequate for the detection of bovine growth hormone, by
using an immunoassay method based on the Localized Surface Plasmon Resonance
(LSPR) band of gold. The nano-island structures are integrated into a microfluidic
device and the spectral measurements are done by introducing the device directly in
the light beam of a UV-Visible spectrophotometer. The principal motivation of this
work is the need for a simple and rapid method of detection of the hormone in milk
and milk products.

Chapter 7 is duplicated from the article submitted to Journal of Biomedical

Optics: This chapter covers the Objective Sof the “objective and scope” of the thesis

explained in Section 1.4
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Ref:  Jayan  Ozhikandathil —and  Muthukumaran  Packirisamy — “Silver-
Polydimethylsiloxane Nanocomposite integrated lab-on-a-chip for Plasmonic
Detection of Bovine Growth Hormone” submitted to Journal of biomedical optics
2012. (Impact Factor 3.188)

A novel method of integration of a silver-polydimethylsiloxane (PDMS)
nanocomposite in a microfluidic channel for the realization of a lab-on-a-chip is
reported in this chapter. The device is demonstrated for the plasmonic detection of
bovine growth hormone. The feasibility of the application of plasmonic property of
silver-PDMS nanocomposite substrate for the detection of antigen-antibody
interaction is investigated. Subsequently, the nanocomposite was integrated into a
microfluidic channel and the detection experiments were carried out in microfluidics
environment as well. The experiments confirmed that the nanocomposite can be
integrated into the microfluidic device without reducing the sensitivity achieved on

the silver-PDMS substrates [62].

Chapter 8 is duplicated from the article submitted to Biomicrofluidics Journal:

This chapter covers the Objective 6 of the “objective and scope” of the thesis
explained in Section 1.4

Ref: Jayan Ozhikandathil and Muthukumaran Packirisamy “Nano-islands integrated
evanescence-based lab-on-a-chip on silica-on-silicon and PDMS hybrid platform for
the detection of recombinant growth hormone” submitted to Journal of
Biomicrofluidics (Impact Factor: 3.896) article submitted to Biomicrofluidics AIP

Journal.
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Integration of nano-materials in optical microfluidic devices facilitates the realization
of miniaturized analytical systems with enhanced sensing abilities for biological and
chemical substances. In this work, a novel method of integration of gold nano-islands
in a silica-on-silicon-polydimethylsiloxane microfluidic device is reported. The
device works based on the nano-enhanced evanescence technique achieved by
interacting the evanescent tail of propagating wave with the gold nano-islands
integrated on the core of the waveguide resulting in the modification of the
propagating UV-visible spectrum. The biosensing ability of the device is investigated
by FDTD simulation with a simplified model of the device. The performance of the
proposed device is demonstrated for the detection of recombinant growth hormone

based on antibody-antigen interaction.

Chapter 9 explains the process of extraction of rbST from milk by using solid

phase extraction technique and detection by using gold nano-islands: This

chapter covers the Objective 7 of the “objective and scope” of the thesis explained in
Section 1.4

A label-free method is used for the detection recombinant bovine somatotropin in
milk. The milk sample spiked with the rbST was separated by solid phase extraction
technique. The detection of the rbST separated from milk is carried out by the
plasmonic property of the gold nano-islands formed on a glass substrate through
antibody-antigen interaction. The formation of nano-islands is by a simple, low cost
and uncontrolled convective assembly process. The uncontrolled convective assembly

technique resulted in a nano-cluster morphology which was not suitable for the
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biosensing, hence the nano-cluster morphology was transformed to nano-island
morphology by post-deposition heat treatment. The detection limit of rbST by using

the nano-islands formed on glass substrate is as low as 5 ng /ml.

Chapter 10 explains the FDTD simulation of spectrometer-on-chip and

monolithic integration process of spectrometer-on-chip, microfluidic channel

and optical waveguide on_silica-on-silicon platform: This chapter covers the

Objective 8 of the “objective and scope” of the thesis explained in Section 1.4

In this chapter, a multiple waveguide system, microfluidic channel and a micro-
spectrometer are monolithically integrated on silica-on-silicon platform by using
single step lithography and etching. A concave grating spectrometer is designed by
2D FDTD simulation and integrated with the microfluidics and waveguide for the
realization of a miniaturized monolithically integrated optical LOC. The spectrometer
is designed for the simultaneous detection multiple analytes labeled with various
fluorophores. The fuorophores used for the detection of tbST are FITC and Alexa 647
with emission wavelength at 521 nm and 665 nm, respectively. Therefore the micro-
spectrometer was designed to cover in the range of 500 to 700nm. Since the smallest
feature size of the grating of the micro-spectrometer is 500 nm, the grating could not
be fabricated with good precision. The fabrication of grating will be possible by using

high-resolution lithography such as e-beam lithography.
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1.6

Major contributions of the thesis

In this thesis, detection of bovine growth hormone in milk by using lab-on-a-chip

platforms is achieved. Following are contribution in the field of the lab-on-chip

achieved in this thesis.

1.

A novel hybrid integration method for the realization an optical lab-on-a-chip
is developed. Advantages of PDMS for the fabrication of microfluidic chip
and the advantages of the silica-on-silicon waveguide for the optical chip and
the proposed integration method greatly simplify the fabrication of low cost
LOCs.

Optimization of labeling conditions of bovine growth hormone with two types

of fluorophores such as Alexa-647 and FITC is achieved.

. A novel cascaded waveguide coupler (CWC) system is proposed and

implemented on silica-on-silicon waveguide for the evanescence based
fluorescence detection with enhanced sensitivity. The fluorescent tagged
bovine growth hormone is detected using the CWC systems.

Simulation and implementation of a novel method of formation of nano-
islands for the label free detection of bovine growth hormone is carried out.

A novel method of formation of nano-island morphology on the glass
substrate is achieved. This is a simple and low cost approach.

The nano-islands are integrated into a microfluidic environment and a low
cost lab-on-a-chip is fabricated.

A novel method of integration of silver nanoparticles in PDMS microfluidic

chip is developed and a low cost all polymer lab-on-a-chip is realized.
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1.7

Method of manufacturing the nano-islands on the glass was successfully
implemented for the formation of nano-island on the silica-on-silicon
waveguide and a nano-enhanced evanescent wave lab-on-a-chip is developed.
Method of integration of a fully integrated lab-on-a-chip by integrating

microfluidic, optical waveguide and spectrometer-on-chip.
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Chapter 2: Silica-on-silicon waveguide integrated
polydimethylsiloxane (PDMS) lab-on-a-chip
(LOC) for fluorescence bio-detection

2.1 Introduction

The field of Micro Total Analysis Systems (¢TAS) or Lab-on-a-chips (LOCs) has
gained increased attention since its introduction by Manz et al. in 1990[39]. This is
because of several advantages: uTAS perform bioanalysis and detection with higher
sensitivity by using small amount of reagent volumes in short time. Typically, a
bioanalytical process includes sampling, filtration, dilution, chemical reaction,
separation, detection and quantification of molecules of interest. In order to perform
all of these processes at micron scale, different process modules need to be
miniaturized and integrated in a single chip. Adaptation of conventional micro
fabrication technologies for the integration of uTAS is complicated and crucial.
Several innovative approaches have been reported for the integration of micro total
analysis systems [43, 44, 63]. Hybrid integration of #TAS by using different material
platforms such as silicon, glass and polymeric materials such as polydimethylsiloxane
(PDMS), Poly (methyl methacrylate) (PMMA) and SU-8 [51, 64-66] has also been
reported. The main benefit of hybrid integration of uTAS is that the properties of
different materials can be exploited for supporting different functionalities of #TAS.
However, the fabrication process can be expensive and complex.

Even though there are many detection techniques reported for the bioanalytical
process, fluorescent detection is still a widely used approach [42] as this method has

many advantages including higher sensitivity, better stability, better spatial resolution
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and high discrimination capability. Conventionally, fluorescent dyes or fluorescent
proteins are used as diagnostic tool in immunoassays [67]. Fluorescent dyes are
compatible for tagging with the biomolecules and detecting via photoluminescence
properties. Emergence of quantum dots (QDs) replaces conventional dyes in
immunoassays due to the enhanced fluorescence, narrow emission and wide
absorption spectral width, greater stability against the photo bleaching, water
solubility and biocompatibility. A review article by Hedi Mattoussi et al. [68] has
furnished a detailed table of advantages of QDs over the fluorescent dye molecules
for the biodetection. Miniaturized opto-fluidics biochips together with highly efficient
fluorescent probes can facilitate bedside testing in hospital with small amounts of
sample volume and enhanced sensitivity. However, a major drawback of the optical
detection is the complexities involved in building an optical setup with a microfluidic
channel. In this context, there is an increasing demand for the simpler, accurate and
inexpensive methods of integration of optical microfluidic systems. A simpler
approach of fabricating the optical detection module in uTAS is by integrating optical
fibers directly into microfluidic channels [69]. Such systems are not compatible for
integrating more optical components and fabricating portable devices. Moreover, they
suffer a serious problem of misalignment of fibers with the microchannel. Fabrication
of microfluidics and optical components using single material platform is a highly
useful approach for the realization of portable and robust uTAS. For such a
monolithic integration of optical waveguides, the materials having the better
transparency to the wavelength of operation and feasibility of modifying the optical

properties such as refractive index are essential. For a waveguide, light is confined
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and propagated through a medium called core which is buried inside a cladding
medium. The refractive index of the core must be slightly greater than the cladding in
order to satisfy the condition of total internal reflection at the core-cladding interface
and hence the light is guided through the core. The fabrication of microfluidic
components requires the patterning of material into complex 3D high-aspect ratio
structures and also they must be sealable with a strong leak-proof bonding. Therefore,
the materials possessing all of the above stated properties are required for the
monolithic integration of optical microfluidic systems.

PDMS has been identified as a suitable material for fabricating uTAS because of
several advantages; it is bio-compatible, optically transparent down to the UV range
making it attractive to fabricate optical components, easily moldable to any complex
3D microstructures by soft lithography which is a low cost fabrication process. D. A.
Chang-Yen et al. [54] reported an attempt of developing waveguides and
microfluidics monolithically on PDMS. The refractive-index requirements of core
and cladding of waveguide is achieved by modifying the curing temperature of the
PDMS. The complexity in the proposed process is that the curing of core and
cladding must be done separately as the refractive index of PDMS is dependent on the
curing temperature. The attenuation of the PDMS waveguide was 0.4dB/cm which is
of several orders high as that of a SOS waveguide. The loss of the SOS waveguide is
reported as low as 0.01dB/cm [49].

The silica-on-silicon (SOS) platform has been proven to be suitable for the
miniaturization of monolithic-analytical systems [48, 70]. In SOS platform, silicon

dioxide layers are deposited and micro machined on silicon substrate for realizing the
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photonic components. The refractive index of the silica layers can be easily modified
by varying the process parameters, therefore, the micro-optical components such as
waveguide, couplers, grating based spectrometers[56] etc. can be fabricated. SOS is
an interesting technology in the optical point of view as the existing, well-
characterized semiconductor processing technologies can be readily adopted for the
deposition of high quality oxide films. Since the optical absorption is very low for the
silicon dioxide for the entire UV through near infrared regions, low loss optical
components can be fabricated on it. The microfluidic components such as
microchannels, reaction chambers and optical components can be monolithically
integrated on SOS platform without any miss alignment issues. However, the
fabrication issues reported in the literatures are deep micromachining of the silicon
dioxide and hermetic sealing of the microfluidics circuits due to the non-planar
topology of the waveguide.

As mentioned, the fabrication of optical components on SOS platform requires
deposition, photo-patterning and anisotropic etching of silicon dioxide layers. In order
to minimize the optical loss, the roughness of the etched-surface and verticality of the
structures are to be given more attention. In addition, the core layer needs to be
deeply buried, typically 15-20um deep inside the cladding layers. Therefore, the silica
layer has to be deeply etched (more than 20um) to bring the microfluidics to the
optical path. Technologies such as Deep Reactive Ion Etching (DRIE) [71, 72]and
Laser machining [73]are reported for the high-aspect ratio micromachining of silica
layer, but they are expensive, complex and time consuming. Recently, a low-cost,

nontraditional micromachining technology called SACE (Spark Assisted Chemical

41



Engraving) [74] has been employed for the machining of silica layer deposited on
silicon substrate. Development of microfluidic channel and optical waveguide on
SOS by using SACE is still underway due to high roughness surface associated with
the SACE. Laszle ef al.[75] have reported a method of making microchannel on glass
by diamond sawing which is simple and can be carried out in a general laboratory
environment. Even though this technique is suitable for fabricating straight
microchannels, the machined-surface can be very rough.

In this work, a novel optical microfluidic system is developed by integrating silica-
on-silicon (SOS) waveguide on PDMS. Advantages of PDMS for the microfluidics
circuits and SOS for the optical waveguide are exploited in this work. Due to the
fabrication complexities and the higher attenuation of PDMS waveguide, SOS
waveguide is used in this work. In the proposed integration method, by using two
simple technologies, an optical microfluidic system is implemented using SOS
waveguides and PDMS microfluidic chips. The diamond micromachining method is
used for the fabrication of a straight microfluidic channel in SOS waveguide, which is
simple and a cost-effective method. However, in order to have a fluidic system, the
SOS chip is further integrated on a PDMS platform containing more microfluidics
components. The microfluidic structures requiring high aspect-ratio were easily
fabricated on PDMS by soft lithography which can be carried out in a general
laboratory environment. The easily sealable nature of PDMS with PDMS or glass is
exploited for the sealing of device using oxygen plasma treatment. The use of thin
PDMS layer for the sealing of device could solve fabrications issues due non-planar

topology of the waveguide.
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The use of diamond machining together with the integration on PDMS made the
fabrication of optical nTAS an easy and cost effective process. Diamond machining
always results in a surface with high roughness which will reduce the optical coupling
efficiency between the waveguide and microfluidics. Hence, a new chemical
polishing facility called xCP (microfluidics assisted chemical polishing) was
developed to improve the surface roughness. The proposed integration method opens
up the feasibilities of fabricating optical pTAS comprised of any complex
microfluidic systems such as separation systems, micromixers, micropumps etc. on
PDMS followed by integrating SOS waveguide with a straight microchannel for the
optical detection requirements. The roughness of the channel wall introduced from

the diamond machining is smoothened by uCP.

2.2 SOS-PDMS Optical-Microfluidic system

Figure 2.1(a) shows the schematic illustration of the SOS-PDMS integration process.
This process is designed to implement an optical microfluidic system by using
simple, easy and low-cost fabrication processes. Also, the process of integration of
SOS and PDMS is designed to carry out in a general laboratory environment. As the
optical property of the waveguide is very sensitive to the fabrication process and the
quality of micromachining such as surface roughness and verticality of the structures,
the fabrication of waveguide was carried out in a standard microfabrication facility.
The microfluidic circuits on SOS platforms demands deep machining of silicon
dioxide which is an expensive and tedious task in a standard semiconductor

fabrication facility. Therefore the integration of microfluidics on SOS waveguide was
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achieved by using the advantages of SOS and PDMS platforms as demonstrated in
Figure 2.1(a). The assembly consists of two chips, one is the microfluidics chip on
PDMS and the second chip is the microfluidics channel integrated optical waveguide
on SOS platform. The PDMS platform is pattered by the soft lithography. This
microfluidic platform contains a slot for fixing the SOS chip, liquid reservoirs,
microchannel and a region where fluid is injected into the microfluidic channel on the
SOS chip (fluidic injection zone). The SOS chip with a straight microchannel (Figure
2.1(b)) must be properly aligned with the microchannel in PDMS while bonding.

Two fabrication issues are considered while designing this integration process:
sealing of the SOS waveguide with non-planar topology of waveguide and the
alignment of microchannel in the waveguide and the PDMS platform. In this process,
the bonding of the device was done by using oxygen plasma treatment. One of the
main issues with the oxygen plasma bonding is that plasma-treated substrates must be
immediately bonded without contaminating them. At the same time, the
microchannels in the SOS chip and the PDMS platform must be carefully aligned. To
solve this issue, the fluid injection zone is designed by chamfering the microchannel
ends as shown in Figure 2.1(a). After bonding the SOS chip in the slot of PDMS, a
thin layer of PDMS is used to seal the device. This thin PDMS layer is sufficiently
flexible to fill all the non-planar regions of the waveguide and produce a leak proof

hermetical sealing.
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Figure 2.1 (a) Schematic illustration of Silica-on-silicon-PDMS Optical-Microfluidic
system (b) SOS waveguide with a straight microchannel.

2.3  Silica-on-silicon (SOS) waveguide

In silica-on-silicon technology, wave guiding is achieved by three layers of silicon
dioxide, namely, bottom cladding, core and top cladding layers deposited on the
silicon substrate. By choosing a slightly higher refractive index for the core than the

cladding layer, the light can be vertically confined in the core. For the lateral
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confinement, the core layer has to be structured to the desired width. After structuring
the core layer, top cladding layer of silicon dioxide will be deposited. Such a buried
core waveguide structure is used in this work. An illustration of crossectional view of

SOS waveguide is shown in Figure 2.2.

Non-planar topology of SOS waveguide Top Cladding

Core
Bottom cladding

Silicon

Figure 2.2 Illustration of Silica-on-silicon waveguide.

Since the topology of the waveguide is non-planar, sealing of the microfluidic
channels integrated on the SOS waveguide is a challenging task. Among the few
techniques reported for the planarization of the waveguide topology, Chemical
Mechanical Planarization (CMP) and etch back method are usually employed for the
hermetic sealing of the microfluidic components machined on the SOS waveguide.
In CMP, many parameters must be carefully controlled to obtain a reproducible
outcome as the CMP is a combination of mechanical abrasion and chemical reaction
[76]. Even though there are many commercial tools available for the CMP to
precisely control the process parameters, they still suffer from issues such as feature-
size-dependent polishing, hollow formation in wide features, and residual

contamination. Etch back method is a technique used in microelectronics fabrication
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process for the planarization of small unevenness (< 1um), which is not suitable for
the present configuration. In order to adopt this technique for the waveguides having
the unevenness of ~5um, etching with two sacrificial layers is also reported [77].

Ruano et al. [50] reported monolithic integration of waveguide and microfluidic
system including microchannel and liquid reservoirs by depositing glass by Flame
Hydrolysis Deposition (FHD) and etching by deep reactive ion etching (DRIE)
followed by sealing the device with the help of two PDMS layers. Herein, to get a
hermetic sealing, a thin flexible PDMS layer is bonded between the non-planar
waveguide and a thick PDMS layer containing the fluidic ports. This kind of double
layer sealing is required since all the fluidic parts including the liquid reservoirs and
microchannels were monolithically integrated on the waveguide, therefore the sealing
layer should be sufficiently thicker and less flexible to fix the fluidic ports. In our
work, the proposed SOS-PDMS integration greatly simplifies the issues with the
sealing of the microfluidic channel. The main advantage of our method is that any
complex 3D microfluidic components required for separation, mixing, and
micropumping can be patterned on PDMS by soft lithography and integrated with
SOS chip with a straight microfluidic channel to facilitate the realization of complex

optical-LOCs through an easy and inexpensive process.

2.4 Device fabrication and Integration

2.4.1 Fabrication of SOS chip with waveguide and microfluidics

The fabrication of SOS waveguide is carried out in a standard clean room facility

(Enablance Ottawa, Canada). The waveguide fabrication starts with the deposition of
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silicon dioxide layer on the silicon wafer ((100) orientation) by Plasma Enhanced
Chemical Vapor Deposition (PECVD). The thickness of the bottom cladding layer
was 13um. The refractive index of the bottom cladding layer was ~1.445. The
refractive index of the core layer was measured as 1.457. For structuring the core
layer (10um width) of the waveguide, photoresist masking layer was patterned by
using UV photolithography. The core layer was micromachined by Reactive Ion
Etching (RIE). Finally, the top cladding layer was deposited with the process as that
of the parameters of the bottom cladding layer for 5 hours. Due to the conformal
deposition of top cladding layer on the patterned core layer, a thickness unevenness of
around 5um was observed on the waveguide. Finally, the waveguide was diced into
4.5x6.5mm samples as shown in Figure 2.3(a). Each 4.5%6.5mm chip has six
waveguides of ~10x5um core cross sections separated by 500um. The waveguide
facets were polished by using diamond lapping film of 0.1um particle sizes (Allied
High tech) to enhance the coupling of light to the waveguide. In order to assess the
quality of the waveguide facet, the facets were imaged by FEG-SEM. Figure. 2.3(b)
and (c) show the SEM image of waveguide before and after polishing, respectively.

The dimensions of the core and cladding are clearly visible in the SEM photo.
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Figure 2.3 Silica-on-silicon (SOS) waveguides used for the fabrication of SOS-

PDMS Lab-on-a-chip, (a) waveguide diced into 4.5X6.5mm sample, SEM image of

SOS waveguide before (b) and after (c) polishing using diamond lapping film.

2.4.2 Diamond micromachining of the microchannel

Esec 8003 dicing saw was used for the fabrication of microchannel on SOS
waveguide. This machine was designed to cut semiconductor wafers into chips. The
blade used in the setup is a steel ring with diamond particles having the size of 5 um
coated on it. The thickness of the blade was 100um. The blade was mounted on a high
frequency air bearing spindle. The rotation speed of the wheel was set at 18000 rpm.
Sample was fixed to the vacuum check by using an UV curable tape having the
thickness of 80um. A height sensor is used in the setup to measure the height of the
diamond saw from the chuck. The height of the blade was set to 540 um in order to
have a channel depth of ~100um (+/-10 gm). The machining speed was set to 1
mm/sec. Figure 2.4 shows the microscope image of the microfluidic channel
fabricated on the SOS chip. The width and depth of the channel was measured by

using an optical microscope, and they were ~110 gm as shown in Figure 2.4.
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(a) (b)

Figure 2.4 (a) Top view showing the width and (b) Cross sectional view showing the

depth of the microchannel fabricated by diamond micromachining method.

2.4.3 PDMS microfluidic platform

The PDMS platform contains a slot for fixing the SOS chip, microfluidic channel and
liquid reservoirs. The depth of the slot for fixing the SOS chip was 560 um. The
depth of the microfluidic channel in the PDMS was 80 um. The mold for the PDMS
platform was designed in commercial software called ProEngineer and fabricated on
brass by CNC machining. A thin layer of gold was electroplated on the brass mold for
the easy removal of PDMS, otherwise it was difficult. Soft lithography for the
fabrication of PDMS platform is carried out in a general laboratory environment.
PDMS platform is fabricated by a two-component silicone elastomer kit which is
SYLGARD 184 obtained from the Dow Corning. The silicon base and curing agent
(cross linker) are mixed in 10:1 (wt %) ratio. This mixture contains air bubbles
generated from the mixing; hence the mixture was placed in a vacuum desiccator and
degassed until all the gas bubbles were removed. Further, PDMS was casted on the
brass mold and baked at 80°C for 5 hours. The baking temperature or time is not
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critical as the optical property of the PDMS such as the refractive index is not a
concern in the present work. The cross-linking time can be decreased by increasing
the curing temperature. Figure 2.5 shows the brass mold and the PDMS platform

fabricated by soft lithography.

Brass mold

=

a_

PDMS chip made by soft lithography

Figure 2.5 Brass mold and PDMS chip.
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2.4.4 Integration of PDMS and SOS chip

Once the PDMS platform is fabricated, next step is the integration of SOS chip on it.
The device fabrication involves two bonding process; first, the bonding of SOS chip
on the slot of the PDMS platform, second is the sealing of the microfluidics channel
by a thin layer of PDMS. Finally the fluid inlet and outlet tubes must be
interconnected on top of the liquid reservoirs.

Oxygen plasma treatment was used for the bonding of the device. The exposure of
oxygen plasma on the PDMS surface helps to clean the surface, together with the
modification of hydrophobic nature of PDMS to the hydrophilic by converting the -
O-Si(CH3),- unit in PDMS to silanol group (Si-OH). The quality of the bond is
determined by the exposure time and how quickly the samples are kept in contact
after the exposure and before contaminating and loosing the surface property. If there
is any aligning task involved in the bonding, the bonding process requires extensive
care and expertise. The plasma exposure is carried out in the instrument obtained
from Harrick plasma. For the first bonding process of device fabrication, the back
side of SOS chip (that is the silicon surface) and PDMS platform are washed in
deionized (DI) water and dried with an air gun and loaded to the plasma instrument.
The plasma chamber pressure was pumped down to 70mTorr and the oxygen was
introduced at 10 sccm into the chamber. The plasma was created by RF power. The
samples were exposed to the oxygen plasma for 35 seconds. Then the SOS chip was
placed in the slot on PDMS and pressed. The region of transition of channel in PDMS
to SOS chip is designed by chamfering the channel ends in order to eliminate the

misalignment problem between the microfluidic channel in PDMS and the SOS chip,
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resulting in no alignment issue due to the present bonding process. This bonding
process forms a strong leak proof bond of chip on PDMS immediately. The next step
of device fabrication is the sealing of the device. A thin flat layer of PDMS with the
thickness of 2mm is used for sealing the device. The same process of preparation of
PDMS explained before is used for the thin PDMS layer also, herein the PDMS was
casted on a silicon wafer to obtain a flat layer. Before casting the PDMS, the silicon
wafer was silanized with the vapor of trichlorosilane in a covered Petri dish on a hot
plate at 55°C for 5 hours for promoting the easy removal of the PDMS. Then the
wafer was placed in a Petri dish and poured the PDMS and baked at 80°C for 3 hours.
Then the PDMS layer was peeled off from the wafer and cut into 1x4 cm samples.
Two holes of 2 mm diameter were punched to insert the fluidic tubes. The position of
the holes on the PDMS layer is on the position of liquid reservoirs in the PDMS
platform. The PDMS platform with the SOS chip and the thin flat layer were cleaned
in DI water and exposed to the oxygen plasmas as explained before. Then the samples
were pressed with the elapse of no time. This process yields a hermetic and
irreversible sealing of microfluidic channels. Then the fluidic tube (obtained from
Gilson Mandel) having the inner diameter of 250 4m and the outer diameter of 2 mm
was inserted into the hole punched on the PDMS layer and glued with a one-
component silicon RTV adhesive obtained from the Dow Corning. This adhesive was
selected to be highly viscous so that, before the completion of heating and curing, it
does not reach the liquid reservoirs and blocks the microfluidic channel. Then sample
was cured in the oven at 100°C for one hour. Figure 2.6(a) shows the photograph of

the fully integrated SOS-PDMS lab-on-a-chip.
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Steps Process Fabrication method

1 Integration of microfluidic channel on SOS | Diamond dicing
waveguide
2 Fabrication of PDMS platform for the | PDMS Soft lithography

microfluidics chips

3 Bonding of SOS chip with PDMS chip Oxygen plasma treatment

4 Sealing of the channel Oxygen plasma treatment

Table 1. Process steps involved in the fabrication of SOS-PDMS lab-on-a-chip.

SOS Chip

100 ym

Stagnation area

Figure 2.6 (a) SOS-PDMS Lab-on-chip (b) Close up of the flow in transition microfluidic

zone between SOS and PDMS chip.

The device was tested with micro flows in order to test for the flow behavior and the

possible leakages. Initially, DI water was pumped by Minipuls™ 3 peristaltic pump.
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The inlet velocity was varied slowly from 0.05m/s to 0.3m/s and no leakage was
noticed. To test the flow behavior through the device, DI water containing the
polystyrene spheres of Sum size, purchased from the Duke Scientific, (catalog
number G0500) was used. The polystyrene spheres were dispersed in DI water at a
volume fraction of 10 and pumped through the device. The pumping was done under
a microscope (Nikon ECLIPSE 80i) to image flow pattern. Figure 2.6(b) shows the
flow through the fluidic injection zone imaged under the microscope, herein the inlet
velocity was set at 0.1m/s. The flow stream line imaged with the help of polystyrene
spheres showed that when the inlet velocity was increased to 0.2m/s, two fluidic
stagnation areas were observed in the two corners of the fluid injection zone. When
the fluidic was pumped below the 0.1 m/s, the stagnation area was reduced to the
extreme corners of the fluidic injection zone as shown in the Figure 2.6(b). The liquid
stagnation in the fluidic path is not favorable during the rinsing of the channel as it
can accumulate the chemical wastes in the chip and would result in errors in the
measurements. Therefore, the cleaning of the channel after each measurement was
done at lower velocity.

Since the integration of the microchannel in SOS waveguide was done by diamond
machining, the surface quality of the channel wall was needed further surface
finishing so that the light coupling between the waveguide and the microfluidic
channel was not affected. The quality of coupling of the excitation light to the
microfluidic channel and the collection of the fluorescent light from the channel can
be reduced significantly by the roughness of the channel wall. The channel wall

surfaces were polished by microfluidic assisted chemical polishing (uCP). A
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commonly used silicon dioxide etchant which is Buffered hydrofluoric acid (BHF)
was pumped through the channel for polishing the channel wall. Buffered
hydrofluoric acid (BHF) was prepared from HF and ammonium fluoride in 1:6 ratios.
The stability of PDMS in BHF was tested before pumping the BHF to the device.
Several PDMS samples with microstructures were soaked in the BHF for different
times and found that the microstructures were slightly deformed after about 15
minutes of soaking. Hence, in the case of xCP, BHF was pumped through the
microchannel fabricated in SOS chip for 10 minutes at 0.2 m/s velocity in order to
reduce the surface roughness of the microchannel wall fabricated by diamond

machining.

2.4.5 Optical measurement setup

A fiber-to-waveguide aligner setup was built for the fluorescence detection. Figure
2.7 shows the setup used for the fluorescence detection experiments. This setup
includes two high precision micropositioners, fiber chucks and fiber holders obtained
from the Newport. Micropositioners are five-axis controllable. Light from a fiber
laser (OZ Optics, 635 nm, 1 m W) was directly coupled to the waveguide with the
help of opto-mechanical setup. A multimode fiber is aligned with the waveguide for
collecting the florescence signal and coupling to the spectrometer. A commercially
available spectrometer (Ocean Optics USB 4000) was used for the fluorescence

measurements.
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Figure 2.7 Opto-mechanical setup with SOS-PDMS Lab-on-a-chip.

2.5 Results and Discussion

Fluorescence is one of the preferred ways of biodetection in many bioassays and
other LOCs. Quantum dots (QDs) have many advantages over fluorophores such as
narrow absorption peak, wide absorption band and good stability. As the QDs are
used in many biodetection applications such as the detection of protein toxins
(staphylococcal enterotoxin B, cholera toxin)[78], ricin, shiga-like toxin 1 (SLT),
staphylococcal enterotoxin B (SEB)[79], Escherichia coli O157:H7 and Salmonella
typhimurium [80] and the detection of single-nucleotide polymorphism in human
oncogene p53 and for the multiallele detection of the hepatitis B and the hepatitis C
virus [81]etc., the proposed LOC is demonstrated for the detection of fluorescence

from QD in order to show the possibility for many bio-applications.
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For the investigation of fluorescence detection capability of the SOS-PDMS LOC, the
quantum dots (QD655) was used. QD 655 can be exited with any wavelengths below
650 nm and they produce a narrow emission peak at 655 nm. QD 655 was obtained
from Invitrogen Company, and they are used as received. QD 655 was suspended in
50 mM borate buffer. QD655 was further diluted to different concentrations in DI
water for investigating the detection limit of the device. Figure 2.8 shows the spectra
of the fluorescence emission from the quantum dot (QD 655) recorded from the
device. The quantum dot solution was pumped to the microchannel of the device and
excited by laser light of 635 nm coupled to the microchannel through the fiber and
SOS waveguide. A collection fiber was aligned at the other end of the SOS
waveguide to couple the fluorescence light to the spectrometer. Since there is no filter
used for removing the excitation signal, two peaks are visible in the Figure 2.8, one at
635 nm that corresponds to the excitation light and second one at 655 nm that
corresponds to the emission from quantum dots. The three spectra in Figure 2.8
correspond to emissions from three different concentrations of the quantum dot. After
taking the measurements for each concentration, the device was cleaned by pumping

DI water for 3 minutes.
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Figure 2.8 Fluorescence emission measured from QD 655 for different

concentrations.

From the Figure 2.3(b) and Figure 2.4(b), we know that the core of the waveguide is
located ~15um above the silicon surface and the depth of the microchannel is
~110pm respectively, that means the waveguide is located at 1/3 of the microchannel
and only a portion of the sample flowing though the microchannel is detected. Hence,
if there is any air bubble which tends to stay on top portion of the channel, the device
cannot detect the signal correctly. In order to confirm there is no trapping of air
bubbles, each measurement is repeated several times by pumping the solution through
the microchannel and recording the measurements. The detection limit of the device

is found to be as low as 0.13 M. A graph plotted between the fluorescence intensity
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recorded in the spectrometer for each concentration of quantum dot is shown in
Figure 2.9. As can be seen in the Figure 2.9, one can observe a linear variation
between the fluorescence and concentration of quantum dots. This experiment
demonstrates that the proposed LOC can be used for many bio-applications based on

QD fluorescence detection.
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Figure 2.9 Variation of fluorescence intensity against the concentration of quantum

dot.
2.6 Conclusions

A new method of integrating an optical microfluidic system by using silica-on-silicon
based microphotonics chip and PDMS based microfluidic chip was proposed. Two
simple and low cost technologies, namely diamond micromachining and soft

lithography were used for the fabrication of device. By exploiting the benefits of
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PDMS for fabricating high-aspect ratio microfluidics structures together with the
integration of low loss SOS photonics waveguides greatly simplifies the fabrication
of optical micro total analysis systems. Furthermore, the optical loss from the
roughness of channel wall introduced by the diamond machining was minimized by
the microfluidic assisted chemical polishing of the channel wall in order to obtain the
optical coupling between waveguide and microfluidic channel. The performance of
the device was tested by detecting the laser induced fluorescence from quantum dots
of different concentrations. The detection limit of the present device was found as low
as 0.13uM for the quantum dots 655. Thus the proposed SOS-PDMS integration
demonstrates the possibility of realizing simple and less-expensive LOCs for bio-

detection based on quantum dot fluorescence.
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Chapter 3: Detection of fluorophore-tagged
Recombinant Bovine somatotropin (rbST)
by using Silica-on-silicon (SOS)-PDMS Lab-
on-a-chip

3.1 Introduction

Bovine somatotropin (bST) is a polypeptide growth hormone naturally produced by
the anterior pituitary gland of cows. The primary protein in the pituitary extract,
which is responsible for the increase of milk production, is bST. The effect of bST on
milk production was discovered in 1937[2]. Since the 80s, by using the recombinant
DNA technologies [12], large quantities of hormones were produced and used to
increase the milk production. The use of recombinant bST (rbST) is controversial [14,
82, 83] because of its potential effects on animal and human health, hence, it is
forbidden in many countries. To provide meaningful information to consumers and to
identify the rbST-treated animals, highly sensitive analytical methods are required.

The concentration of bST was traditionally estimated using, either an enzyme-linked
immunosorbent assay (ELISA) [22, 23], a radioimmunoassay (RIA) [84] or bioassay
methods [25]. ELISA assays have a limitation that is the concentration of antibody
can only be reported in relative terms such as “titer”, that is, a combination of affinity
and concentration. More recently, a sensitive method based on liquid
chromatography-mass spectrometry (LC-MS), combined with electrospray ionization
[13, 26, 85, 86] has been developed for the discrimination between the recombinant
and the endogenous forms of somatotropin. The principal drawback of this approach

is the complexity of the methodology, together with very expensive and large
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instrumentation, which makes this method difficult to implement for the rapid
detection of bST and rbST in milk. Surface Plasmon Resonance (SPR) biosensing
method has also been suggested [26] for the detection of rbST, however, the
measurements are carried out in an expensive plasmonic instrument such as Biacore
3000. In this context, developing a miniaturized analytical device that allows a rapid
and precise detection of growth hormones becomes extremely important. The
detection of rbST in milk is very important and still a challenging task, hence, this
work proposes an optical lab-on-a-chip platform for the detection of fluorophore-
tagged rbST. The advantages of the lab-on-a-chip are principally, a low consumption
of reagents, portability, suitability for the Point of Need (PON) application, and low
cost, compared to other existing methods.

Since 90s, miniaturized total analysis systems (uTAS), alternatively called Lab-on-a-
chips (LOCs) have gained increased attentions as a major breakthrough in analytical
chemistry. Though the concept of miniaturization of analytical systems was initially
proposed [39] to enhance the analytical performances, later on, many other benefits
such as low consumption of carriers, reagents and mobile phase have also been
recognized [43, 63]. Moreover, the integration of multiple components in a single
chip is also possible, by using the existing and new microfabrication technologies.
Well-developed silicon microfabrication technologies were originally adopted for the
fabrication of micro total analysis systems, however, for a wide range of applications,
new materials and fabrication processes were also reported in literature [44, 70].
Silicon, glass and polymeric materials such as polydimethylsiloxane (PDMS) [54]

poly (methyl methacrylate) (PMMA) [87] and SU-8 [64] are widely used material for
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the fabrication of miniaturized total analysis systems.

Even though there are many techniques reported for the bio-detection, fluorescent
detection is still a widely used approach [42] as it has many advantages including
high sensitivity, stability, good spatial resolution as well as high discrimination
capability. In order to implement an optical Lab-on-a-chip, an optical setup consisting
of a light source coupled to the waveguide through a microfluidic channel,
spectrometer and detectors have to be integrated. A traditional approach of setting up
a free space beam across fluidic channel suffers disadvantages such as misalignment
issues and hence an integrated optics platform has been proven [48, 50] suitable for
the miniaturization of analytical systems.

Labeled and label-free are the two widely used methods of optical-based detection of
biomolecules. Fluorescence detection is a widely used method of quantitative
detection of biomolecules. Highly stable fluorescent probe are already demonstrated
for the detection of DNA [88] and proteins [89]. Also, the labeled detection permits
simultaneous detection of multiple targets by using multiple fluorescent probes
having different emission properties. The main disadvantage of the labeled detection
is the process involved in optimizing the labeling conditions of the fluorescent probe
with biomolecules, however, a large variety of biologically important molecules are
commercially available in fluorescent-labeled forms. On the other hand, main benefit
of label-free detection method is the absence of labeling process and low cost.

In the case of the label-free methods, the optical resonance properties of metallic
nanoparticles are extensively used for analytical purposes [41, 90, 91]. Fluorescent

dyes [67] or quantum dots [68] are proven to be useful for labeling and detection of

64



various biomolecules. Fluorescein derivatives are used for a wide range of
applications such as fluorescence microscopy, flow cytometry [92] and
immunofluorescence-based assays [93]. FITC received the most attention for
conjugation with proteins as it reacts with amino groups in peptides and forms stable
thiourea bonds [94].

In this chapter, the detection of fluorophore-tagged rbST is demonstrated by using a
low cost optical lab-on-a-chip. The advantage of PDMS for the fabrication of high-
aspect-ratio microfluidics components and Silica-on-silicon (SOS) for the fabrication
of optical waveguide is exploited for the fabrication of a lab-on-a-chip. By using soft
lithography, any high-aspect-ratio 3D-microfluidics components, required for the lab-
on-a-chip can be fabricated in a general laboratory environment without the need of
any special expertise. The SOS waveguide is fabricated in a standard clean room and
a straight microchannel is fabricated on SOS by using the diamond sawing technique.
Finally, the SOS chip was integrated on the PDMS platform for the realization of a
low cost optical lab-on-a-chip. In our previous work [59], the proposed lab-on-a-chip
was demonstrated for the fluorescence detection of quantum dots. In the
corresponding device, the excitation light was coupled to the microchannel through a
waveguide and the fluorescence emission was collected through another waveguide,
coupled to the spectrometer. Such an in-line excitation and collection of emission was
possible due to the narrow emission spectrum of the quantum dots. In the present
study, two types of dyes, FITC and Alexa-647 are used for the tagging and the
detection of the rbST. Since the emission spectra of the dyes are wide, the in-line

excitation resulted in the overlapping of the excitation and emission spectra in the

65



spectrometer, and hence a new testing scheme is used as illustrated in the Figure 3.1
in order to excite the species from the top of the microchannel. The tagging procedure
for the ST with two types of fluorophores such as FITC and Alexa-647 was
optimized for maximizing the fluorophore-polypeptide ratio. The purpose of the
present work is the optimization of the labeling process and the study of the proposed
LOC platform, in view of further refinement of the method of detecting rbST. The
aim of the paper is to study the fluorescence behavior of rbST-fluorophore conjugates
and demonstrate the capability of the proposed LOC for reliable quantitative
fluorescence detection and measurements. The present work demonstrates the
possibility that the proposed LOC can be developed further for the detection of rbST

in milk.

3.2 SOS-PDMS Lab-on-a-chip

An optical microfluidic system is fabricated by a novel hybrid integration method.
The use of PDMS for the fabrication of high aspect-ratio microfluidics circuits and
silica-on-silicon planar waveguide technology for the fabrication of low loss optical
waveguide are exploited in the hybrid integration process. By using soft lithography,
a PDMS platform composed of a microfluidic channel and liquid reservoirs are
fabricated in a general laboratory environment.

In SOS waveguide, wave guiding is achieved by three layers of silicon dioxide
deposited on the silicon wafer. In order to achieve the vertical confinement of light,
the refractive index of the second layer called core of the waveguide, must be higher

than that of the first and second layers called cladding of the waveguide. For the
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lateral guiding of light, the core layer has to be structured to the desired width by
using micromachining techniques. Since the loss of the SOS waveguide depends on
the fabrication process, the micromachining processes must be done with extreme
care, therefore the fabrication of waveguide is carried out in a clean room in such a
way that the loss is minimized. However, the micromachining of high-aspect-ratio
microfluidics components on SOS platform is expensive and a challenging process.
Hence a low cost fabrication method is proposed for the fabrication of an optical lab-

on-a-chip.

A schematic sketch of the device proposed for the detection of fluorophore-tagged
recombinant bovine somatotropin is shown in Figure 3.1. An SOS waveguide with a
straight microfluidic channel is integrated on a PDMS platform containing the
microfluidic components. The device is sealed with a thin PDMS slab. The
fluorophore-tagged biomolecules that are to be tested will be pumped through the
fluidic path as illustrated in Figure 3.1. The light from the laser for the excitation of
tagged biomolecules is coupled to the microchannel from the top through the PDMS
layer. The coupling of light from the top is useful to avoid the coupling of intense
excitation light to the spectrometer. The emitted fluorescence light is collected

through the waveguide and coupled to the spectrometer.

67



Flui(litl‘ path

|

LASER |
|

|

PDMS

Spectrumeter
S0S
waveguide

Figure 3.1 Schematic illustration of SOS-PDMS Lab-on-chip.

The process of integration of SOS-PDMS lab-on-a-chip is illustrated in Figure 3.2(a).
Two simple and low cost fabrication processes are used for the realization of an
optical micro fluidic system. A detailed fabrication process of the device and the
testing of micro flow behavior through the device are discussed in ref. [95]. A PDMS
platform containing two liquid reservoirs, a microchannel and a slot for fixing the
SOS waveguide is fabricated by soft lithography. Using a simple diamond sawing
method, a microchannel is fabricated on the SOS waveguide. In the integration
process, the SOS chip with a straight micro channel is bonded to the PDMS platform
by using oxygen plasma treatment. During this process, after the exposure to plasma
of PDMS and SOS chip, the samples must be kept in contact without any delay, and

also the channel in the SOS must be properly aligned with the channel of PDMS. In
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order to simplify the alignment task, the fluid transition region (where the fluidic is
injected from the PDMS to SOS) between the SOS and PDMS is designed by
chambering the channel in the PDMS as shown in Figure 3.2(a).The device is sealed
by using a thin PDMS layer and the fluidic tubes are connected to the liquid

reservoirs.

PDMS platform Fluidic path

SOS Chip )
Waveguide facet where

light is launched

Fluid injection zone
Slot for the SOS Chip PDMS

Lqmdlfy
|
\
|
(Glass substrate

(a) (b)

Figure 3.2 Illustration of integration of SOS-PDMS Lab-on-a-chip, (a) 3D view of
the microfluidic chip on PDMS and SOS chip and (b) sectional view showing the

microfluidic path and SOS chip.

LOC detection can be considered as a competing technology only in terms of cost and
simplicity even though the quality and the amount of information provided by a LOC
are not comparable with mass spectroscopy. However, small and portable instruments
have to be used for rapid field analysis and the proposed device represents a first step

in this direction. After further refinement of the analytical process, a selective
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detection of rbST will be possible.

In order to use the proposed method for the detection of rbST in milk, the milk
containing the rbST must undergo a separation process such as solid phase extraction
(SPE) to separate the rbST, which is not attempted in the present work. After the
separation is carried out, the LOC and experimental techniques presented in this work
can be used for the tagging of extracted milk containing rtbST with the FITC or
Alexa-647 for detecting rbST in milk. The accuracy of LOC detection will depend on
purification and separation of rbST from milk. In this case of detecting rbST, the
corresponding anti-rbST has to be absorbed on the functionalized microchannel wall,

and only the tagged rbST will bind on the device for highly specific detection.

3.3 Experimental details
3.3.1 Materials and reagents

Recombinant bovine somatotropin (rbST, Molecular Weight- 22 kDa) was obtained
from Cedarlane, ON, Canada. FITC, Alexa-647, Phosphate Buffered Saline (PBS)
and sodium carbonate-bicarbonate were obtained from Sigma-Aldrich, Canada. The
PBS tablet was dissolved in deionized (DI) water at 0.1M concentration and 7.2 pH.
Sodium carbonate-bicarbonate was dissolved in DI water for the preparation of the
buffer solution of concentration 0.1M and pH of 9.0. The rbST in the powder form
was dissolved in sodium carbonate-bicarbonate buffer at a concentration of 1 mg/ml.
A gel filtration column filled with Sephadex G-25 beads was used to separate the
unreacted FITC. The use of Sephadex beads formed by cross linking dextran with

epichlorohydrin was widely reported for the separation of biomolecules. The bed
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volume and the bed height of the column were 3.5 ml and 2.6 cm respectively. The
PDMS base and curing agent (SYLGARD 184 Kit) were obtained from Dow

Corning.

3.3.2 Tagging of rbST with FITC

The procedure reported [29] for tagging Immunoglobulin G (IgG) with FITC was
modified as explained below. 2 mg of FITC was dissolved in 2 mL of 0.1 M sodium
carbonate-bicarbonate buffer solution. 1 ml of rbST was mixed with 200 ul of FITC
solution and the reaction was carried out for several hours and at different
temperatures. The reaction mixture was stirred by using magnetic bars. The
separation of labeled rbST was carried out by using column chromatography. The
Sephadex G25M column was used for column chromatography. The column was
stabilized by eluting with a PBS solution for one hour, prior to the separation process.
Then the reaction mixture was added to the column and, the separation was carried
out by collecting 10 fractions. To each fraction, 0.25 ml of PBS was added to the
column and the presence of labeled peptides was assessed by measuring the UV-

Visible spectrum.

3.3.3 Tagging of rbST with Alexa-647

The tbST solution was prepared in 0.1M sodium bicarbonate buffer at a concentration
of Img/ml. Then, 1 ml of the rbST solution was mixed with 50ul of Alexa-647
solution of 5 mg/ml concentration in a small reaction vial. The reaction was carried

out at different temperatures and times to find the best labeling condition. The
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separation of the labeled rbST was carried out by using Sephadex G25M column. The
column was stabilized by eluting with PBS for one hour prior to the separation
process. The elution of column for the separation of labeled protein was carried out
by adding 10 fractions of 2 ml PBS. Each fraction, (0.2 ml of PBS), was added to the
column and the fractions were collected. The presence of the conjugate is assessed by
measuring the absorbance spectrum in the UV-visible range. The fractions containing

the conjugates are pooled together and stored in a solution of 2mM sodium at 5°C.

3.3.4 Fabrication of SOS waveguide

The fabrication of waveguide starts with the deposition of silica layers on a silicon
wafer of (100) orientation. Plasma Enhanced Chemical Vapor Deposition (PECVD)
was used for the deposition of high quality films of silicon dioxide. The waveguide is
composed of three layers of oxide having different refractive indices. The first and
third layers of oxide called the cladding of the waveguide were deposited by tuning
the process parameters to achieve the refractive index of 1.445. The thickness of the
bottom cladding layer was 13um as shown in Figure 3.3. The second oxide layer,
called the core of the waveguide required higher refractive index than the cladding
that is 1.457. Hence the light is propagated through the core by total internal
reflection. Thickness of the core layer was Sum as shown in Figure 3.3(a).

The core layer was machined to the desired width prior to the deposition of third
oxide layer. The core layer was structured to 10um by using UV photolithography
and reactive ion etching (RIE). Finally the top cladding was deposited on the

patterned core layer. A thickness unevenness of ~5um was measured on the topology
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of the waveguide. Finally the waveguide was diced into 4.5x6.5mm samples. The
waveguide facets were polished by using a diamond lapping film of 0.1um particle
sizes (Allied Hightech). Figure 3.3(a) shows the SEM micrograph of the SOS

waveguide facet and the dimensions of the core and cladding.

3.3.5 PDMS microfluidic chip

The PDMS microfluidic chip was fabricated by soft lithography. The mold for the
soft lithography was designed by the commercial software ProEngineer and
fabricated on brass by CNC machining. For the soft lithography, the PDMS base and
curing agent are mixed in 10:1 (wt ratio) followed by degassing the mixture in a
vacuum desiccator to remove the gas bubbles. Then PDMS was poured into the brass
mold and baked at 80°C for 5 hours. Figure 3.3 (b) shows the PDMS microfluidic
chip fabricated by soft lithography.

As mentioned above, a straight microchannel was fabricated on the SOS waveguide
by diamond micromachining. Esec 8003 dicing saw was used for the diamond
micromachining. The height of the blade was set to 540 um in order to have a
channel depth of ~100 um (+/-10 um). Figure 3.4 (a) shows the microscope image of
the microfluidic channel fabricated on the SOS chip. Both the width and depth of the

channel was measured by using an optical microscope, and they were ~110um.
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Figure 3.3 (a) SEM of waveguide facet (b) PDMS microfluidic chip
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Figure 3.4 (a) Microscope image of SOS waveguide with microchannel (b) SOS-

PDMS Lab-on-a-chip

The SOS chip with microchannel was bonded to the PDMS platform by using oxygen
plasma treatment. The PDMS and SOS chips were exposed to oxygen plasma for 30
seconds in a plasma cleaner obtained from Harrick plasma. Then the SOS chip was
placed in the slot for the SOS chip and bonded immediately. A thin PDMS layer of 2
mm thick was used as the top lid of the device for sealing the micro channel. Two
fluidic tubes are connected to the device to pump the sample to the device. Figure

74



3.4(b) shows the SOS-PDMS Lab-on-a-chip used for the detection of fluorescent-
tagged rbST.

Since the diamond sawing was used for the fabrication of the microchannel, the
coupling of the light from the microchannel to the waveguide would be adversely
affected by to the roughness of the waveguide facet. Hence a novel approach of
polishing the microchannel called microfluidic assisted chemical polishing (¢CP) was
used for polishing the wall of the microchannel. Buffered hydrofluoric acid (BHF)
was pumped through the channel for polishing the channel wall. Buffered
hydrofluoric acid (BHF) was prepared from HF and ammonium fluoride in 1:6 ratio.
BHF was pumped through experimental set-up for the detection of fluorescence of
rbST the microchannel fabricated in SOS chip for 10 minutes at 0.2 m/s velocity,
which found to be enhancing the fluorescence collection from device.

Figure 3.5 shows the opto-mechanical setup used for the detection of fluorophore-
tagged tbST. This setup consists of two micropositioners, optical fibres, light source
and a spectrometer. The LOC was fixed on a 3-axis controllable micropositioner, and
a 5-axis controllable micropositioner is used to align the fluorescence collection fiber
with waveguide. The fluorescence collection fiber was coupled to the spectrometer.
The excitation fiber was arranged in the top of the device as shown in Figure 3.5. A
LED source (LS-450, 60uW Ocean optics) of 470 nm wavelength was used for the
excitation of FITC tagged rbST and a fiber laser (OZ optics 1mW) of 635 nm
wavelength was used for the excitation of Alexa-647 tagged rbST. A commercially
available spectrometer (USB 2000) obtained from Ocean optics was used for the

measurement of fluorescence spectrum.
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Figure 3.5 Experimental setup with SOS-PDMS Lab-on-a-chip

3.4 Results and discussion

The absorbance spectrum of the conjugates showed two peaks, the one at 280 nm
corresponds the absorption of rbST and the second one at 495 nm or 650 nm
corresponds the absorption of FITC or Alexa-647, respectively. The concentration of
fluorophore in the conjugates was estimated from the extinction coefficient which is
measured from the absorbance at 495 nm or 650 nm in the absorbance spectrum of
FITC or Alexa-647 conjugates, respectively. Though the extinction coefficient of the
bound dye is reported [34] as slightly different from the unbound dye, for the

calculation of the concentration of the bound dye, the extinction coefficient of
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unbound dye was used. The molar concentration of bound dye in the conjugates was

calculated using the formula [94]:

Concentration of dye, C;= jdy : (3.1)
’ dye

Where A4g4. 1s the absorbance of conjugate due to the fluorophores and the &4, is the
extinction coefficient of unbound dye, which is expressed as the optical density of
0.1% dye solution measured in a 1 cm cell.

The concentration of tbST in the conjugate is estimated by using the formula [96]:

Azg0—(CFXAgye)

c(M) = (3.2)

€p
Where CF is a correction factor as the dye also contribute a small absorbance at the
280 nm. This value was obtained from the manufacturer’s data sheet of fluorophores.

&y 1s the molar extinction coefficient of rbST.

Properties FITC Alexa-647
Excitation wavelength 495nm 650nm
Emission wavelength 520nm 665nm

Extinction coefficient 70000M-ICM | 239000M'CM!

Quantum vyield 0.92 0.33

Table 3.1. Optical properties of the fluorophores

The degree of labeling of the conjugates is assessed based on the molar fluorophores-

peptide ratio, which is given by [96]:
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Molar concetraion of dye
F/P = v (3.3)

Molar concetration of rbST

After the elution of the reaction mixture through the column by using PBS, the
fractions 3 to 8 were found to be having conjugates from the UV-Visible absorbance
spectra, therefore the fractions 3 to 8 were polled together. Figure 3.6 shows the
absorbance spectrum of conjugates separated by column chromatography after the
reaction of tbST and FITC for 5 hours and at 5°C. The concentration of FITC, rbST
and the degree of labeling (also called fluorophores /peptide ratio) of the conjugate
were estimated from the absorbance spectrum of the conjugates. Table 3.1 gives the
optical properties of the two conjugates used for the calculation.

The concentration of FITC in the conjugate was found as 14uM by using the
Equation 3.1, herein the &4, of FITC was 70000M'CM'[97] and the A, (A4os) Was
1, which was measured from the Figure 3.6(a). The concentration of rbST in the
conjugate was estimated by using the Equation 3.2 as 1.33uM (or 30ug/ml), herein
the A,gp was measured from the Figure 3.6 (a) as 0.37. The extinction coefficient of
the rbST, ¢, was 14,960 M'CM™! and the correction factor CF was 0.35. The molar
fluorophores-peptide ratio of the FITC tagged rtbST was calculated by Equation 3.3 as
approximately 10.

Figure 3.6 (b) shows the absorbance spectrum of the Alexa-647 conjugates
synthesized through the reaction of Alexa-647 with tbST for 3 hours at room
temperature. The reaction mixture was stirred continuously throughout the reaction.

This reaction time and temperature were found to be yielding the best F/P ratio.
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Alexa-647 has the absorbance maximum at 650 nm. The concentration of Alexa-647
in the conjugates was calculated as 5.4 uM, herein the €44 of Alexa-647 is
239000M'CM ™" [98] and the Agye (Asso) was measured from the Figure 3.6 (b) as 1.3.
The concentration of the tbST in the conjugate was estimated by Equation 3.2 as
8.75uM (or 19 ug/ml). The molar F/P ratio of the Alexa-647 conjugate was
approximately 1.

To find the detection limit of the proposed Lab-on-a-chip, the conjugates were diluted
to different concentrations in PBS and pumped to the device by using a syringe pump.
After each measurement, the device was cleaned by pumping the DI water through
the device for ~5 minutes by a peristaltic pump.

Figure 3.7(a) shows the fluorescence detection from the FITC conjugates. Though the
absorbance maximum of the FITC is at 495 nm, the FITC conjugate was excited by
the LED source of 470 nm. The fluorescence emission recorded for the lower
concentration of conjugates is given in the Figure 3.7(a). When the concentration of
conjugates was reduced below the 312 ng/ml, no signal was obtained. Hence the
detection limit of the device for the FITC tagged rbST was 312 ng/ml.

The fluorescence signal detected from Alexa-647 tagged rbST is shown in Figure
3.7(b). The Alex-647 emits light at 665 nm upon the excitation. The absorbance
maximum of the Alexa-647 dye is 650 as shown in the Figure 3.6(b), however, for the
excitation of Alexa-647 conjugates, a fiber laser of 635 nm was used. The Alexa-647
conjugate was diluted to lower concentrations to investigate the detection limit of
device for the detection of Alexa-647 conjugates. The conjugate was injected to the

device and excited through the PDMS top lid of the device by the fiber laser. The
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fluorescence spectra recorded for 4 different low concentrations of conjugates is

shown in the Figure 3.7(b). When the concentration of the conjugate was reduced to

less than the 240 ng/ml, there was no signal recorded. The detection limit of the LOC

for the Alex-647 conjugate is found to be lower than the FITC conjugate.
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Figure 3.8 Fluorescence intensity measured in the LOC for the tagged and unbound

In order to compare the sensitivity of the Lab-on-a-chip for two conjugates, the
concentration of fluorophores of the two conjugates, C, given by Equation 3.1 is
presented against the fluorescence intensity in Figure 3.8. The fluorescence intensity
of the unbound fluorophores is also included in Figure 3.8 for comparison. The
fluorescence intensity is proportional to the power of excitation, quantum yield and
the extinction coefficient of the fluorophores. Since the quantum yield depends upon

the degree of labelling [99], a precise estimation of sensitivity of the fluorescence

The total power of excitation on the microchannel of width of 110um, was

approximately 37uW for FITC and 29uW for Alexa-647. The intensity of the



fluorescence signal emitted by the fluorophores may be estimated by:

=2 x Qux&x Cpx L (3.4)
Where I, is the fluorescence signal emitted by the fluorophores, P; is the total power of
excitation on the microchannel of area Ar, € is the extinction coefficient, C; is the
concentration of the fluorophores and L is a constant of the LOC which is
proportional to the length of the light path from the excitation surface to the collection

waveguide.
The Equation 3.4 can be written by replacing L/Ar with a constant K:

I[=Pix QxexCxK (3.5)

Hence, the ratio of intensity of FITC conjugates to that of Alexa-647 conjugates can

be written as:

Irire _  Pirrre XQy rirc X€rirc XCrire XK (3.6)
Latexa P; atexa XQy,alexaX€alexa XCalexa XK

Where P; srcis 37uW, Qy prrcis 0.92, ggr¢ /s 70000 M'em™, P sjevq is 29uW and

Qyrrcis 0.33 ) €4/exq 1S 239000M'em™. Therefore the Equation 3.6 is written as:

Irme — 1,042 x =HTC (3.7)

latexa Alexa

For a given concentration of the fluorophores, that is for Cgre =Cjex, the ratio given
by the Equation 3.7 is 1.042. From the Figure 3.8, the ratio of Izzc to Ly, for the

tagged fluorophores for a given concentration of fluorophores is 0.68, which is found
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less than the estimated value of 1.042. The reason for this difference may be due to
the decrease in the quantum yield of FITC due to higher degree of labelling. The
similar analysis for the unbound fluorophores yielded a ratio of 0.89, which is close to

the estimated value.

3.5 Conclusions

The detection of tagged rbST was demonstrated by using a low cost lab-on-a-chip.
The proposed device was fabricated by integrating silica-on-silicon waveguide with a
straight microfluidic channel on a PDMS platform containing the microfluidic
components. The rbST was tagged with two different types of fluorophores such as
FITC and Alex 647. The experimental conditions of reaction of rbST with
fluorophores are optimized for the highest F/P ratio. The fluorophore-tagged rbST
was diluted to different concentrations and detected in the LOC. The detection limit
of the device for both the conjugates was investigated. Though the F/P ratio of the
Alexa-647 conjugates was less that the FITC conjugate, the Alexa-647 conjugate was
detected at a concentration as low as 240 ng/ml. The detection limit of the FITC
conjugate was found to be 312 ng/ml. The fluorescence detection sensitivity for the
tagged and unbound fluorophores were estimated and found that the sensitivity of the
tagged FITC is decreased from the unbound FITC, which may be due to the decrease
in the quantum yield due to higher degree of labeling.

The detection limit of the present device is high, compared to the residual bST
present in the milk, reported to be 1-10 ng/ml [100]. The rbST may be found in milk

of the rbST treated animals and the amount of rbST can be of the order of hundreds of
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ng/ml [101], depending on the extent of use of rbST in animals for increasing the
milk and meat production. As the device is developed on the silica-on-silicon
platform, it is possible to enhance the sensitivity of the device by many folds by using
the SOS platform with monolithic integration of multiple waveguides and couplers
with microfluidic circuits. In the future work, we focus on the increasing of the

sensitivity by using a multiple waveguide system.
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Chapter 4: Detection of recombinant growth hormone
by evanescent cascaded waveguide coupler
(CWC) on silica-on-silicon (SOS).

4.1 Introduction

The bovine growth hormone, also called bovine somatotropin (bST) is a naturally
produced peptide hormone in cow, which has strong influences on the biological
effects such as growth, developments and reproductive functions. The effect of bST
on the production of milk was identified in 1937[2]. Since then, bST has been used
for increasing the production of milk and meat. Since 80’s, with the emergence of the
recombinant DNA technology, large quantities of artificial hormones called
recombinant bovine growth hormone also known as recombinant bovine
somatotropin (rbST), are produced and extensively used for the production of milk
and meat. Use of growth hormones for the production of milk and meat is still
controversial [14, 16, 82] due to its potential effects on animal and human health.
Hence, there is a huge demand for a highly sensitive, rapid and a low cost method for
the detection of growth hormones in dairy industries.

The existing methods of detecting peptides include the enzyme-linked
immunosorbent assay (ELISA) [22, 23], radioimmunoassay (RIA) [24, 84], bioassay
methods [25], etc. Although the ELISA is a widely used method of detection of
protein due to simplicity and low cost, it is a time consuming process, and it detects
the antibody in a relative term such as “titer” that is a combination of affinity and
concentration. Recently, the liquid chromatography-mass spectrometry (LC-MS)

combined with electrospray ionization [13, 85, 86] has been demonstrated as a
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powerful techniques for the detection of rbST, which could discriminate the
recombinant and endogenous forms of the somatotropin. However, the LC-MS is a
complex technique and requires expensive instrumentations. A surface plasmon based
biosensor [26] is reported for the injection preparations by using the expensive
instrumentation. In this work, a novel evanescent wave sensor, fabricated on the
silica-on-silicon waveguide is proposed for the detection of fluorophore tagged
recombinant bovine growth hormone.

Among the various methods of bio-detection, optical-methods by using
fluorescence[69], surface plasmon resonance (SPR)[102] and evanescent wave-based
methods[38, 103] are attractive approaches due to their higher sensitivity, better
stability, better spatial resolution and high discrimination capability. Evanescent wave
sensing methods have been widely reported for chemical and biological detection
[104, 105]. The evanescent wave is the exponentially decaying tail of the guided
mode in an optical waveguide, which is highly suitable for the transduction of
surface-assisted phenomena that occur in the close proximity of the surface of the
core of the waveguide. Evanescent wave based detection can be employed in both
absorption and fluorescence modes. For the evanescence absorption sensors, the
biomolecules are immobilized on the core of the waveguide, hence, the loss of the
propagating waves due to the absorption of evanescent wave is used as the sensing
mechanism. The absorption based detection is one of the earliest bio-detection
methods, which is limited to the biomolecules having the chromophores which are
responsible for the absorption of light. In the fluorescence sensor, the biomolecules

are conjugated with certain fluorescent dyes and detected by exciting the conjugates
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and measuring the fluorescence emission. The conjugates can be selectively adsorbed
onto the waveguide surfaces having the immobilized antibody, thereby exciting the
conjugates which are closely bound to the core of the waveguide by the evanescent
wave. The fluorescence signal emitted by the conjugates is coupled back to the
waveguide and analyzed by spectroscopy.

Evanescent wave sensors are implemented by using optical fibers [106] or planar
waveguides [107]. In optical fiber-based evanescent wave sensor, the thickness of the
cladding is reduced or removed so that the evanescent wave can interact with the
species immobilized on the fiber. When the cladding is completely removed, the
uncladed section of the fiber can be dipped directly in the aqueous buffer solution
containing species for the sensing experiments. However, the mismatch in the V-
number between the uncladded and cladded section of the fiber reduces the
fluorescence collection efficiency for the fluorescence based evanescent sensors. V-
number is an approximate number of propagating modes in the waveguides. The
sensitivity of the evanescent wave sensors implemented by a straight waveguide with
uniform diameter is less as the depth of penetration of evanescent wave is limited for
such a configuration. Hence the length of the species evanescent-wave interaction
length needs to be increased to achieve higher sensitivity. The evanescent penetration
depth in a waveguide is given by:

d,= A 4.1
P 2xmxng(Sin20-Sin20,) @1

Where A is the free space wavelength of the light propagating through the waveguide,
n. 1s the refractive index of core, 6 is the angle of ray at the core-cladding interface
with respect to the normal and @, is the critical angle. It can be seen from Equation
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4.1 that the d, is maximum when 6 approaches the critical angle. Therefore,
alternative methods reported to increase the evanescent wave penetration depth are
selective ray launching [108], use of fiber probes with tapered geometry [109] and
use of bends [110] in waveguides. The tapering of the fiber probe could increase the
evanescent wave penetration depth and also reduces the mismatch in V-numbers. The
bending of the fiber could bring the angle 6 close to the critical angle, which transfers
power from the guided modes to the leaky modes and hence more light is available to
excite the tagged-species. The unclad fiber probes with U-bend is reported [110, 111]
for enhancing the detection of bio-species. The U-bend could extend the evanescent
wave deeper into the surrounding medium and hence the sensitivity has been
increased.

Although the optical fibers are more versatile and easily available, planar waveguide
sensors have several advantages. The mechanical robustness, feasibility of integration
of multiple optical and microfluidics components for the realization of lab-on-a-chips,
and the easiness of immobilizing biospecies for the specific detection are the major
advantages of the planar waveguides over optical fiber based sensors. In this work,
silica-on-silicon (SOS) waveguide is used for the realization of an evanescent wave
sensor. SOS has been proven to be a low-cost and good platform for the integrated
optical circuits as the existing well-characterized semiconductor processing
techniques can be readily adopted for the fabrication of high quality oxide films
necessary for the fabrication of low loss optical waveguides. SOS is also suitable for
the integration of microfluidic components [95], hence the realization of miniaturized

analytical systems is possible. In this work, a cascaded waveguide coupler system,
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monolithically integrated on SOS platform was used for the detection of the
recombinant bovine growth hormone. The waveguide pattern composed of a single
waveguide split into multiple paths using s-bend couplers and subsequently combined
to single waveguide was monolithically integrated on the SOS platform. The
fluorescently tagged-rbST molecules are immobilized on the surface of the
waveguide. By splitting of the waveguide into multiple paths, more area is available
to immobilize the tagged-rbST. In addition, the penetration depth of the evanescent
wave can be increased with the use of the s-bend and taper. In this paper, an
evanescent wave sensor with enhanced sensitivity is realized by using cascaded

coupler integrated with s-bends, tapers and splitters.

4.2 Evanescent wave fluorescence sensor

A schematic illustration of the evanescent wave fluorescence sensor is shown in
Figure 4.1. An s-bend section with fluorescently tagged bio-species placed around the
core of the waveguide is shown in Figure 4.1(a). As the light propagate through the
waveguide, the evanescent tail of the propagating wave can excite the tagged bio-
species and the emitted fluorescence signals are coupled back to waveguide and

analyzed.
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Figure 4.1 (a) Evanescent wave sensor, (b) Sketch of the SOS waveguide with antibody and

tagged-antigen immobilized on core.

In the SOS waveguide, two silicon dioxide layers of different refractive indices (RI)
are deposited on the silicon wafer. The first layer with lower refractive index acts as a
bottom cladding layer and the second layer with higher refractive index acts as a core
of the waveguide. The antibody corresponding to the rbST is adsorbed on the core for
the selective binding of the fluorescently tagged-rbST. The buffer solution containing
the tagged-rbST is placed on the core, hence the solution containing bio-species acts
as a top cladding layer of the waveguide. The antibody immobilized on the core
interacts and binds with tagged-rbST on evanescent field of the core. Therefore, the
tagged-rbST available within the vicinity of evanescent field is excited. The

fluorescence signal emitted by the tagged-rbST is coupled back to the core through
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multiple waveguides of the coupler and propagated through the waveguide and
coupled to the spectrometer. The mechanism of the back-coupling of the fluorescence
is explained in ref [112]. The back-coupled fluorescence occurs when the oscillations
of the excited dipoles of the fluorophores which are closely bound to the core produce
the electromagnetic near field and overlap with the evanescent tail of the guided
modes and meet the conditions for the propagation of light in the waveguide. The
theoretical and experimental investigation reported on the fluorescence collection
efficiency of the fiber [113] and planar waveguide [107] structures demonstrate that
the fluorescence collection efficiency increases with the V-number of the waveguide.

In this work, the fluorescence collection efficiency of the straight and s-bend are
simulated by FDTD techniques. The s-bend is chosen as it can be a basic element of

the proposed cascaded waveguide coupler for enhancing the detection efficiency.

4.3 Estimation of fluorescence collection efficiency of straight and
s-bend waveguides

As explained before, in the evanescent-wave fluorescence sensors, the fluorophore-
tagged biomolecules are selectively adsorbed to the core by the functionalized
antibody molecules. The fluorescently-tagged molecules are excited by the
evanescent tail of the propagating wave and the fluorescence signals emitted by the
fluorophores are collected back to the core.

Ray optics is insufficient to explain the coupling of light from a light source located
at the cladding of the waveguide. Using the Snell’s law, it can be seen that any light

beam that can penetrate into the core from the cladding cannot satisfy the condition
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for total internal reflection, hence the rays that are refracted into the core leak out
rapidly after few reflections at the core-cladding interface. However, by using the
wave optics, we can see that the light sources located near the core-cladding interface
can interact with evanescent tail of the guided modes by transferring some of the
power from the light source to the guided mode by the evanescent wave coupling.

In order to estimate fluorescence collection efficiency of the straight and bend
waveguides, FDTD simulation by using RSoft FulWAVE was carried out. A 2D
model of waveguide with a point source of wavelength of 650 nm placed in the
cladding near to the core was used for the FDTD simulation. A power monitor was
placed at the end of the waveguide. The “fluorescence collection efficiency” is
defined as the ratio of total power received in a power monitor to the total power
radiated by the point source. The total power emitted by the point source is set to
unity.

4.3.1 The fluorescence collection efficiency of straight waveguide

Figure 4.2 (a) and (b) show the waveguide with a point source modeled in the FDTD
and the refractive index distribution of the model, respectively. The refractive indices
of the core and cladding are set to 1.46 and 1.33 respectively for silica and biological
solution. The length, L of waveguide is kept at 100 gm and the width, W was varied
from the 5 um to 20um. The dependence of the location of light source on the
collection efficiency was investigated fist, and then the simulation was carried out by
changing the width of the waveguide W. The distance d of the light source from the

core was varied from 50 nm to 1000 nm.
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Figure 4.2 (a) The FDTD model of waveguide with a point source (b) refractive

index distribution of the model.

Figure 4.3(a) shows the FDTD simulation showing the coupling of light from a point
source kept at the cladding to the propagation mode. When the distance d of the
source from the core was more than 500 nm, the collection efficiency was found
negligible. An exponential relation between the d and collection efficiency can be
observed in the Figure 4.3(b). When the d is decreased bellow the 200 nm, the
coupling efficiency is increased rapidly. The dependence of the coupling efficiency

on the width of the waveguide was also investigated.
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Figure 4.3 (a) FDTD Simulation, (b) fluorescence collection efficiency against the

distance d of the source from the waveguide for different waveguide widths.

The fluorescence collection efficiency of the straight waveguide estimated for
different widths (W) of the waveguide shows that the increment of W slightly
increases the efficiency. Similar effect was already observed in the fiber in the ref
[113], and they have reported that the collection efficiency of the fiber is increasing
with the V-number of the waveguide. In the present simulation, the refractive indices
of the core and cladding are kept constant and the width W of waveguide is increased.
Since the V-number is proportional to the width of the core and the number of guided
modes supported by the waveguide, the field at the core-cladding interface is stronger

and the collection efficiency increases with the V-number.
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4.3.2 The fluorescence collection efficiency of s-bend

The suitability of the s-bend for the realization of the cascaded waveguide coupler is
tested by estimating its fluorescence collection efficiency. Herein, the effect of radius
of the s-bend is investigated on the fluorescence collection efficiency. The width and

length of the s-bend were kept at 20um and 100um respectively in the FDTD

simulation.
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Figure 4.4 (a) FDTD simulation of fluorescence coupling of light by s-bend and (b)

The estimated fluorescence collection efficiency against the radius (R) of the S-bend.

For the estimation of the fluorescence collection efficiency of the s-bend, a point
source was placed at 100 nm away from the s-bends and a power monitor was placed

at the end of the s-bend. The FDTD simulation showing the coupling of light from the
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point source located in the cladding of s-bend is shown in Figure 4.4(a). Figure 4.4(b)
shows the variation of the fluorescence collection efficiency against the radius of the
s-bend. The efficiency dropped considerably when the bend radius was reduced
below 1000 nm.

The simulation of straight and s-bend confirmed that when the radius of the s-bend is
greater than 4 to 5 mm, the florescence collection efficiency was not significantly
reduced from that of a straight waveguide. The reason for the reduction in efficiency
is the bend loss. For the smaller bend radius, the collection efficiency is reduced

significantly reduced due to the due to the higher bend loss.
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Figure 4.5 Schematic of evanescent wave sensor using cascaded waveguide coupler

in comparison with a straight waveguide.

96



The advantage of the s-bend for the evanescent wave sensor is that a multiple
waveguide system can be realized by cascading Y-couplers made up of s-bends.

The sensor with multiple waveguides of 5 stages, namely S1, S2, S3, S4 and S5 as
shown in Figure 4.5 is designed for evanescence coupling based sensing. The 1x2 Y
splitters were designed with s-bends. As shown in Figure 4.5, the light is coupled to a
single waveguide which is split into multiple paths by 1x2 Y splitters and after five
stages of splitting, the waveguides are combined by 2x1 power combiners. A taper
section of the waveguide is placed between the splitters and combiners as shown in
Figure 4.5 in order to enhance the evanescence coupling. The Y splitter was
simulated by RSoft BeamPro'™ and the bend radius was chosen to keep the bend
loses at minimum. The bend radius of first stage, where a single waveguide is split
into two branches, was 23 mm. The bend radii of successive stages are 35 mm, 40
mm, 45 mm and 50 mm. The width of waveguide is 20 um for cascaded waveguide
coupler. In the tapered section, the width is increased to 40 um at the taper-end where
a splitter and a combiner connect. An enlarged view showing the cascaded waveguide
and tapers are also illustrated in Figure 4.5 for clearly showing the design. In the
sensor chip, a single waveguide is also included as a reference to compare the

sensitivity enhancement due to the cascaded waveguide coupler.

4.4 Fabrication of sensor chip

The SOS-waveguide chip is microfabricated in a clean room. The process steps

involved in the fabrication of SOS-waveguide is illustrated in the Figure 4.6. The
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fabrication process starts with deposition of silicon dioxide on a silicon wafer of 4
inch diameter and (100) orientation, by plasma-enhanced chemical vapor deposition
(PECVD). Plasmalab 80 Plus of Oxford instruments is used for the PECVD of
silicon dioxide. For the deposition of cladding layer, the deposition chamber was
pumped down to 1000 mT and temperature of substrate was raised to 300°C. The
deposition gas mixture of silane and nitrogen (5 percent SiH4, 95 percent N;) at a
flow rate of 170 sccm and nitrous oxide (N,O) at the flow rate of 710 sccm were
introduced to the PECVD chamber. Subsequently, the plasma was created by RF
power of 20W at 13.56 MHz. The rate of deposition was 50 nm/minute. The
deposition was carried out for 4 hours and 30 minutes to yield an oxide layer of
thickness of ~14um for the bottom cladding of the waveguide. The process parameter
is changed to achieve higher refractive index for the core layer. The flow rate of the
mixture of silane and nitrogen (5 percent SiH4, 95 percent N,) is increased to 500
sccm and flow rate of N,O was increased to 500 sccm, and the RF power is increased
to 200W at 13.56 MHz. The deposition is carried out for 45 minutes in order to get a
thickness of 6 um for the core layer. The refractive index characterization of silicon
dioxide was carried out by ellipsometry (Spectroscopic ellipsometer, Model: VASE,
Sopra). The refractive index measured for the core and cladding layer at different
wavelengths is presented in the Figure 4.7. The refractive indices were 1.445 and

1.457 for the cladding and the core respectively at a wavelength of 635 nm.
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Figure 4.6 Fabrication process steps of SOS waveguide
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Figure 4.7 Refractive index of the core and cladding layer against the wavelength.

In the sensing experiments, as the buffer solution containing the tagged antigen is
placed on the core, the buffer solution acts as the top cladding of the waveguide. For
the lateral guiding of light in the waveguide, the SOS waveguide needed to be

structured to desired width. The structuring of the core was carried out by direct write
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lithography (DWL-66) and reactive ion etching (RIE). The pattern of the cascaded
waveguide couplers was designed in L-edit and transformed to the DWL66 laser
writer and directly written on the wafer. The laser write-head of 2 mm having a
resolution of 500 nm was used for writing the pattern. The photoresist AZ1518 was
spun on the wafer at 3000 rpm and baked at 110°C for 2 h in an oven, which resulted
in a 2um thick photoresist layer. The pattern was etched using reactive ion etching
(RIE) in MERIE P5000 plasma machine of Applied materials. Etching was carried
out with alternating steps of 5 minutes of etch and 5 minutes of pause. The pause step
will turn off the plasma and cool the wafer to room temperature. 12 etch and pause
steps were carried out to etch 10um of oxide without burning the photo resist mask.
For the RIE, the chamber was pumped down to SO0mT and the process gases, CHF3,
Ar and CF, are introduced to the chamber at the flow rate of 45, 70 and 7 sccm
respectively. The plasma was created by the RF power of 300W. This process gives
an etch rate of 0.3um/minute. The total etching time was one hour including the 30
minutes of etch pause, which resulted in the etch depth of the 10um. SEM

micrograph of the waveguide is shown in Figure 4.8.
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Waveguide

Figure 4.8 SEM micrograph of SOS waveguide, (a) s-bend coupler of the multiple
waveguide system stage S1 (b) multiple waveguides in the stage 3 (S3) of cascaded
waveguide coupler (c¢) etch profile of the waveguide (d) dimensions of the core of the

waveguide.
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4.5 Experimental setup

Multiple waveguides
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Figure 4.9 Experimental setup for the cascaded waveguide coupler sensor, (a)

schematic of the experimental setup, and (b) photograph of the experimental setup.

The experimental setup used for the SOS evanescent wave sensor is shown in Figure
4.9. Light from a laser source is coupled to the sensor chip and the other side of the
waveguide is coupled to a spectrometer as shown in the schematic of the setup in
Figure 4.9(a). A photograph of the experimental setup shown in Figure 4.9(b) shows
different components used in the setup. This setup is built to couple effectively the

light from the fiber to the SOS waveguide and to couple the fluorescence signal from
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the waveguide to spectrometer. Three high precision micropositioners with actuators
of lum accuracy are used in the setup. Two 5-axis controllable micropositioners
obtained from Newport'™ are used to couple the light from the fiber to waveguide
and to couple the fluorescence light from waveguide to the collection fiber. The
sample was fixed to a XY-axis controllable micropositioner purchased from
ThorLabs. A fiber laser (OZ Optics) of 635 nm wavelength was used as the excitation
source and a commercially available spectrometer (USB 2000, Ocean Optics) is used

for the fluorescence spectroscopy.

SensTr chip
LASER T I CCD Camera

Fiber Microscope objective lens

(2)

Multiple waveguides

® (©
Figure 4.10 Experimental setup for imaging the end facet of waveguide, (a)
schematic diagram of the setup, (b) photograph of the experimental setup and (c)
Microscope image showing the coupling of light to the waveguide taken from the top

of the waveguide.
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In order to confirm that the confinement of the light is taking place inside the core of
the waveguide, the waveguide was cut at the middle and the facet was imaged by
using the optical setup shown in Figure 4.10. A schematic diagram of the setup used
for imaging the waveguide facet is shown in Figure 4.10(a). Light from the laser is
coupled to the waveguide and to a CCD camera placed on in the other side of the
waveguide in order to image the facet of the waveguide. A photograph of the
experimental is shown in Figure 4.10(b). The Sample was fixed in a micropositioner
stage as shown in Figure 4.10(b). Light from a fiber laser (OZ optics, Power-1mW)
of 635 nm wavelength was directly coupled to the waveguide by a single mode fiber
(9-125um, core-cladding diameter) with the help of a 5 axis micropositioner stage
(Newport™). A CCD camera with a microscope objective lens (Nikon 20X) was used
in the other side of the waveguide to image the confinement of light in the core.
Figure 4.10(c) shows the image taken from microscope used to observe the
waveguide-fiber alignment, which shows the coupling of light from fiber to the single

waveguide.
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(a) (b)

Figure 4.11 (a) Microscope image showing the waveguide with light coupled (a)

multiple waveguide (b) single waveguide.

The microscope images taken from the top of the waveguide for single and multiple
waveguide are shown in Figure 4.11. Since the light from the fiber is directly coupled
to the waveguide and the divergence of the light beam coming out of singe mode
fiber is large, lot of light is scattered to the cladding. The confinement of light in both
single and multiple waveguides imaged by CCD camera and processed in LabVIEW

is shown in Figure 4.12.
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Figure 4.12 Image of the waveguide facet (a) Single waveguide (b) Multiple

waveguide

4.6 Biosensing experiments

4.6.1 Materials

Recombinant bovine somatotropin (rbST, Molecular Weight- 22 kDa) and the anti-
rbST were purchased from Cedarlane, ON, Canada. Alexa-647, Phosphate Buffered
Saline (PBS) and sodium carbonate-bicarbonate were received from Sigma-Aldrich,
Canada. The PBS tablet was dissolved in deionized (DI) water at a concentration of
0.1M with a pH of 7.2. For the preparation of tbST solution, sodium carbonate
bicarbonate buffer solution with a concentration of 0.1M and pH of 9.0 was used. The
bST was dissolved in sodium carbonate bicarbonate buffer at a concentration of 1
mg/ml. A gel filtration column having Sephadex G 25 beads was used to separate the

unreacted FITC.

106



4.6.2 Tagging of rbST with Alexa-647

The rbST solution was prepared at 1 mg/ml in 0.1M sodium carbonate bicarbonate
buffer solution. Then 50uL of Alexa-647 solution of 5 mg/ml was added to 1 ml of
bST solution. The reaction of rbST and Alexa-647 was carried out under continuous
stirring for at various times and temperatures for obtaining the best labeling ratio.
After the reaction, the labeled rbST was separated from the reaction mixture by
column chromatography using Sephadex G 25. Elution of column was carried out in
10 fractions of 2ml PBS. The UV-Visible absorbance spectrum of each fraction was
measured by spectrophotometer (LAMBDA 650, Perkin Elmer) to assess the
presence of conjugates. The degree of labeling and the concentration of rbST in the
conjugates were calculated as explained in ref [94, 96]. The degree of labeling and the
concentration of rbST in the conjugate were estimated at 1 and 19 ug/ml,
respectively. The conjugate was diluted to different concentration in PBS for the

sensing experiments.

4.6.3 Immobilization of fluorescently tagged-rbST on the sensor chip

A schematic representation showing various steps involved in the adsorption of
fluorescently tagged-rbST onto the SOS waveguide is shown in Figure 4.13. The first
step of sensing is the immobilization of anti-rbST. The anti-tbST was prepared at a
concentration of 100 ng/ml in phosphate buffered saline (PBS). First, the sensor chip
was cleaned in DI water with ultrasonic cleaner for 5 minutes then subsequently in
acetone and ethanol. Then the samples were heated at 100°C in an oven for at least

one hour. The surface of the waveguide core was modified with 3-

107



Aminopropyltriethoxysilane (APTES, sigma Aldrich) [114] in order to attach the
anti-rtbST covalently. The waveguides were immersed in ethanol containing 2%
APTES for 15 minutes, rinsed in ethanol and heated at 100°C for 15 minutes. Figure
4.13 (a) shows the waveguide with the OH groups activated on the surface after
cleaning and silanization. Then the waveguide was soaked in anti-rbST solution for 1
h and washed in PBS. The Figure 4.13(b) represents the sample after the anti-rbST
was adsorbed. In order to block the non-specific binding site, the sample was soaked
in bovine serum albumin (BSA) and the sample was washed with PBS. Figure 4.13(c)
shows the samples after blocking the non-specific binding sites. Then the waveguide
was fixed in the measurement setup shown in Figure 4.9 and the tagged-rbST was
added on to the waveguide covering all the waveguide regions. The representation of
sample with tagged-rbST is as shown in Figure 4.13(d).
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Figure 4.13 Steps involved in the functionalization of waveguide chip, (a) modify
the waveguide surface with APTES silane to absorb the anti-rbST (b) absorb anti-

bST and (c) block non-specific sites and (d) absorb the tagged rbST.

108



4.7 Results and discussion
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Figure 4.14 Fluorescence signal recorded in the sensor chip after antigen-antibody
binding for various concentrations of tagged-rbST, for (a) single waveguide (b)

cascaded waveguide coupler.

In order to investigate the suitability of the sensor for quantitative measurements of
tagged rbST, the variation of fluorescence signal against the concentration of tagged-
ST was established. Several identical SOS-waveguides chips were used for the
detection experiments in order to study the variation of fluorescence signal against the
concentration of tagged-rbST. The evanescent-coupled fluorescence signal is
collected through the waveguides and coupled to the spectrometer. The intensity of
the fluorescence spectrum was found fluctuating immediately after adding the tagged-
bST on the waveguide and fluorescence spectrum was stabilized after 10-15 minutes.
The fluorescence spectrum was recorded after 15 minutes of adding the tagged-rbST.
In order to assess the enhancement of the sensitivity of cascaded waveguide coupler,

the detection was also carried out by using a single waveguide.
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Figure 4.15 Variation of fluorescence signal against the concentration of tagged-rbST

The fluorescence signals recorded for various concentration of tagged-rbST in single
and cascaded waveguide coupler are shown in Figure 4.14 (a) and (b), respectively.
For the single waveguide, limit of detection is found as low as 140 ng/ml. When the
concentration of tagged-rbST was above 1200 ng/ml the sensor response was found
saturating as shown in Figure 4.15. The detection limit of the cascaded waveguide
coupler systems was found to be 25 ng/ml. The detection limit of the cascaded
waveguide coupler was found enhanced to be more than 5 times as compared to that
of the single waveguide. The sensor response was observed to be saturated when the
concentration of the tagged rtbST was 600 ng/ml or above for the cascaded waveguide
coupler. The fluorescence signal intensity of the sensor measured for various
concentration of tagged-rbST for single waveguide and cascaded waveguide coupler
is presented in Figure 4.15.
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When the fluorophore tagged-rbST is added to the waveguide immobilized with the
anti-rbST, the tagged rbST was adsorbed onto surface of the waveguide and gets
excited with the evanescent light. The fluorescence signals emitted by the tagged-
bST are collected back to waveguide. When the concentration of the tagged-rbST
was increased, all the binding sites on the surfaces are eventually filled and hence the
sensor output is getting saturated. Therefore, when the concentration of tagged-rbST
was increased above 600ng/ml, both the single and cascaded waveguide are getting
saturated as shown in Figure 4.15. Due to the higher light collection efficiency of the
cascaded waveguide coupler, the output of the CWC is found to be saturating faster at
low concentration of the tagged rbST (at around 600ng/ml) compared to the single

waveguide (at around1200ng/ml).

4.8 Conclusions

A novel evanescent-wave based fluorescence sensor using a cascaded waveguide
coupler is designed and implemented on the silica-on-silicon platform. Advantages of
SOS platform for the monolithic-integration of a cascaded waveguide coupler
platform using Y splitters designed by s-bends and tapers are used for the realization
of the sensor. The fluorescence collection efficiency of straight and bend waveguide
was analyzed by using FDTD. The suitability of the sensor is demonstrated for the
detection of Alexa-647 tagged recombinant bovine somatotropin. For the specific
detection of rbST, the anti-rbST was adsorbed to the waveguide and the tagged-rbST
was detected by the enhanced evanescence fluorescence coupling. The sensitivity of
the proposed waveguide coupler system realized by cascading waveguides was found

more than 5 times to that of the single waveguide.
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Chapter S: Finite-Difference Time-Domain Simulation
and implementation of a morphologically-
tuned gold-nano-islands integrated
biosensor

5.1 Introduction

Developments of novel nano-fabrication technologies have attracted significant
attention because of the plasmonic properties of nanomaterials and the feasibilities of
exploiting them for the label-free detection of biological and chemical substances.
Surface plasmon resonance (SPR)-based sensors have been widely reported for the
label-free detection of protein-protein interaction [115, 116], DNA hybridization [88§]
and bacteria [117]. The SPR based sensor is based on the propagation of surface
plasmon waves produced by coupling of light to a thin noble metal layer by a grating
coupler or near field excitation [26]. SPR based sensors have several drawbacks
including lower spectral resolution and requirements of large equipments. Noble
metal nanoparticles (NPs) such as gold and silver exhibit unique optical resonance
properties in the visible and near-infrared (NIR) regions of the electromagnetic
spectrum, and they have been proven to be useful for the label-free detection[118-
121] and feasible to integrate in a microfluidic device for the developments of lab-on-
a-chip devices[57]. The optical resonance behavior of NPs is commonly referred to as
localized surface plasmon resonance (LSPR), which is due to the resonance response
of the free electrons of the nanoparticles to the electric field of the light. One of the
main advantages of LSPR-based sensor over the SPR-based sensor is that the LSPR

property of nanoparticles can be tailored to meet the requirements of different
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applications and enhancing the sensitivity by changing the size and shape of
nanoparticles.

LSPR based sensors are typically fabricated by metal nanoparticles immobilized on
an optically transparent substrate [122, 123]. Therefore, the immobilization of
nanostructures with nanoparticles of various sizes and shape is an important
fabrication process for the development of nano-biosensor. Subsequently the
biomolecules are adsorbed on the nanostructures and hence the biomolecular
interaction can be assessed by monitoring the position and/or intensity of the LSPR
band monitored by transmission or reflection spectroscopy. The essential qualities of
the nanostructures for the biosensing are good adhesion to the substrate, easiness of
modifying the morphology of the nanostructures to tune the optical properties to
achieve higher sensitivity, etc. Some of the widely employed fabrication processes for
the fabrication of nanostructures are nano-sphere lithography (NSL) [124, 125], vapor
deposition [126], direct thermal deposition and electrochemical deposition [123], etc.
NSL is useful for the deposition of ordered nanostructure by depositing a metallic
nano-film on a self assembled polystyrene spheres. Evaporation of gold film and
annealing to yield a nanostructure film is a useful method. However the expensive
instrumentation and poor adhesion are the drawbacks. The convective assembly of
nanoparticles using complex and expensive apparatus for the controlled deposition of
nanoparticles is reported [127]. The polymer-gold (or silver) nanocomposite is also
reported to be useful for the biosensing applications [90, 128, 129]. Hence the process
of formation nanostructures on the substrate with suitable LSPR band is an important

task in the development of nano-biosensor.
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In this work, 3D Finite-Difference Time-Domain (FDTD) simulation of a gold nano-
islands and nano-clusters and a comparison with the experimental results is reported.
The fabrication process of the nano-islands morphology is based on an uncontrolled
and simple convective assembly, which resulted in a gold aggregates with a wide
absorbance spectrum spreading in the visible and near-infrared regions of light. The
morphology of gold aggregates is not very useful for the biosensing [61] because of
wide resonance peak. Therefore the modification of the morphology for the desired
optical resonance property is achieved by a post-deposition annealing process. The
tuning of morphology is analyzed by 3D FDTD simulation. In the simulation, nano-
island is approximated to a hemisphere and the optical resonance of the nano-cluster
is investigated with four hemispheres separated by a distance‘d’. The ‘d’ is varied to
study the effect of nano-cluster. The distance d is in fact varying during the post-
deposition annealing process. The modification of LSPR of the gold-hemisphere was
simulated with a protein layer of certain refractive index and thickness. In addition,
effects of thickness and refractive index on the LSPR property were also investigated.
The refractive index sensitivity of the gold-nano hemisphere was estimated and

compared with the experimental results.

5.2 Localized surface plasmon resonance

Localized surface plasmon resonance (LSPR) is due to the surface plasmon waves
produced from the collective oscillations of electrons by illuminating the
nanoparticles. The oscillation of electrons in metal is described by the dielectric

function as by the Drude [130] model as:
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e=1- (5.1)

wi+iyw

where w,, is the plasma frequency of the free electrons, w is the angular frequency of
the light illuminating to the nanoparticles and y is collision frequency of the electrons
present in the bulk materials. In the case of nanoparticles, as the size of the
nanoparticle are much smaller than (~10 to 100 nm) the wavelength of the light, the
oscillation of the electrons can be approximated to a dipole oscillation, therefore, the
collective oscillation of electrons due to electric field can be described by dipolar

polarizability [131] a:

a=(1+ S)EOV% (5.2)
where V' is the volume of the nanoparticle, &, is the dielectric constant of the medium
and‘s’ is a factor which depends on the shape of the nanoparticles. From the Equation
5.2, we can see that the polarizability @ is maximum when real part of the ¢ is equal
to —s&p, and the w, satisfying this condition is the localized surface plasmon
frequency of the particle. Therefore, from the Equation 5.1 and 5.2, we can see that
LSPR property depends on the bulk plasma frequency w,, , the geometry factor s and

the medium where the nanoparticle is placed (&,,).
The surface plasmon results in a strong confinement of electric field in the surface of

the nanoparticles, therefore, if two nanoparticles are brought together, the near-fields
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of two nanoparticles will interact and the electric field experienced on each particle is
a resultant field. Due to the interaction of the near-fields, the plasmon resonance of
two NPs gets coupled with the influence of neighboring particles resulting in
modulated LSPR band.

In this work, first, a novel method of manufacturing nano-island structure on glass is
discussed. The nano-cluster morphology produced by the convective assembly was
transformed to nano-islands by post-deposition annealing. The effect of annealing
temperature on the morphological transformation and the optical absorbance property
was characterized by SEM and UV-Visible spectroscopy, respectively. Then the
nano-island morphology was simulated with a gold nano-hemisphere models and the
optical property of the nano-cluster is analyzed by 4-gold hemisphere model in
FDTD. The sensitivity of morphology against refractive index was simulated and

compared with the experimental results.
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5.3 Manufacturing of nano-islands on a substrate

Substrate

Evaporation

=~ Gold NP

Colloidal gold
NP solution

(@

Heat treatment
P YR Y

Substrate -_— | Substrate |

® (©

Figure 5.1 Fabrication strategy of the gold nano-island structure on a substrate. (a) angled
convective assembly (b) schematic of gold aggregates and (c) schematic of gold nano-islands

structure.

The strategy designed for the formation of widely separated nano-islands is illustrated
in Figure 5.1. It is relatively easy to form a multilayer of nanoparticles on the
substrate in an unorganized format. For that, the particles need to be strongly
adsorbed to the substrate from a colloidal suspension. Since the process of preparing

the gold colloidal solution is an easy and low cost process, the gold colloidal solution
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of spherical gold nanoparticles were prepared by reducing chloroauric acid by sodium
citrate using Turkevich’s method [132]. The nanoparticle from the colloidal
suspension has been adsorbed to the substrate by using a novel angled convective
assembly technique as shown in Figure 5.1(a). The nanoparticle from colloidal
suspension was driven to the substrate and adsorbed upon evaporating the solvent.
Even though the proposed angled convective assembly is not precise or controlled
process, it is simple and useful for the formation of aggregates or multilayer of gold
nanostructure as shown in Figure 5.1(b). Subsequently, by using the heat treatment,
morphological transformation of the aggregates to the nano-island morphology is
achieved.

The substrate was cleaned with soap solution, DI water, then rinsed with acetone,
dried and rinsed with 2-propanol. Then the substrate was silanized and washed in
toluene and heated in an oven at 100°C for 1 hour before the deposition process. The
glass substrate was immersed in the gold colloidal solution at an angle of
approximately 30° in vials and kept in the oven at temperatures between 60 and 80°C
for 1-2 days, until the whole amount of gold was transferred to the substrate as shown
in Figure 5.1(b).

The sample with nano-cluster had a dark blue color. The morphology of the
deposition is investigated by scanning electron microscopy (SEM). Figure 5.2(a)
shows the SEM micrograph of the sample after the deposition. As expected, the
uncontrolled convective assembly resulted in a nano-cluster morphology. The sample
was annealed at various temperatures to investigate the morphological

transformations. When the sample was heat treated, the color turned to red. Figure
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5.2(b) shows the morphology obtained after annealing at 400 to 450°C for 1 h. A
dramatic change in morphology is observed upon annealing and the size of particle is
ranging from 10 to 100 nm with an average separation distance of 10 nm. During the
annealing, as the melting point of nanostructures is much lower than its bulk form, the
nano-cluster is melting and due to high surface tension of the molten metal, the
cluster morphology transforms to droplet-like nano-island morphology. When the
annealing temperature was further increased to 550°-600°C, the separation distance
between the nano-island have been found increased as shown in Figure 5.2(c). The
morphology composed of nanoparticles of size ranging from 10 to 100 nm and they
are widely separated each other. Around 60 to 70% of the particles in an area of 1ym?
were found having the size between 40 to 80 nm with an average separation distance

of 50 nm, when the sample was annealed at above 550°C.

(a) (b) (c)

Figure 5.2 SEM micrographs of (a) Nano-cluster obtained after deposition (b) annealed at

400-450°C (c) annealed at 550-600°C.

The LSPR property of the samples was measured by UV-Visible spectrophotometer.

The UV-Visible absorbance spectrum measured for the three samples shown in
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Figure 5.2, is presented in Figure 5.3. The UV-Visible spectrum of the nano-cluster
morphology obtained after the convective assembly was a wide band extending from
475 nm to 675 nm as presented in Figure 5.3(a). The annealing of sample at 400-
450°C resulted in an LSPR band with two peaks as shown Figure 5.3(b). When the
samples were annealed at temperatures in the range of 550-600°C, a single peak was
obtained as shown in Figure 5.3(c). A batch of 20 samples annealed at 550°C for 1 h
had a resonance peak at 545+£10 nm. The adhesion of the NPs with the substrate was
found to be less good for annealing temperature at around 550°C. To increase the
adhesion, the annealing temperature was further increased to 600°C and annealing
was carried out for 20 h, which resulted in nano-islands morphology with good

adhesion and a more stable resonance peak at 545+5 nm.
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Figure 5.3 UV-Visible absorbance spectrum of (a) non-annealed sample, (b) samples

annealed at 400-450°C, and (c) samples annealed at 550-600°C.
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5.4 FDTD modeling

The FDTD method solves the Maxwell’s differential equations by discretizing using
central difference in space and time and solve numerically by using computers. The

four Maxwell’s equations in differential form can be written as:

V-E=£ (5.3)
€o
V-B=0 (5.4)
0B
VXE=-= (5.5)
0E
VX B = pof + Uo7, (5.6)

The Maxwell’s equations relate the temporal change of electric field £ on the spatial
change of magnetic field (H=B/p), and vice versa. The constants i, and &, are the

permeability and permittivity of the medium, respectively and J is the current density.
FDTD uses a second order finite centered approximation to the space and time
derivatives in Maxwell’s curl equations to get a discrete electromagnetism. In FDTD
method, an orthogonal cubic spatial grid called Yee unit cell is defined and hence the
electric and magnetic field components are computed at each cell at time instants
delayed by the half sampling time steps [133]. The material can be modeled by
specifying its characteristics at every cell [134].

A commercially available software, Rsoft FullWAVE is used for the FDTD
simulation of gold nano-island structure. The gold nano-island is approximated to a

hemisphere and the LSPR property against the diameter of the hemisphere is
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investigated. Perfectly matched layer (PML) [135] boundary condition is used on the
boundaries of the simulation domain, that is the boundary walls of the simulation
domain was conductive to both the magnetic and electric fields, hence the light is
completely absorbing on the boundary without any reflections.

Source .
[ Power monitor

Y
m/Gold nano-hemisphere

| Substrate |
(a)

Contour Map of Ex at Y=0.001

/ Source

Z (um)

-0.06 -0.03 000 0.03 0.06
X (um)

(b) ()

Figure 5.4 (a) Schematic of the model (b) 3D-FDTD model of the gold hemisphere
FDTS Simulation (c) Electric field distribution estimated by FDTD in the gold nano-

hemisphere.

Figure 5.4 (a) shows the schematic of the model, herein a gold nano-hemisphere was
excited by a source with plane waves originating from a square launch pad with
transverse electric field. A pulse excitation type is used to excite the gold nano-
hemisphere. The gold nano-hemisphere was kept in a power monitor to monitor the

total power absorbed to the nano-hemisphere. Figure 5.4(b) shows the 3D view of the
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gold nano-hemisphere modeled in the Rsoft FullWAVE. The electric field
distribution on the gold nano-hemisphere simulated by FDTD is shown in Figure
5.4(C). By using the Fast Fourier Transform (FFT) algorithm, the absorbance
spectrum of the gold-nano-hemisphere was computed. As the simulation domain is
discretized into small elements called grids or mesh, the size of the mesh decides the
accuracy of the model. Large computational resources and long time is required for
the simulation with smaller mesh elements, hence a mesh convergence study is
carried out to find the optimum mesh size. The optimum mesh size was found to be 1

nm.

Measured spectrum of Gold nanoisland

--------- Simulated spectrum of Gold nanoisland using FDTD
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Figure 5.5 (a) Measured LSPR spectrum (b) Simulated LSPR spectrum of the gold

nano-hemisphere.
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Figure 5.5(b) shows the absorbance spectrum computed by FDTD. The diameter of
the gold nano-hemisphere was set at 70 nm. A comparison of the LSPR spectrum
computed by the FDTD with the experimental result is shown in Figure 5.5. The
measured and the simulated LSPR peaks are at 545 and 543 nm, respectively and the
shape of both of the spectrum was also found similar. The size of the nano-islands on
the tested structures annealed at 550°C (Figure 5.2(C)) varies from 10-100 nm while
the modeling is carried out with a gold hemisphere of 70 nm. The variation in the size
of the nano-islands could contribute to the difference in the shape of the spectrum in
Figure 5.5. The simulation results show that the approximation of a gold nano-
hemisphere by 70 nm diameter, with widely separated nano-islands morphology is

closer to reality.

5.5 Dependence of the size of gold nano-hemisphere on the optical
absorbance spectrum

A hemisphere was simulated to establish a relation between the size and the
resonance peak of the gold nano-hemisphere. The simulations carried out by
increasing the diameter (D) of the gold nano-hemisphere shows that the optical
absorbance peak is gradually shifting towards the higher wavelength as shown in

Figure 5.6.
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Figure 5.6 (a) Optical absorbance spectrum of gold nano-hemisphere, (b) A red-shift

of peak wavelength against the size of the gold nano-hemisphere.

The spectrum showed an increment in peak wavelength and in the intensity of LSPR
spectrum against the diameter of the gold nano-hemisphere. The diameter of the gold
nanohemisphere is increased from 40 to 90 nm. A linear trend for absorbance peak

wavelength is observed as shown in the Figure 5.6(b).

5.6 Modeling of morphology transformation

The FDTD model used for the investigation of morphological transformation is
shown in Figure 5.7(a). The model consists of 4 gold nano-hemisphere separated by
distance d. The diameter (D) of the hemisphere was 70 nm. The refractive index
distribution of the model is shown in Figure 5.7(b). The entire four hemispheres were

kept in a single power monitor to investigate resultant LSPR band. As explained
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before, the structure was excited with a pulse and by using the FFT, the LSPR
spectrum was obtained. The effect of the separation distance (d) for 4 gold nano-
hemispheres on the LSPR property of the morphology is also studied using this

model. The spacing d was varied equally in both directions.

Contour Map of Transverse Index Profile at Z=-0.001
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Figure 5.7(a) FDTD Model of 4 hemispheres morphology (b) Refractive index

distribution of the FDTD Model from the top of the model.

Figure 5.8 shows the simulation results of the interparticle coupling effects on the
LSPR property. The plasmon shift (44) is the shift of the peak wavelength of the
LSPR spectrum of the 4 nano-hemisphere from the peak wavelength of the single
hemisphere from a certain separation distance d. The separation distance d of the
nanostructures is increased from 0 nm to 50 nm. The LSPR spectrum is computed.
When the particles were touching each other (d=0), the optical absorbance spectrum

was a wide band as shown in Figure 5.8. When the d was increased to 1 nm, a
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dramatic change in LSPR band is observed, that is, two clearly defined bands were
obtained, one wide band similar to that of touching structure and a narrow peak at 725
nm. When the d was further increased, the band at higher wavelength was found to be
moving towards the lower wavelength and the wide band observed in the lower
wavelength was found to be slowly vanishing. When the d was increased to 25 nm or
above, only a single band same as that of a single gold nano-hemisphere is observed.

The LSPR spectrum of the single gold hemisphere is also presented in the Figure 5.8.
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Figure 5.8 LSPR spectrum of the gold nano-hemisphere against the particle

separation distance, d.

The resultant LSPR band is arising from the near-field coupling between the particles
as explained in the Section 5.2. The simulation demonstrates that the near-field

coupling of the gold nano-hemisphere is negligible when the separation distance d is
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25 nm or above, and the hemispheres are completely isolated from the near-field
coupling.

The trend observed in Figure 5.8 was also observed in the experimental results given
Figure 5.3, herein, when the samples were annealed at 400-450°C, the closely packed
nano-islands morphology is obtained. Because of the strong near field coupling
effects of closely packed nano-islands, the resultant LSPR band was found to have
dual peaks (Figure 5.3(b)). When the annealing temperature was increased to 550-
600°C, the peak in the higher wavelength is vanished and only one band is obtained
due to the change in morphology and spacing (d) similar to the results in Figure 5.8.
The plasmon shift (44) normalized with the LSPR peak wavelength (1s) of the
isolated nano-island, that is AA /As, is plotted against the inter-particle coupling
distance (d) normalized with respect to the diameter (D) of the nano-island, as

presented in Figure 5.9.
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Figure 5.9 The influence of spacing on near field coupling strength between 4 gold

nano-hemispheres.
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It has been already observed that the plasmon shift decays almost exponentially
against the interparticle separation distance for the case of two metal nano-spheres
[136, 137]. In the present study, the FDTD simulation with 4 gold-nano hemispheres
also exhibited an exponential decay in the plasmon shift against the separation
distance as shown in Figure 5.9. The simulations carried out for different diameters of
the nano-hemispheres resulted in almost the same exponential trend. That means, the
near-field coupling strength AL /As falls almost exponentially over a distance of 0.3
times the diameter of the nano-islands regardless of the size of the islands. Therefore,
the interparticle coupling effects of smaller islands in the annealed morphology
(Figure 5.2) contributes less in the resultant LSPR band when compared to larger

nano-islands.

5.7 Sensitivity of LSPR of the gold nano-hemisphere to adsorbing
protein layer

It is important to investigate the sensitivity of the LSPR peak to the change in
refractive index for the biosensing process. In biosensing, the analytes bind to the
gold nanostructure and the refractive index of the environment of the gold
nanostructure changes, resulting in a shift of the LSPR band. For that, a model
composed of gold nano-hemisphere with a sensing layer equivalent to protein layer
having certain refractive index, covering the whole surface area of the nanostructures
was used. Figure 5.10 shows the schematic representation of model having gold nano-

hemisphere with a layer of protein.
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Figure 5.10 Schematic of biosensor with gold hemispheres and a protein layer.

The thickness and the refractive index of the protein layer could affect the optical
absorbance property of the nanostructure, hence the effects of both the thickness and
the refractive index were investigated. First, the refractive index was kept constant
and the thickness of the protein layer was varied from 0 to 140 nm, subsequently the
simulation was repeated for various refractive indices. Figure 5.11 (a) and (b) show
the change of LSPR spectrum of the gold-nano hemisphere against the thickness of

the protein layer for the refractive index of 1.5 and 1.4 respectively.
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Figure 5.11 Change of LSPR spectrum against the thickness of the protein layer with

a refractive index of (a) 1.5 and (b) 1.4.

The refractive index was varied from 1.3 to 1.5 as most of the biomolecules have the
refractive index in this range [138]. The results presented in the Figure 5.10 show that
the shift of absorbance peak is saturating when the thickness of the protein layer is
equal to or greater than 60-70 nm. Hence, the gold nano-hemisphere is suitable for the
sensing of surface-assisted phenomena, which is highly desirable for the specific
detection of antigen-antibody interaction occurring on a sensing substrate in a

thickness layer of less than 60-70 nm.
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Figure 5.12 Variation of LSPR peak against the thickness of the protein.

In Figure 5.12, three region of the thickness of the protein layer could be identified.
Since the size of the large biomolecules is within 10 to 20 nm [138], the antibody of
the protein layer adsorbing to the gold hemisphere for the sandwiched immunoassay
comes in the region (a) of Figure 5.12. Subsequently, when the antigen is added to the
antibody layer the interaction occurs in a layer of 40 to 50 nm, which happens in the
region (b) of the Figure 5.12. The region above 60-70 nm is insensitive to the
thickness of the bio-layer. Therefore the simulation results show that gold nano-
hemisphere is highly suitable as a sensing platform for the detection of biomolecules

including large biomolecules such as proteins and polypeptides.
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5.8 Refractive index sensitivity of gold nano-hemisphere
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Figure 5.13 Measured shift of LSPR band in various solvents

In order to assess the suitability of the nano-islands integrated platform for
biosensing, the sensitivity of the nano-islands to the change in refractive index of the
sensing layer has to be determined. Therefore the change of LSPR peak against the
change of refractive is measured by using solvents having known refractive indices.
Annealed samples were placed in a cuvette filled with a solvent and placed in the
light path of the UV-Visible spectrophotometer. Herein, as the sample is placed in the
bulk liquid the thickness of refractive index layer is insensitive to the LSPR band.
The de-ionized (DI) water with a refractive index of 1.33 was used as the reference

solvent. The shift of LSPR (AL) for solvents was measured with reference to the
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LSPR peak corresponding to DI water. The LSPR spectrum measured for various
solvents are shown in Figure 5.13.

From the Section 5.7, we have seen that the LSPR peak is not sensitive to thickness of
the protein layer when the thickness was greater than 60 nm, but only to the refractive
index. Therefore, in order to investigate the refractive index sensitivity of gold nano-
hemisphere, the hemisphere with a diameter of 70 nm was simulated with a sensing
layer of 140 nm thickness and with different refractive indices. The refractive indices
of the solvents used in the experiments are used in the FDTD model. Figure 5.14

shows the change of LSPR observed from the FDTD simulation for various solvents.
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Figure 5.14 Simulated LSPR spectrum of gold nano-hemisphere with protein layer

having the refractive index of solvents.
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The refractive index sensitivity can be assessed using the relation between LSPR shift
(44) and the change in refractive index (4n). Where 44 and 4n are defined as:

AL =D — A (5.5)

An =n, — ny, (5.6)
where, 4/ is the change in the absorbance peak wavelength, 4,, is the absorbance peak
wavelength corresponding to the medium with a known refractive index, 4,, is the
absorbance peak wavelength corresponding to de-ionized water, 4n is the difference
between the refractive indices of the solvent and that of water, n,, is the refractive

index of the solvent and n,, is the refractive index of water.
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Figure 5.15 Measured and simulated variation of LSPR shift against change in

refractive index.
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The variation of LSPR shift (41) against the change of refractive index (4n) is shown
in Figure 5.15. The error bar given in the experimental results corresponds to the
standard deviation of measurements taken from 10 samples. The LSPR sensitivity
against refractive index, as measured by the slop of the graph shown in Figure 5.15 is
62.879 nm/RIU. The sensitivity predicted by FDTD simulation is 89.749 nm/RIU as
shown in Figure 5.14. The slight disagreement between the simulated and the
measured sensitivity is due to the approximation of the nano-islands morphology with

a single gold nano-hemisphere of 70nm diameter.

5.9 Conclusions

FDTD modeling of a morphological transformation of nano-cluster into nano-islands
and its LSPR sensitivity is presented in this paper. Formation of nano-islands
morphology by a simple and low-cost convective assembly followed by a post-
deposition annealing is discussed. The nano-cluster is modeled with 4 gold-nano
hemisphere, and the separation distance between them is varied to study coupling
effects and the resultant LSPR spectrum. The change of LSPR spectrum due to the
near-field coupling and its dependence on the interparticle coupling distance between
the nano-islands is also investigated. It is found that the near-field coupling strength
falls exponentially for a spacing of 0.3 times the diameter of the nano-islands. Hence
the field coupling effects due to smaller particles in the nano-island morphology is
considered negligible. The biosensing potential of the gold-nano island is investigated
with an equivalent biosening layer having different thickness and refractive indices.

The effects of thickness of the protein layer on the LSPR properties are found
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negligible when the thickness was greater than 60 nm. Therefore, the nano-island
morphology is highly suitable for the detection of antigen-antibody interaction even
for the larger molecules such as proteins and peptides. The LSPR sensitivity against
refractive index sensitivity was investigated experimentally and theoretically. The
theoretical sensitivity is 89.749 nm/RIU, which is found greater than the
experimentally obtained sensitivity of 62.879 nm/RIU. The simulation is carried out
with a simplified model of the nano-island morphology, in which a single gold
hemisphere having the diameter of 70nm 1is approximated with nano-island
morphology obtained with the annealing temperature of 550°C. However, the
sensitivity analysis shows that the simulation and experimental results have same

trend.
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Chapter 6: Gold nano-island structures integrated in a
lab-on-a-chip (LOC) for plasmonic detection
of bovine growth hormone

6.1 Introduction

Somatotropin (ST) is a polypeptidic growth hormone, naturally produced by the
anterior pituitary gland in mammals. The polypeptide chain for bovine somatotropin
consists of 191 amino acids but the composition and the biological effects depend
considerably on the species. The biological effects of bovine somatotropin (bST) are
associated with growth, development and reproductive functions. Its effect on milk
production was discovered in 1937[2]. Since the 80s, recombinant DNA technologies
allowed the production of large quantities of hormones which are used in USA and
other countries to increase the milk production but the use is forbidden in Canada and
in the European Union. Use of the recombinant bST (1bST) as a growth promoter is
controversial [14, 16, 82] because of its potential effects on animal and human health.
In order to provide meaningful information to consumers and to identify the rbST-
treated animals, highly sensitive analytical methods are required.

Conventionally, the concentration of bST in various biological media was estimated
by wusing an enzyme-linked immunosorbent assay (ELISA) [22] [23] a
radioimmunoassay (RIA) [84] [24] or bioassay methods [25]. The most important
limitation of ELISA assays is that the concentration of antibody can only be reported
in relative terms such as “titer”, that is, a combination of affinity and concentration.
More recently, a sensitive method that allows the discrimination between the
recombinant and the endogenous forms of somatotropin has been developed. It is
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based on liquid chromatography-mass spectrometry, combined with electrospray
ionization [85] [13] [86]. The principal drawback of this approach is the complexity
of the methodology involved, which, together with the very expensive
instrumentation, makes this method difficult to implement for a rapid detection of
bST and rbST in milk. Surface Plasmon Resonance (SPR) biosensing method has also
been suggested for the detection of bST [26]. However, the measurement was carried
out in an expensive plasmonic instrument (Biacore 3000). For this reason, developing
a microfluidic biosensing method that allows a rapid and precise detection of growth
hormones in milk becomes extremely important.

Noble metal nanostructures such as gold and silver exhibit unique optical absorbance
property and hence they have been proven to be useful to a variety of fields such as
photonics, SERS [139], optoelectronics, near-field microscopy, catalysis, chemical
and biological sensing. The plasmonic band, also called the Localized Surface
Plasmon Resonance (LSPR) band of gold and silver nanoparticles can be tuned by
adjusting the size, shape and morphology or by alloying [140] [141]. The LSPR band
could also be shifted to the near-infrared region, a region of particular interest for
biomedical applications such as cancer hyperthermia [142]. Other biological and
medical applications of gold nanoparticles and nanostructures are in the field of
biological labels, biosensors, drug discovery, diagnosis and monitoring of various
diseases.

The binding of analytes on immobilized gold nanoparticles, changes the local
refractive index of the surrounding environment that results in a shift to longer

wavelengths of the corresponding Au LSPR band. Gold and silver spherical
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nanoparticles with different dimensions and configurations have been widely used to
recognize and detect various bio-molecules [122, 143-151]. The growing expertise in
nanofabrication methods enables the preparation of gold and silver nanostructures and
patterns of various complexities. However, most research on chip-based assays has
focused on two-dimensional (2D) structures, that is, a gold monolayer on glass having
a low density of nanoparticles [122, 144].

In order to enhance the sensitivity of detection, multilayers of gold nanoparticles have
been fabricated using layer-by-layer deposition [41, 152] or the immersion of the
substrates in the colloidal gold solution for various time intervals [153]. Au
multilayers, prepared by the layer-by-layer deposition method showed a higher
refractive index sensitivity compared to the monolayer sensors used previously.
However, the method is tedious, and involves several steps of fabrication as the
nanoparticles have to be coated with polyelectrolytes [154]. Gold nanostructures for
sensing purposes [155] or for SERS substrates were deposited by thermal evaporation
and sputtering as well [156]. For a comprehensive review on the preparation of
nanostructured film arrays see ref. [157] and references therein.

In this chapter, the fabrication and characterization of three-dimensional gold
nanostructures fabricated by convective assembly is explained. The mechanism of
self-assembly is based on the flow of a colloidal suspension induced by evaporation
from the liquid meniscus formed at the substrate-solution interface. The technique of
convective assembly relies on the interaction forces between particles and/or particles
and surfaces that drive to the formation of ordered arrangements. During the

deposition process, due to the strong attraction forces between the gold nanoparticles
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(NP) and the gold — glass attraction, gold aggregates are formed on the substrates as
shown in Figure 6.1. The rate of self-assembly is governed by the evaporation from
the liquid meniscus, the particle concentration and the particle diameter. The high
density of gold nanoparticles in the multilayers and the transparency of the samples
allow the use of a conventional UV-Visible spectrophotometer for the measurements.
The proposed method is simple and can be carried out in a general laboratory
environment, without any need of special apparatus or expertise. The nanostructure
deposited on glass substrates by simple angled deposition resulted in gold aggregates
which were further annealed to yield an improved sensing platform. We [91] have
recently shown that multilayer films, also called three-dimensionally assembled gold
nanostructures can be fabricated from gold nanoparticles by convective assembly
from the evaporating meniscus of aqueous suspension. Three-dimensional Au
nanostructures display two plasmon bands, one around 520-530 nm that belongs to
plasmon resonance of isolated gold nanoparticles and a second one, at longer
wavelengths (600-700 nm) due to a collective surface plasmon oscillation [158]. The
600-700 nm Au band arises from coupling of the individual plasmon resonances
when gold nanoparticles are closely spaced. The intensity of this feature is
proportional to the degree of aggregation. For a comprehensive discussion on the

inter-particle coupling effect, see reference [159] and references therein.
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Figure 6.1 Schematic sketch of the convective assembly process of gold

nanoparticles.

In the previous work [91], gold nanoparticles and aggregates, functionalized, either
with a carboxymethylated dextran hydrogel or with 11-mercaptoundecanoic acid
were used for monitoring an antigen-antibody interaction. The results demonstrated
that with spherical nanoparticles, a higher sensitivity of bio-sensing can be achieved
by using the shift of gold LSPR band of aggregates toward longer wavelengths.
However, because the collective surface plasmon oscillation results in a quite broad
band, the detection of the shift upon the binding event is less precise than in the case
of the sharp LSPR band corresponding to isolated particles or small aggregates. For
this reason, for improving the sensitivity of the detection, a post-deposition annealing
of gold multilayers was investigated in this work. The present work is focused on the

bio-sensing experiments carried out by using gold nano-island structures obtained by
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annealing of gold multilayers. The multilayers with different particle packing
densities and degrees of aggregation are prepared by the convective self-assembly of
colloidal gold using a simple oven, instead of complex and tedious processes used by
other authors [160, 161]. 11-mercaptoundecanoic acid is used to form a self-
assembled monolayer on the gold nanoparticles. The sensing platforms prepared by
convective assembly and annealing were tested for the detection of bovine
somatotropin (bST) through antigen-antibody interactions. A calibration curve that
correlates the shift of Au-LSPR band with the concentration of antigen is established
in the range of 5 to 1000 ng/mL and the detection limit of polypeptide is determined.
The mechanism of sensing by using the annealed gold nanostructures is also
discussed. Further, a microfluidic device having the gold nanoparticles integrated into

a microchannel was designed, fabricated and used for the analytical process.

6.2 Experimental

Hydrogen tetrachloroaurate (II) trihydrate (HAuCls.3H,0) was purchased from Alfa
Aesar. Sodium citrate, 11-mercaptoundecanoic acid in ethanol (Nano Thinks Acid
11), phosphate buffered saline (PBS), N,N’-diisopropylcarbodiimide and N-
hydroxysuccinimide were obtained from Sigma-Aldrich Canada. The antigen, the
natural bovine somatotropine (bST, MW 20 kDa) and its corresponding polyclonal
antibody (anti-bST, raised in a guinea pig) were obtained from Dr. Parlow (National
Hormone &Peptide Program, Harbor-UCLA Medical Center) and used for the

immunoassay.
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Figure 6. 2 Schematic sketch of the deposition of gold nanostructure on glass.

Spherical gold nanoparticles were prepared by using the reduction of chloroauric acid
by sodium citrate, following Turkevich’s method **. Briefly, 75 mL of chloroauric
acid solution containing around 45 ug/mL gold is heated and 5 mL of 1% sodium
citrate solution is added to the boiling solution. After the colour of the solution turned
to purple, the solution is further boiled for 25 min and then left to cool to room
temperature. Gold multilayers were deposited on freshly cleaned substrates. Glass
substrates were cleaned with soap and DI water, then rinsed with acetone, dried and
finally rinsed with 2-propanol. Before the deposition process, the glass substrates
were kept in an oven at 100°C for 1 hour. Silanized glass substrates were immersed

with an angle (~30°) in vials containing the gold colloid solutions (3-5 mL) (Figure
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6.2) and kept in the oven at temperatures between 60 and 80°C, until the whole
amount of gold was transferred to the substrate (1 to 3 days).

Nanoparticle multilayer films were post-annealed in a furnace for one hour at 400°C,
500°C and 550°C, respectively. Gold nanoparticles were further functionalized with a
solution of mercaptoundecanoic acid in ethanol by covering the active surface of the
platform (around 150-200 uL). For the bio-sensing experiments, the concentration of
antibody on the functionalized gold structure was kept constant at 100 ng/mL and the
concentration of antigen was varied between 5 and 10000 ng/mL.

The sensitivity of the sensor platform was determined by measuring the spectra of
both non-annealed and annealed gold nanostructures in solvents with different
refractive indices. The sensor platform was immersed in de-ionized water and,
subsequently, in different solvents and kept for 2 hours before the spectral
measurement. Transmission UV-Vis spectra were acquired by using a Perkin-Elmer
650 UV-Visible spectrometer. Rectangular quartz cells were used to hold the glass

substrates.
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6.3  Assembly of the microfluidic platform

PDMS substrate with
microfluidic structure

S004m

Liquid reservoir © 2 mm
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(B) Sensing platform Gold nano-island structure
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Fluid outlet
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(C) Device

Figure 6.3 Assembly process of the microfluidic device.

The microfluidic structure incorporates three or more parallel microfluidic channels

to activate the microfluidic flow between two liquid reservoirs (Figure 6.3 (A)). The
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width of the channel was chosen to be 500 um by considering two factors: first, the
width of the light beam which was ~2 mm and second the sealing of the channel. Due
to the high flexibility of PDMS, sealing of the channel having the width of more than
500 um is a difficult task as the oxygen plasma treatment is used for the bonding. For
this reason, the microfluidic channel was designed with three parallel microchannel of
500 um, separated by 200 um. The depth of the microchannel was 100 um. The
microfluidic structure was fabricated on PDMS by soft lithography. The mold for
casting the PDMS was fabricated on SUS8 photo-resist. Patterning of SUS is done on a
silicon wafer by using UV photolithography. The SU8 mold was silanized to promote
the removal of the PDMS structure from the mold. For the fabrication of the
microfluidic structure, the PDMS base and curing agent (SYLGARD 184 from Dow
Corning) are mixed in a 10:1 wt ratio, degassed in a vacuum desiccator to remove the
gas bubbles, and casted to the mold and baked at 80°C for 5 hours.

The substrate holding the nano-island structures is shown in Figure 6.3(B). The
device (Figure 6.3(C)) was fabricated by bonding the glass substrate to a PDMS
substrate with the help of oxygen plasma treatment. The glass substrate containing
gold nano-island structures and the PDMS slab containing the microfluidic structure
were treated with oxygen plasma for 35 seconds in a plasma cleaner and bonded
together immediately. The inlet and outlet tubes were fixed with the liquid reservoirs
using silicone glue. Figure 6.4 shows photograph of the nanoparticle integrated

miocrofluidic bio-sensor.
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Figure 6.4 Photograph of the nano-islands integrated microfluidic bio-sensor.

6.4 The experimental procedure for the bio-sensing

Gold nanoparticles were first functionalized with a solution of mercaptoundecanoic
acid in ethanol by covering the active surface of the platform (around 150-200 uL).
Then the cross-linker solution (N, N’-diisopropylcarbodiimide and N-
hydroxysuccinimide) was dropped on the sample to covalently attach the antibody to
the gold nanostructures. After 10 min, the spectrum of the functionalized gold is
measured. Afterwards, an antibody solution is introduced into the sensing platform
and kept in contact with the gold nanostructure for at least one hour. The change in
the position of LSPR corresponding to the binding of antibody was measured. The
concentration of antibody on the functionalized gold structure was kept constant and
the concentration of antigen was varied between 5 and 10000 ng/mL. The excess of
antibody is washed away with a PBS (Phosphate Buffered Saline) solution and a
blocker (non-fat milk powder solution) is passed, then the corresponding antigen is

added to the sample and the LSPR spectrum is recorded to monitor the change of
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LSPR corresponding to the antigen-antibody interaction. The procedure is repeated in
the microfluidic device by pumping the solution into the device.
6.5.1 Results and Discussion

6.5.1 Tuning the morphology of the 3D gold nanostructure from nanoaggregates
to nano-islands

Figure 6.5 Images of the non-annealed sample (a), sample annealed at 550°C for 1

hour (b) and enlarged images of the samples showing the stripping behavior (c).

The non-annealed samples showed a dark blue coloration (Figure 6.5 (a)) while the
sample annealed at 550°C had a red tint. As it can be seen in the Figure 6.5(c), the
films showed the striping behavior characteristic to samples deposited slowly by
convective self-assembly [6, 38]. It is found that the stripes are uniformly distributed
and the spacing between them is constant as long as the deposition temperature is the
same. For samples annealed at lower temperatures, the color of the sample is not
uniform. The SEM images corresponding to the two samples are shown in Figure 6.6.

It can be seen that, before annealing, the nanoparticles are aggregated, forming long
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chain-shaped structures with several layers of nanoparticles. Aggregation begins in
the evaporating meniscus because of the strong attractive van der Waals forces
between gold nanoparticles [160]. The annealed samples show nano-island
morphology, with large well-separated nano-islands and smaller particles around
them. The nano-island films formed by nucleation and coalescence of gold
nanoparticles at 550°C are polydisperse with an average diameter of grains around 70
nm. The density of nano-islands is estimated to be around 64 islands/um® and it

strongly depends on the concentration of gold in the colloidal solution.
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Figure 6.6 SEM images of 3D gold nanostructures, as deposited (a) and after annealing at

550°C for 1 hour (b) (the magnification is X100000 in both images and X200000 in inset).

At temperatures higher than 350°C, for a sample with around 25ug/ml of Au in the
colloidal solution, clearly separated nano-islands are formed. The islands look like
droplets, are elongated (ellipsoid shaped) and their size varies between 10 and 100

nm. The formation of nano-islands upon annealing (at temperatures above 350°C)
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was widely reported for gold nanostructures prepared by LbL (layer-by-layer)
deposition [41, 152, 162] as well as by thermal [156] and electron-beam [163]
evaporation. The morphology of gold nano-islands generated from LbL assembly
depends on the number of layers and the nature of linkers used for building up the
multilayer. It has been reported [126] that the morphology of ultrathin thermally
evaporated films (less than 10 nm) can be tuned to nano-island-type structures at
temperatures as low as 200°C using long annealing times (20 hours). The morphology
change is thought to be induced by sintering and agglomeration of neighboring
nanoparticles and diffusion coalescence that results in the formation of a single layer
of laterally-spaced islands. In the case of the multilayers deposited by angled
convective assembly (Figure 6.6 (a)), having the intertwined chain structure, the gold
nanoparticles would melt prior mobility and coalescence. Indeed, it is known that the
melting temperature of gold nanoparticles is reduced to tens to hundreds of degrees
due to the particle size. Due to high surface tension of liquid gold, nano-islands with
convex surfaces are formed during the annealing process and percolation occurs at a

high density of nano-islands as shown in Figure 6.6(b).

151



0.6 - / Y

before annealing

— — - after annealing

Absorbance (a.u)

0.2

350 450 550 650 750
Wavelength [nm]

Figure 6.7 UV-Visible spectra of gold nanostructures deposited on glass, (a) before

annealing and (b) after annealing at 550°C for 1 h.

Compared to the aggregated multilayer structure, the nano-island structure is likely to
provide multiple binding sites and enough room for the diffusion of bio-molecules
[41]. The spectra of the non-annealed and the annealed samples were measured in the
UV-Visible range (Figure 6.7). The change in morphology, induced by annealing, is
accompanied by a dramatic change in the optical properties as shown in Figure
6.7(b). The gold multilayer was deposited by using a solution of 45 ug/mL gold.
Aggregated gold multilayers show a broad band in the 550-750 nm regions (Figure
6.7(a)). When heated at 550°C for an hour, the band is blue-shifted to 545 nm and
becomes considerably narrower (Figure 6.7(b)). This band belongs to the nano-island

structures shown in Figure 6.6 (b). The position and the shape of this band clearly
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show that the island structures are particulate, not aggregated. When the

concentration of the gold in solution was reduced to 25ug/mL, the band appears to be

changed as shown in Figure 6.8.
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Figure 6.8 UV-Vis spectra of gold multilayers non-annealed (a) and annealed at 500°C for 1

h (b) (multilayers deposited from a colloidal solution with a lower concentration of Au, 25

ug/mL),

When the gold nanoparticle solution was diluted (25ug/ml of Au), the spectrum

(Figure 6.8(a)) shows two bands. The band corresponding to aggregated gold

nanostructure is situated around 620 nm showing a lower degree of aggregation and a

band at 526 nm. After annealing, the spectrum shows only one narrow band at 529

nm with a noticeable higher absorbance.
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6.6 Sensing experiments: study of the reproducibility and
sensitivity of nano-island sensors

Several sensing platforms have been prepared and annealed, and both the position and
the absorbance of the LSPR band were measured immediately after annealing and
again, after several days. The results show a good reproducibility: for a number of 50
platforms, the position of the peaks after annealing was at 540 +/-10 nm. The position
of the Au LSPR band belonging to the annealed sample may vary because of the
slight differences in the preparation and annealing conditions. However, these
variations would not affect the precision of the detection as the shift of the band
would be the same.

The sensitivity has to be determined because it gives a preliminary assessment of the
ability of the platform to be used in the actual biosensing experiment. Hence, it is
important to investigate the sensitivity of the LSPR peak to the refractive index, as
during the biosensing process, the analytes bind to the gold nanostructure and the
refractive index of the environment of the gold nanostructure changes which results in
a shift of the LSPR peak. The shift of Au-LSPR (44) upon the change of refractive
index of the local environment of the nanoparticles (4n) is plotted as shown in Figure
6.9 and the slope of the curve is measured as the sensitivity of the platform. The shift
of Au LSPR band in different solvents, with refractive indices in the range of 1.300-
1.479 for both the non-annealed and annealed structures is shown in Figure 6.9. In
order to assess the sensitivity of the sensing platform, the change of UV-Visible
absorption of gold nanostructures immersed in various media was investigated before
and after annealing. The sensing platforms made of non-annealed and annealed

samples are introduced subsequently in the solvents given in Table 6.1.
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Solvent Refractive index

1. |Water 1.33
2. | Ethanol 1.36
3. |2-Propanol 1.377

4. | Dimethylformamide | 1.43

5. | Dimethyl sulfoxide |1.479

Table 6.1 Solvents used for measuring the refractive index sensitivity of annealed

and non-annealed sensing platforms.

The sample with gold nanostructures is immersed in a cuvette filled with the solvent
with a known refractive index. In order to assess the refractive index sensitivity, the
following formulas are used:

A= A=Ay (6.1)

An=n,,-n,, (6.2)

Where, 4/ is the change in the LSPR peak wavelength, 4n is the difference between
the refractive indices of the solvent and that of water, #,, is the refractive index of the
solvent, 4,, 1s the LSPR peak wavelength corresponding to the medium with a known
refractive index, 4,, is the absorption peak wavelength corresponding to DI water, and

n,, 1s the refractive index of water.
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Figure 6.9 Sensitivity of the platforms to the change in the refractive index of the
environment for the annealed and for the non-annealed sample (The error bar

represents the standard deviation of 10 measurements).

The sensitivity is assessed by plotting the graph of An vs. 44 as illustrated in Figure
6.9. The sensitivity is measured as the slope of the graph shown in Figure 6.9. The
sensitivity of the nano-island (annealed structure) sensor platform is much higher than
that of the non-annealed one, more specifically, the sensitivity as calculated from the
slope of the lines is found to be 62.879 nm/RIU, compared to 33.291 nm/RIU for the

non-annealed platform. The higher sensitivity of the annealed samples, in spite of the

156



broad size distribution of nano-islands shown in the SEM image (Figure 6.7(b)), can
be explained by their sensibly larger surface area than that of particles and aggregates.
The large surface area allows the binding of a larger number of molecules (linkers

and biomolecules) to gold resulting in a high sensitivity.
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Figure 6.10 The shift of LSPR band over the binding time of the antibody (100 ng/ml) and

antigen (40 ng/ml). (Error bar represents the standard deviation of 4 measurements).

The binding kinetics of antigen-antibody interaction was investigated by using the
annealed gold nanostructures. The antibody and antigen were immobilized on the
sample as explained in section 6.4. The binding time as function of shift of LSPR
peak is investigated in this study. Figure 6.10 shows the experimental results carried

out on 4 samples for various time intervals show that around 30 to 40 minutes are
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required to complete the antigen-antibody interaction. After 40 minutes, the shift of

LSPR peak remained constant.

Absorbance (a.u)

350 450 550 650 750
Wavelength(nm)

Figure 6.11 Spectra corresponding to a concentration of 40 ng/mL bST (antigen).
Annealed gold nanostructure (550°C) (a), antibody was adsorbed on the sample (b)
and the antigen was adsorbed on the gold holding the antibody. The shift due to
antibody-antigen interaction is 10 nm. For clarity, the spectra corresponding to
different intermediate states (functionalized gold nanoparticles, activated carboxyl

group, etc.) are omitted.

The change of LSPR spectra corresponding to each step in the biosensing procedure
(Section 6.4) is shown in Figure 6.11. A shift of 10 nm was obtained when the

concentration of antigen was 40 ng/ml. The same experiment was repeated for
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various concentrations of the antigen. Figure 6.12 shows the shift in LSPR band
versus the concentration of the antigen. It can be seen that there is quite a large red
shift of the band due to the antibody-antigen recognition event. For the sensing
experiments, only the most concentrated (45ug/ml) gold solution was used, which
resulted in high density nano-island samples. Sensing experiments have been
performed with concentrations of antigen in the range of 5 to 1000 ng/mL and a
calibration curve was established. The calibration curve (Figure 6.12) shows that the
shift of AuLSPR band (AL) is proportional to the concentration in the range of 1-150
ng/mL (with 0.2 nm/ng/mL sensitivity). At higher concentrations, the shift is still
linear but the sensitivity is considerably lower. However, for practical purposes, the
low concentrations range (high sensitivity) is important. The detection limit for bST,

by using a nano-island film was found to be 5 ng/mL.
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Figure 6.12 Sensing curve: Shift in the wavelength (AL) versus antigen concentration
(Inset: the sensitivity for low concentration of polypeptides (between 1 and 100

ng/ml.)) (Error bars represent the standard deviation of 10 measurements).

6.7 Sensing experiments in a microfluidic device

The microfluidic device was used instead of the cuvette in the spectrophotometer for
the sensing experiments carried out in the device. A similar device, without
nanoparticles was used as reference cell for the measurement. In this setup (Figure

6.13), the light beam from a UV-Visible source is split into two parallel beams and
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the sensing and the reference devices were placed vertically in the light paths. The
sensing procedure as explained in section 6.4 was repeated with the device, and all
the sensing steps were carried out by pumping the solutions into the microfluidic

channel by using the syringe pump.
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Figure 6.13 Experimental setup of PDMS/ glass nano- integrated micro bio-sensor.
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Figure 6.14 Sensing results in the device.

The absorbance spectra were recorded with the microfluidic device (Figure 6.14). The
curve (a) in Figure 6.14 shows the Au LSPR band before starting the sensing
experiment. The Au-LSPR band was recorded (Figure 6.14(b)) after absorbing the
antibody of bST on the functionalized nanoparticles through pumping the solution in
the microfluidic channel. The curve (¢) in the Figure 6.12 shows the LSPR band upon
introducing the corresponding antigen. A shift of LSPR band of around 10 nm is
recorded upon the interaction of the antigen (40 ng/ml) and antibody (100 ng/ml). The
shift of LSPR band is the same as the sensing results obtained on the glass sample
(Figure 6.11). Several experiments (3-4 measurements) were carried out in the device

and they confirmed the reproducibility of the method (Figure 6.15). The sensing
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curve of gold nano-island structure on glass samples (Figure 6.12) is also included in

the Figure 6.15 for comparison.
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Figure 6.15 Sensing result in the microfluidic device.

6.8 Conclusions

A novel and simple method of preparation of multilayers of gold nanoparticles on
glass substrates is reported. The nanostructure obtained from the angled deposition
method shows chain-shaped structures with a broad UV-visible absorption spectrum.
The morphology of the non-annealed structures was modified to an island-like
structure by annealing at various temperatures. The sensitivity of both, non-annealed
and annealed platforms was investigated by using solvents with known refractive
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indices. The sensing results showed a higher sensitivity for the annealed samples.
The annealed platform was used for the sensing of bovine somatotropin (bST) by
using an immunoassay format. The proposed sensing platform showed a detection
limit as low as 5 ng/ml of bST. Further, the sensing platform was integrated into a
microfluidic device and sensing experiments were carried out. The results
demonstrated the suitability of nano-island structures, integrated into a lab-on-a-chip

device to detect bovine somatotropin with a good sensitivity.
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Chapter 7: Silver-polydimethylsiloxane nanocomposite
integrated lab-on-a-chip for plasmonic
detection of bovine growth hormone

7.1 Introduction

The localized surface plasmon resonance (LSPR) property of metallic nanoparticles
has been widely used as a label-free technique for the detection of binding events in
real time [122, 144]. The sensing mechanism of LSPR-based methods is the change in
the position and/or the intensity of the LSPR band, upon the change of the refractive
index of the surrounding medium. Silver and gold nanoparticles exhibit strong
absorption bands in the visible and near infrared regions and show a strong
dependence on the refractive index of the surrounding medium, thereby they are
highly useful for the plasmonic detection of biomolecules.

One of the main fabrication process steps of LSPR-based sensing is the
immobilization of nanoparticles on a substrate [164]. Subsequently the biomolecules
are attached to the nonaoparticles through various linkers and detected by monitoring
the changes in the LSPR band by using an optical setup consisting of UV-Visible
source and spectrometer. Several techniques such as nanosphere lithography (NSL)
[124, 125], vapor deposition [165], thermal evaporation [123] and electrochemical
deposition [166] are reported for the immobilization of nanoparticles on various
substrates. Using NSL, ordered nanostructures can be deposited with the help of self
assembled polystyrene spheres and vacuum deposition. A widely reported method of
fabrication of nano-island structure is the deposition of thin film of gold on the

substrate by vacuum deposition and annealing to yield nano-island morphology. In
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this case, the melting temperature of the thin gold film is highly reduced from that of
bulk and hence the gold layer melts even at very lower temperatures, typically around
500°C, thereby forming nano-island structures [167]. Fabrication of gold aggregates
or three dimensionally assembled gold nanostructures was reported by convective self
assembly by evaporating meniscus of aqueous suspension [91]. In the convective
assembly, colloidal suspensions are driven and deposited to the substrate which is
immersed in the solution when the aqueous solution is evaporated.

In order to adopt the fabrication methods discussed above for the biosensing
applications in a lab-on-a-chip, they must possess qualities such as good adhesion to
the substrates, good optical properties such as narrow absorption peak, feasibility of
modifying the structural and optical properties for different applications and
feasibilities of integrating them in a microfluidic environment. The direct thermal
evaporation and convective assembly are the two commonly used techniques for the
fabrication of LSPR based assays. However, the adhesion of the deposited layer is
poor [168]. Since the bioassays involve several surface functionsalization steps, the
nanoparticles must be strongly adsorbed onto the substrates, otherwise, the
subsequent measurements would results in errors. In this context, it is highly desirable
to develop alternatives for the LSPR based sensing. The polymer-NP nanocomposites
[90, 128] offers good solution to adhesion issues, in which, nanoparticles are
embedded in the surface of the polymer through the reduction [128] reaction induced
at the interface of the aqueous solution of corresponding metal salts and the polymer.

Since the nanoparticles are embedded to the surface layer through the electrochemical
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reaction, the adhesion of the particle with the substrate is much stronger than other
deposition processes.

Recently, the integration of nanoparticles in microfluidic devices [169] has attracted
significant attentions because it facilitates the fabrication of highly sensitive sensing
platforms in a compact form. Microfluidic chip based bioassays has many benefits
including consumption of low sample volumes, fast response and the feasibilities of
developing high throughput detection systems in portable formats. Silicon, glass and
polymeric material such as PDMS are the commonly used structural material for
microfluidic chips. The PDMS is an excellent material used for the fabrication of
microfluidics and optical devices. The PDMS has several advantages, such as, it is
easy to prepare for the fabrication of high-aspect ratio 3D microfluidic structures by
using soft lithography, it is easy to bond with glass or PDMS itself to provide a
hermetic sealing of the microfluidic channels, PDMS is biocompatible and highly
transparent in UV and visible lights and most importantly, the material and
fabrication cost are very low compared to conventional microfabrication processes. In
addition, because of low glass transition temperature, excellent flexibility, high
thermal and oxidative stability, the PDMS has been a very attractive polymer for the
fabrication of nanocomposites. Gold (or silver)-PDMS nanocomposites are important
functional materials with interesting potential applications such as sensors. Previously
the composite materials are produced by immersing the PDMS substrate having rich
curing agent contents, in the aqueous solution of corresponding metal salts. However,

the absorbance spectrum of nanocomposite [128] showed a wide resonance band.
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The application of silver-PDMS for the detection of antigen-antibody interaction of
bovine growth hormone called bovine somatotropin (bST) is reported in this work.
The silver-PDMS nanocomposite, produced by immersing the PDMS substrate in the
silver nitrate aqueous solution followed by annealed to tune the morphology and
optical properties, are used for the detection of bovine somatotropin (bST) through
the antigen-antibody interaction.

Bovine somatotropin is a polypeptide growth hormone naturally produced by the
anterior pituitary gland in mammals. The effect of bST in the production of milk was
reported in 1937[2]. Later by 80’s, with the emergence of the recombinant DNA
technologies, the large quantities of artificial hormones are produced and used for
increasing the milk productions in USA and some Asian countries [93]. Application
of bST is for food production in dairy industry may potentially harm the health of
animal and humankind [14]. Hence, efficient analytical methods are required to
develop. Traditionally, the concentration of bST was estimated by using ELISA
(enzyme-linked immunosorbent assay) [22, 25] or radioimmunoassay (RIA) [84].
ELISA provides the information of antibody in a relative form that is based on a
combination of affinity and concentration. The Liquid chromatography-mass
spectrometry (LC-MS) combined with electrospary ionization is a recently developed
method [13, 85] which can distinguish the natural and recombinant forms of
somatotropin. However, it is a complex method requiring expensive instruments. In
this context, developing a low cost microfluidic biosensing platform with the

capabilities of detecting growth hormones rapidly and precisely is very important.
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In this work, label fee sensing of bST by using the localized surface plasmon
resonance (LSPR) property of silver-PDMS nanocomposite is presented. The silver-
PDMS nanocomposite is synthesized by a simple and low cost process. The LSPR
spectrum of the silver-PDMS nanocomposite produced by immersing the PDMS
substrates in silver nitrate solution is found to have a broad spectrum [129], which is
not ideal for the biosensing with high sensitivity. Hence, the morphology and the
optical property of the silver-PDMS composite are tuned by annealing at various
temperatures and times. The annealed silver-PDMS nanocomposite is demonstrated
for the detection of antigen-antibody interaction of bST. Further, the synthesis of Ag-
PDMS sensing element is carried out in microfluidic device for the realization of a
lab-on-a-chip. A micro sensing wall is fabricated across an optical path realized by
integrating optical fibers directly into a microfluidic device. Subsequently the micro
sensing wall was integrated with silver-PDMS nanocomposite through reaction with
the silver nitrate aqueous solution in the device. This sensor chip was demonstrated

for the detection of antigen-antibody interaction of bovine somatotropin (bST).

7.2 Method

Conventionally, plasmonic biosensing experiment is conducted with help of a
spectrophotometer, in which, the samples having the nanoparticles are placed directly
in the cuvette of spectrophotometer and measurements were taken. The drawbacks of
this approach are that they need large amount of reagents and expensive instruments.
Hence the integration of nanosensing platforms into microfluidic environment is a
useful approach for developing a Lab-on-a-chip based on plasmonic technique.
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Figure 7.1 Schematic of the proposed Lab-on-a-chip

In this work, a sensing element is integrated in a microfluidic environment across an
optical path. The sensing element of Silver-PDMS nanocomposite is synthesized in a
microfluidic sensing cell. A schematic illustration of the proposed Lab-on-a-chip is
shown in the Figure 7.1. The device is designed to be fabricated in PDMS. The
PDMS chip formed by soft lithography consists of a sensing cell, a micro wall as
sensing element and two optical fibers. The optical fibers are inserted to the sensing
cell and aligned with the sensing wall as shown in Figure 1. The PDMS micro sensing

wall is integrated with silver-PDMS nanocomposite by in-situ synthesis with silver
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nitrate aqueous solution inside the sensing cell. Light from a white light source (UV-
Visible) is coupled to the sensing element through an optical fiber integrated to the
PDMS structure. A fiber integrated on the other side of the sensing element collects
and couples the light to a spectrometer. This optical setup is used to measure the
LSPR spectrum of Ag-PDMS nanocomposite formed on the sensing element.
Subsequently, all the microfluidic parts were sealed with a PDMS layer and fluidic

ports were attached for pumping the bio-liquids and reagents.

7.3 Experimental method and results

7.3.1 Materials

The Sylgard® 184 elastomer kit and curing agent for the PDMS fabrication were
purchased from Dow Corning. The silver nitrate was purchased from Sigma Aldrich.
Deionized (DI) water obtained from NANO pure ultrapure water system (Barnstead)
with 18MQ resistivity was used in all the experiments. Natural bovine somatotropine
(bST, MW 20 kDa) and its corresponding antibody (Anti-bST raised in a guinea pig)
were obtained from Harbor-UCLA Medical Center (National Hormone &Peptide
Program). 11-mercaptoundecanoic acid in ethanol (Nano Thinks Acid 11), N,N’-
diisopropylcarbodiimide and N-hydroxysuccinimide phosphate buffered saline (PBS)
were obtained from Sigma Aldrich, Canada. PBS was dissolved in DI water at 0.1M
concentration and 7.2 pH. The bST diluted in PBS at a concentration of 5000 ng/ml
was used as stock solution and stored at 3-5°C. The anti-bST obtained in powder form

was dissolved in PBS at 5000ng/ml and stored in refrigerator at 3-5°C.
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7.3.2  Preparation of silver-PDMS nanocomposite substrate

The PDMS base and curing agent are mixed in 4:1 (wt) ratio. The mixture was placed
in vacuum desiccators and degassed to remove the gas bubbles. The PDMS was
casted onto a flat polished silicon wafer surface to prepare the PDMS substrates. Prior
to the casting of PDMS, the silicon wafer was silanized by 0.1 ml of the
trichlorosilane in a covered Petri dish on a hot plate at 55°C for 5 hours. The silicon
wafer was placed in a petridish and the PDMS was poured on the wafer to a thickness
of ~2 mm and baked at 80°C for 5 hours. Then the PDMS layer was cut into samples
of 0.5x4 cm size. The silver nitrate solution of 22 mM concentration was used for the
preparation of samples. The PDMS samples were incubated in the silver nitrate
solution for 20 hours. The dependence of the immersion time of PDMS sample in
silver nitrate solution on the optical properties of the silver-PDMS was reported in ref
[129]. The optical and structural properties of the samples under different annealing
conditions were investigated by using UV-visible spectrophotometer, scanning

electron microscopy (SEM) and Atomic Force Microscopy (AFM).
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7.3.3  Tuning of morphology and optical property of the silver-PDMS
nanocomposite

Figure 7. 2 Images of the Ag-PDMS samples (a) non-annealed (b) annealed at 340°C

(c) annealed at 370°C

Figure 7.2 (a) shows the PDMS samples after incubating in the silver nitrate solution
for 20 hours. The presence of the curing agent together with the oligomers in the
PDMS permits the formation of silver nanoparticle on the surface layer of the PDMS
by the reduction reaction of AgNOs. The silver PDMS nanocompoiste produced in
this way was found to have a dark gray color as shown in Figure 7.2(a). The sample
was annealed at various temperatures to tune the morphology and optical properties.
The color of the sample was turned to yellow as shown in Figure 7.2 (b) and (c¢) when
the sample was annealed. The samples annealed above 350°C was found slightly
deformed and also the color turned to a dark yellow as shown in Figure 7.2(c). The

structural change of nanocomposite upon annealing was investigated using SEM.
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Figure 7.3 SEM image of (a) non-annealed sample, (b) annealed at 340°C, (c)

annealed at 370°C and (d) enlarged image (X75000) of sample annealed at 370°C.

The morphology of the silver-PDMS nanocomposite after incubation in silver nitrate
solution for 20 hours is shown in Figure 7.3(a). A thin layer of gold of thickness ~5
nm was sputtered on the PDMS to clearly image the morphology. The surface of the
composite is found to have silver NP aggregates. The morphology of the composite
includes silver aggregates of size ranging from 100 nm to 1 um. When the substrate
was annealed at temperatures in the range of 340°C to 370°C for 20 minutes, the
morphology change as shown in Figure 7.3 is thought to be induced by melting of the
silver aggregates and detaching from the PDMS surface. Indeed, it is known that the

melting temperature of metallic nanoparticles is strongly reduced by hundreds of
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degrees due to the smaller particle size. The smaller particles diffused into the surface
layer and remained on the surface. When the annealing temperature was 340°C, the
silver aggregates were found not completely removed as shown in Figure 7.3(b). For
the complete removal of the silver aggregates, the annealing temperature was further
increased to 3700C, which resulted in a surface embedded with well-ordered

nanospheres having the diameter of around 30 nm as shown in Figure 7.3(c) and (d).

The preliminary sensing experiments carried out on the sample annealed at various
temperatures indicated that that the samples annealed at higher temperature has less
sensitivity. The sample annealed at 340°C is found to have better sensitivity. In order
to investigate the dependence of temperature on the distribution of the nanoparticles

on the composite and the sensitivity, the AFM characterization was also carried out.
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Figure 7.4 AFM characterization of silver-PDMS nanocomposite (a) non-annealed
(b) annealed at 340°C, (c) annealed at 370°C and (d) line profile showing the height

of the nanoparticle in composite.

The AFM characterizations of the silver-PDMS nanocomposite shown in Figure 7.4
shows that morphological change due to annealing is similar to the one observed in
the SEM micrographs (Figure 7.3). The line profile of the composite for the samples
annealed at various temperatures shown in Figure 7.4(d) indicates that annealing at
higher temperature results in the migration of nanoparticle deeper into the composite.
The average height of the nanoparticle in the non-annealed composite was ~120 nm,
and the height reduced to ~70 nm for samples annealed at 340°C. The height of NP
was further reduced to ~ 20 nm for the sample annealed at 370°C. The top view of the

morphology of the sample is shown in Figure 7.4(d).
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The absorbance property of the nanocomposite in the UV-visible range was
investigated by using the UV-Visible spectrophotometer. The spectrum of the non-
annealed sample shown in Figure 5(a) has an absorbance maximum at 440 nm with a
wide band. This wide band extending in the region between 370 to 650 nm, belongs
to the silver aggregates. When the sample was annealed at 340°C, the band is blue

shifted to 410 nm and became narrower as shown in Figure 7.5(b).
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Figure 7.5 Absorbance spectrum of the silver-PDMS nanocomposite of (a) non-

annealed, (b) annealed at 340°C (c) annealed at 370°C.
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The wide band of the silver aggregates is resulting from the near field coupling
effects of neighboring particles in the aggregates, that is, when the distance between
the particle is considerably shorter, an electrodynamic interaction mechanism is
expected [170]. Upon annealing, aggregates are melting and breaking into smaller
particles and also the interparticle distance is increased. As a result, the near field
coupling between the particles is decreased, resulting in a blue shift of band to 412
nm. When the annealing temperature was further increased to 370°C, the band
becomes considerably narrower and the absorbance intensity was considerably
increased as shown in Figure 7.5 (¢). For the biosensing experiments the sample
having sharp resonance peak is useful, however, the annealing at higher temperatures
resulted in the migration of particle to composite as revealed in the AFM
characterization. Since the particle is inside the PDMS, less surface area of the
particle is accessible to bind the biomolecules, which could result in less sensitivity

for the sample annealed at higher temperatures.
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7.4

The silver-PDMS substrate was treated with oxygen plasma for 35 seconds to
transform the surface of the sample to hydrophilic. Figure 7.6 shows various steps in
the biosensing by using silver-PDMS nanocomposite. The silver-PDMS substrate

shown in Figure 7.6 (a) was functionalized with around 150-200 uL of

Procedure for the biosensing on silver-PDMS substrate
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Figure 7.6 Various steps in the biosensing.
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mercaptoundecanoic  acid (in ethanol) and the cross-linker (N, N’-
diisopropylcarbodiimide and N-hydroxysuccinimide) for one hour in order to attach
the peptides covalently to the silver nanoparticles. Figure 7.6(C) shows the Ag-
PDMD sample after introducing the linker and cross-linker. The sample was washed
in PBS. The linker and cross linker attach the antibody of the bST covalently with the
silver NP. Then, the antibody corresponding to the bST was introduced onto the
sensing platform and kept in contact with silver NP for at least one hour. The change
of LSPR corresponding to the binding of antibody was measure by UV-Visible
spectrophotometer (LAMBDA 650, Perkin Elmer). The concentration of antibody on
the functionalized silver-PDMS was kept constant and the concentration of antigen
was varied between 5 and 10000 ng/mL. The excess antibody is washed away with
PBS (Phosphate Buffered Saline) solution. Figure 7.6(d) shows the sample after
antibody is absorbed. Blocker (1% non-fat milk powder in PBS solution) is passed
and washed with PBS. Figure 7.6(e) represents the sample after the blocker is
introduced. The proteins in the milk powder solution bind to areas not covered by
antibody and hence act as a blocker. Then bST solution is introduced to the sample
and kept for one hour. The sample after absorbing the bST on the sample is as shown
in Figure 7.6(f). The LSPR spectra were recorded to monitor the change in LSPR

corresponding to the antigen-antibody interaction.
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Figure 7.7 Shift of LSPR spectra of silver-PDMS upon antigen-antibody interaction,
(a) LSPR spectrum of the silver-PDMS nanocomposite functionalized with antibody
(100 ng/ml) and (b) LSPR spectrum of the composite after adding antigen (150

ng/ml).

The samples annealed at 340°C and 370°C were tested for the biosensing
experiments. During the sensing process, the LSPR spectrum of the silver-PDMS
nanocomposite was recorded during each step of biosensing. The anti-bST (100 ng/ml
concentration) was added to the surface functionalized silver-PDMS nanocomposite.
Figure 7.7(a) shows the absorbance spectrum of the Ag-PDMS sample after adding

the anti-bST. The antigen (bST, 100 ng/ml) was added to the sample and kept for one
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hour, which resulted in a red shift of 8 nm as shown in Figure 7(b). In addition, the
band width is found to become wider. The experiments were repeated with various
concentration of antigen in order to assess the sensitivity of the platform as shown in

Figure 7.8.
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Figure 7.8 Effect of annealing temperature and concentration of bST on biosensing

with Ag-PDMS substrate.

The tested variation of the shift in LSPR band against the concentrations of antigen
shown in Figure 7.8 shows almost a linear shift in the range of 50 to 100 ng/ml
concentration for the samples annealed at 340°C. In order to investigate the

reproducibility of the results, the sensing experiments were conducted on 5 samples
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for each concentration. An error bar representing a standard deviation is included in
Figure 7.8. The detection limit of the silver-PDMS nanocomposites annealed at
340°C was found to be as low as 20 ng/ml.

The sensing experiments conducted on the sample annealed at 370°C or above
showed less sensitivity as shown in Figure 7.8. Only one or two nanometer of shift is
observed for the concentration of 200 to 500 ng/ml of antigen. The reason for the
reduction in sensitivity for the samples annealed at higher temperature is due to
migration of particles into the substrate. The AFM characterization presented in
Figure 4 revealed that the annealing of sample at higher temperature causes the
migration of particle deeper into the PDMS, which essentially make the particles less

accessible for the binding of bio-molecules resulting in reduced sensitivity.

7.5 Fabrication of Lab-on-a-chip

The lab-on-a-chip is realized by in-situ synthesis of silver-PDMS nanocomposite in a
microfluidic channel. Different process steps involved in the fabrication of the lab-on-

a-chip are shown in Figure 7.9.
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Fabrication microfluidic device on PDMS by soft lithography
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In situ synthesis of silver-PDMS nanocomposite in the microfluidic device by
injecting silver nitrate into the device.

Fluidic tube

Microfluidic
.

Micro sensing wall

Figure 7.9 Fabrication process steps of the lab-on-a-chip.

The first step in the fabrication of lab-on-a-chip is the making of mold for casting the
PDMS chip. The soft lithography is used for fabricating the PDMS chip. The mold
fabricated in SU-8 photoresist on a silicon substrate shown in Figure 7.10 was used
for casting the PDMS chips. The mold was fabricated by UV-photolithography. The

SUS8 negative photoresist (SU8 2035 Microchem) was spun on the silicon wafer at
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2000 rpm for 30 seconds, which resulted in an SUS layer with thickness of 60-70 um.
Then the photoresist was baked at 80°C for 10 minutes. Since the diameter of the
fiber used to couple the light to the microfluidic channel is 125um (core diameter
9um), the depth of the slot for inserting the fiber must be ~125 um. As the thickness
of the photoresist layer decides the depth of the channel, the photoresist was spun
again at 2000 rpm for 30 seconds to yield a thickness of ~125 um. The resist was
baked again at 80°C for 10 minutes. The photo resist was exposed by UV light for 30
seconds through a mask .The UV-exposed photoresist layer was baked at 80°C for 10
minutes and developed in SU8 developer for about 15 minutes. The fabricated mold

shown in Figure 10 was silanised for 8 hours before casting the PDMS on it.

Structuye for the fiber slot

Structure for the microfluidic channel ~ Structure for the microsensing wall

Figure 7.10 Mold for the microfluidic device
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The PDMS microfluidic chip shown in Figure 7.1 was fabricated by soft lithography.
The PDMS base and curing agents are mixed as explained in Section 3.2 and casted
to the mold as shown in the step 1 of Figure 7.9.

A thin PDMS slab of 2 mm thickness was bonded with the chip as shown in Figure
7.9 (step-2). Two holes of diameter of 1| mm were punched on the PDMS layer
corresponding to the place of liquid reservoirs in the microfluidic chip to insert the
inlet and outlet tubes of the lab-on-a-chip. The thin PDMS slab and the PDMS
microfluidic chip were exposed to the oxygen plasma for 35 seconds to seal the
device. The plasma exposure is carried out in the instrument obtained from Harrick
plasma. Then the samples were immediately kept in contact in order to yield a strong
leak proof bond. The fluidic tubes were inserted to the holes of the sealing layer of
the device as shown in Figure 7.9 (step-3). Two single mode pigtailed fibers with
SMA connectors were inserted to the slots of the fibers with the help of

micropositioners. The fabricated lab-on-a-chip is shown in Figure 7.11.

Figure 7.11 Silver-PDMS nanocomposite integrated lab-on-a-chip
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7.6 Integration of silver-PDMS nanocomposite into a LOC
environment

A schematic sketch of the experimental setup for the silver-PDMS nanocomposite
integrated LOC is shown in Figure 7.12. Light from a UV-visible source is coupled to
the device through the fiber integrated with the device. Another fiber integrated on
the other side of the micro sensing wall couples the light to a spectrometer as shown
in Figure 7.12. A closer view of the lab-on-a-chip fabricated on PDMS is shown in
Figure 7.13(a). The experimental setup used for the lab-on-a-chip shown in Figure
7.13(c) includes a UV-visible source and a spectrometer (USB 2000 Ocean Optics).
Two single mode pigtailed fibers are integrated to the device and each is connected to
the light source and the spectrometer as shown in Figure 7.13(c). For integrating the
fiber to the device, two high precision micropositioners were used. The spectrometer
was connected to a computer in order to record the spectra. The UV-visible spectrum
of the device is recorded by the spectrometer as a reference signal for the subsequent
measurement. Then, the silver nitrate solution was pumped to the device and kept for
20 hours. Subsequently, the device was cleaned by pumping DI water through the
LOC for 2 minutes. The UV-visible spectrum recorded form the device is similar to
the one of the Ag-PDMS substrate (Figure 7.5). The fiber and fluidic tubes were
removed and the device was kept in an oven and annealed at 340°C for 30 minutes.
The bonding of the device was found unaffected by the annealing. Then the fibers
were inserted to the slot and fluidic tubes were connected and sealed. The absorbance
spectrum was recorded again as shown in Figure 14. The spectrum 7.14 (a) and (b)
show the UV-visible absorbance spectrum for the silver-PDMS nanocomposite

integrated in the LOC before and after annealing, respectively. The spectra recorded
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before and after annealing are similar to that of spectra obtained for Ag-PDMS
substrate presented in Figure 7.5. After annealing, the spectrum was blue shifted to

around 410 nm and also became narrower as shown in Figure 7.14.

Figure 7.12 schematic top view of the test arrangement with UV-visible source and

spectrometer.
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Figure 7.13 (a) Device under test (b) closer view of the test section of the device

through microscope (¢) Experimental setup for the Lab-on-a-chip.
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Figure 7.14 UV-Visible spectra recorded using the lab-on-a-chip, (a) Spectrum
recorded before annealing the device and (b) Spectrum recorded after annealing the

device.

7.7 Biosensing in the Lab-on-a-chip

The sensing procedure explained in the Section 7.4 was repeated in the device by
pumping all the reagents. The absorbance spectrum was recorded after pumping the
antigen and keeping antibody for one hour as shown in Figure 7.15(a). The spectrum
recorded after adding the antigen shows a shift in wavelength of around 12 nm in the

LSPR spectrum as shown in Figure 7.15(b). The shift of LSPR peak obtained for the
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experiments on the substrate is closely matching with the shift obtained on the LOC
device. Few experiments repeated on the LOC platform confirm that an LOC can be
realized with the silver-PDMS nanocomposite by preserving the sensitivity obtained
on the Ag-PDMD substrate. Shift obtained using the LOC device is 12 nm for the
concentration of 100 ng/ml as compared to the shift of 8 nm obtained using the Ag-
PDMS substrate for the same concentration of 100 ng/ml of antigen. This proves that

LOC is having higher sensitivity in addition to high throughput.
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Figure 7.15 The sensing results conducted in the lab-on-a-chip, (a) spectrum

recorded after adding the antibody (100ng/ml) and (b) spectrum after adding the

antigen (100ng/ml).

For the sensing experiments in the LOC, very small amounts of reagents and

biomaterial are used. For each steps in the biosensing, less than 0.1 ml of solution was
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sufficient to carry out the sensing experiments in the LOC, however, for the
experiments in the substrate requires around one ml of reagents for each steps of the

biosensing.

7.8 Conclusions

The feasibility of integration of silver-PDMS nanocomposite into a microfluidic
device for the detection of antigen-antibody interaction of bovine growth hormone is
demonstrated. The silver-PDMS nanocomposite produced by immersing the PDMS
slabs containing rich curing agent in silver nitrate aqueous solution exhibits
aggregation of silver particle on the surface with a wide UV-visible absorbance band.
The morphology of Ag-PDMS nanocomposite was tuned to achieve the desired
narrow absorbance band by annealing at various temperatures. The annealing resulted
in a uniformly embedded silver particle on the surface of the PDMS substrate. The
samples annealed at temperatures higher than 350°C was found to be less sensitive for
the biosensing experiments. Annealing at higher temperatures forces the migration of
particle deeper into the substrate, which could be the reason for the reduction in
sensitivity. Subsequently, a silver-PDMS nanocomposite integrated lab-on-a-chip is
fabricated and the performance is tested as well. Ag-PDMS nanocomposite
integrated LOC resulted in a higher sensitivity compared to the measurements
obtained on Ag-PDMS nanocomposite substrate. LOC showed a LSPR shift of 12 nm
compared to 8 nm for substrate. The consumption of bio-liquids and reagents for the
LOC is 10 times lesser than that of the Ag-PDMS substrate, is also a benefit of

carrying out the detection in the lab-on-a-chip.
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Chapter 8: Nano-islands integrated evanescence-based
lab-on-a-chip on silica-on-silicon and PDMS
hybrid platform for the detection of
recombinant growth hormone

8.1 Introduction

Bovine growth hormone, also known as bovine somatotropin (bST) is a growth
promoter widely used in some countries in dairy farming for increasing the
production of milk and meat. With the injection of hormone to animals, the milk
production has been reported to be increased more than 5% to 40% [171-173]. The
commercial use of growth hormone was made possible with the discovery of
recombinant DNA technology which could produce large amounts of artificial growth
hormone called recombinant bovine somatoropin (rbST) using hybridization
technique. The use of tbST in dairy farming is still controversial due to its potential
effects on the health of cattle and consumers [14, 16, 82]. Therefore, a rapid and
precise method of detection of tbST has a lot of demand for regulation.

The enzyme-linked immunosorbent assay (ELISA) [22, 23], radioimmunoassay (RIA)
[24] or bioassay method [25] or SPR [26] and LSPR-based sensor [61] are reported
for the detection of growth hormone. The fluorescent tagging and detection using a
lab-on-a-chip platform [60] and the use of a novel cascaded waveguides coupler
(CWC) on silica-on-silicon platform are also attempted. ELISA can predict the
concentration of rbST in a relative form that is based on the concentration and
affinity. The liquid chromatography-mass spectrometry (LC-MS) [13, 85], combined

with electrospray ionization is a very powerful technique which can discriminate the
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natural and artificial form of the growth hormone, however, the method is complex
and expensive. In this work, a miniaturized senor platform is developed for the
detection of recombinant growth hormone. The sensor uses a label-free detection
methods by using the LSPR property of nano-island on silica-silicon waveguide
integrated in a microfluidic device.

The optical detection is one of the most widely used methods of bio-detection [42].
Labeled [96] and label free [88, 144] detection are the two major approaches of the
optical detection method. In the labeled detection, fluorescence dye molecules are
tagged with biomolecules and detected in an optical microfluidics platform. Labeled
detection is an expensive and time consuming process as it needs the optimization of
the flurophore-biomoelcule labeling conditions, also the accuracy depends on the
labeling process. As a result, label-free detection has gained increased attentions in
biomedical field. The label-free detection methods reported in literatures are
autofluorescence [174], confocal Raman spectroscopy [175], surface plasmon
resonance [140], localized surface plasmon resonance [88, 149] and evanescence
[103, 107, 109].

The surface plasmon resonance (SPR) is a widely reported label-free detection of
biological and chemical species. The SPR sensor works based on the plasmon waves
produced by coupling the light to a thin layer of metal by using grating coupler or
field excitation. The basic mechanism of SPR sensor is the modulation of plasmon
resonance band with the adsorption of bio-species to the metal layer. Metallic
nanoparticles such as gold and silver exhibit strong plasmonic property called

localized surface plasmon resonance (LSPR) in the ultraviolet and visible region of
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electromagnetic spectrum. The plasmonic property of the gold nanoparticle is widely
reported [124, 151] for the detection of biological species as the plasmonic properties
of gold NPs are sensitive to the change in the refractive index of the surrounding
medium. Conventionally, the biosensors reported by using metallic nanoparticles
(NP) are substrate-based [176]. In this method, the NPs are immobilized on a
transparent substrate and the biomolecules are adsorbed and detected by monitoring
the changes of plasmon band by using the transmission or reflection spectroscopy.
The advantages of LSPR based detection over the SPR detection are that no need of
any complex light coupling optics and the feasibility modifying the plasmonic
property by tuning the shape and size of the nanoparticles.

Evanescent-wave is the exponentially decaying tail of the propagating wave in a
waveguide, which can interact with bio-species immobilized on the waveguide.
Evanescent wave sensors by using optical fibers [106] or planar waveguides [177]
are reported for the labeled and label-free detection of the bio-species. For the label-
free evanescent sensor, the interaction of evanescent wave with the biomolecules
immobilized on the core of the waveguide results in the loss of the propagating waves
due to the absorption of evanescent wave. Since the depth of penetration of
evanescent wave sensor implemented by a straight waveguide having uniform
diameter is less, the sensitivity is less. However, the sensitivity can be increased by
increasing the species evanescent-wave interaction length. Alternatively, the
sensitivity of the evanescent wave sensors were reported to be increased by

techniques such as selective ray launching [108], tapering of fiber probes [109] and

use of bends [110] in waveguides. In this work, a novel method of integration gold
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nano-islands on silica-on-silicon waveguide is used for the development of an
evanescent wave senor integrated in a PDMS microfluidic chip.

Recently, the integration of nano-materials in the microfluidics environments has
gained a lot of attentions due to the feasibilities of developing micro total analysis
systems (uTAS) or lab-on-a-chips (LOCs) devices with higher sensitivity [57]. Lab-
on-a-chips are gaining increased interest because of their capability to perform
biological and chemical detections with reduced consumption of reagents and
materials [44, 63]. Since the LOCs are miniaturized devices, they are portable and
capable of performing the detection and analysis faster than the macroscopic
instruments. By miniaturizing and integrating various process modules such fluidics
and optical detections components in a single chip, the LOCs have been able to
perform different bio-analytical processes. Integration of microfluidics with optical
components is one of the challenging tasks in the fabrication of optical LOCs. Also,
the fabrication techniques of integration of nano-features in the microfluidic
environments are gaining more attentions [57], because of the unique optical
properties of nano-structure that are useful for the biosensing.

Miniaturizations of conventional SPR systems are reported for biosensing purpose
[178, 179]. Some of the commercial devices such as Biacore systems are already
available with the integration of SPR sensors in microfluidics, wherein a flat layer of
gold is used in a Kretschmann configuration with a prism coupling of light to excite
plasmon waves. However, the microfluidics based SPR system is complex and it
needs complicated optics and expensive instruments. Integration of nanoparticle in

the microfluidic device is a useful approach as the optical setup required for such a
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sensor is simple, as compared to SPR or confocal Raman spectroscopy based sensors.
However, the integration of nanoparticles in microfluidics requires novel
nanofabrication techniques compatible with the microfluidic fabrication process and
materials.

In this work, a miniaturized analytical device is developed by integrating gold nano-
islands on a silica-on-silicon (SOS) waveguide. The SOS waveguide is further hybrid
integrated in a microfluidic device fabricated on polydimethylsiloxane (PDMS). As
the nano-islands are on the core of the waveguide, the evanescent tail of the
propagating waves interacts with the gold and changes the transmittance spectrum.
The bio-species adsorbed on the gold nano features change the local refractive index
of the gold, which essentially modifies the transmittance spectrum of the light
propagating through the SOS waveguide, hence a nano-enhanced evanescent
mechanism is achieved. The integration process of gold nano-islands on the SOS chip
is compatible for the fabrication of a lab-on-a-chip. In this design, the sensor chip is
integrated into a microfluidic environment by using soft lithography on PDMS for the
realization of a low cost LOC. The proposed nano-integrated LOC is demonstrated
for the detection of recombinant growth hormone.

In order to understand the enhancement of evanescent sensing, a simplified model of
the proposed device is simulated by 3D Finite-difference time-domain (FDTD)

method by using the Rsoft, FullWAVE.
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8.2 Materials and method

8.2.1 Materials

Recombinant bovine somototropin (rbST, MW 22 kDa) and its antibody (Anti-bST) were
received from Cedarlane, ON, Canada. The rbST diluted in PBS at a concentration of 5000
ng/ml was used as stock solution and stored at 3-5°C. The anti-bST obtained in powder
form was dissolved in PBS at a concentration of 5000 ng/ml and stored in refrigerator at 3-
5°C. Hydrogen tetrachloroaurate (III) trihydrate (HAuCls.3H,0) was received from Alfa
Aesar. Sodium citrate, 11-mercaptoundecanoic acid in ethanol (Nano Thinks Acid 11),
N,N’-diisopropylcarbodiimide and N-hydroxysuccinimide phosphate buffered saline (PBS)
were obtained from Sigma Aldrich, Canada. PBS dissolved in DI water at a concentration
of 0.1M and pH of 7.2. The SYLGARD184 elastomer kit and curing agent for the PDMS
fabrication were obtained from Dow Corning.

8.2.2 Gold nano-islands integrated LOC

The integration process of the proposed device is illustrated in Figure 8.1. The device
has two main parts, one is the silica-on-silicon (SOS) waveguide with gold nano-
islands integrated on it and the other part is a PDMS microfluidic chips. The SOS
waveguide has two layers of silicon dioxide deposited on silicon substrate. The first
silicon dioxide layer acts as the bottom cladding layer for the waveguide, while the
second layer with higher refractive index than the cladding acts the core of the
waveguide. The core layer is micromachined to certain width for the lateral
confinement of light. The gold nano-islands are integrated on the core to modify the

evanescent field of the waveguide due to the localized surface plasmon property of
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the gold nano-islands. The schematic of the SOS waveguide integrated with gold
nano-islands is shown in Figure 8.1(b).

The PDMS chip has a microfluidic channel and two liquid reservoirs as shown in
Figure 8.1(a). The chip is bonded with the SOS waveguide so that the bio-species can
be pumped through the gold nano-islands integrated on the SOS waveguide. The
fluidic tubes are fixed with the liquid reservoir to facilitate the microfluidic flow
through the device. When the bio-species are adsorbed to the gold nano-islands, their

bio-interaction influences the evanescent field as measured through the waveguide.

Microchannel on PDMS
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Figure 8.1 Schematic diagram of integration process of the LOC, (a) PDMS
microfluidic chip (a) SOS optical chip integrated with gold nano-islands and (c)

sectional view of the LOC.
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The fabrication process flow of the nano-islands integrated LOC is shown in Figure
8.2. The device is fabricated on silica-on-silicon (SOS) waveguide. Figure 8.2(b)
shows the SOS waveguide with two layer of silicon dioxide. The first layer with
lower refractive index and the second layer with higher refractive index act as the
bottom cladding and core of the waveguide, respectively.

Then the nano-islands are integrated on the core of the SOS waveguide by convective
assembly (Figure 8. 2(c)). Subsequently, the microfluidic chip fabricated on PDMS
by soft-lithography is bonded with the SOS waveguide and the LOC is realized as
shown in Figure 8.2(d). The fabrication details of all the steps given in Figure 8.2 are

explained in Sections 3 to 5.
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Figure 8.2 Fabrication process steps of gold nano-islands integrated LOC
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8.3 Fabrication of silica-on-silicon optical chip

The fabrication of silica-on-silicon waveguide involves the deposition and
micromachining of silicon dioxide layers. The plasma enhanced chemical vapor
deposition (PECVD) was used for the deposition of silicon dioxide layers. For the
PECVE deposition, Plasmalab 80 Plus instrument of Oxford instruments is used.
Different deposition process parameters are optimized to achieve necessary refractive
indices for the cladding and core. For depositing the cladding oxide, the chamber
pressure and substrate temperature was set 1000mT and 300°C, respectively. The gas
mixture of silane and nitrogen (5 percent SiH4, 95 percent N2) was introduced to the
chamber at the flow rate of 170 sccm. The nitrous oxide (N,O) was introduced to the
PECVD chamber at the flow rate of 710 sccm. Then the plasma was created by RF
power of 20W at 13.56 MHz. The deposition rate was 50 nm/minute. The deposition
was carried out for 4 hours and 30 minutes. The thickness of oxide layer was
approximately 14um for the bottom cladding of the waveguide. To obtain higher
refractive index for the core layer, the flow rate of the silane and nitrogen mixture and
N,O was increased to 500 sccm, and the RF power was increased 200W. The
refractive indices of the silicon dioxide layers were measured by ellipsometry
(Spectroscopic ellipsometer, Model: VASE, Sopra). The refractive indices for the
core and cladding were 1.445 and 1.457, respectively at a wavelength of 635 nm.

The micromachining of the core was carried out by using direct write lithography
(DWL) and reactive ion etching (RIE). The mask pattern was designed in L-edit
software and used in the DWL-66 laser writer and the patterns were written directly

on the wafer. The DWL write head of 2 mm having a resolution of 500 nm was used.
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The AZ1518 photoresist was used for the lithography. The resist layer of thickness of
2 um was by spun at 3000 rpm for 30s and baked at 110°C for 2 h in an oven. The
pattern was etched in MERIE P5000 plasma machine of Applied materials. For the
RIE, the chamber pressure was set to 50 mT and the process gases, CHF3, Ar and CF4
were introduced at the flow rate of 45, 70 and 7 sccm, respectively. The plasma was
created by the RF power of 300W. This process gives the etch rate of 0.3 um/minutes.
RIE was carried out for one hour including the 30 minutes of etch pause steps to
prevent the burring of photoresist, which resulted in the etch depth of the 10um. The

SEM micrograph of the waveguide is shown in Figure 8.3.

Figure 8.3 SEM image of the SOS waveguide showing the sectional view of

waveguide with the core and cladding dimensions.
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8.4 Integration of nano-islands on the silica-on-silicon waveguide

The nano-islands are integrated on the SOS waveguide using angled convective
assembly [61] in colloidal gold solution that was prepared by Turkevich’s method
[132]. The spherical gold nanoparticles were absorbed to the SOS waveguide by
evaporating the aqueous solution containing the gold nanoparticles as shown in

Figure 8.4(a).

Evaporation of gold
colloidal suspension
Silica-on-silicon waveguide

W [

Gold colloidal

solution

(b) ()
Annealing
M—» i —

Gold nano-structure formed on Gold nano-islands formed on the
the silica-on-silicon waveguide silica-on-silicon waveguide

Figure 8.4 Illustration of the method of integration of gold nano-islands on the silica-
on-silicon optical chip. (a) SOS waveguide in gold colloidal solution, (b) gold nano-
structure on the waveguide and (c¢) Gold nano-islands on silica-on-silicon optical

chip.
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The process of integration of gold nano-islands on the silica-on-silicon waveguide is
illustrated in Figure 8.4. Before the deposition, the SOS waveguides were cleaned
with soap solution and DI water, then rinsed with acetone, dried and finally rinsed
with 2-propanol. The waveguides were silanized and heated at 100°C for 1 h and
immersed in the gold colloid solution and kept in an oven at temperatures between 60
and 80°C as shown in Figure 8.4 (a). The solution was evaporated entirely in 2 days.
During the evaporation of the aqueous solution, the gold nanoparticles from the
solution drive to the surface and a nano-cluster was deposited on the waveguide
(Figure 8. 4(b)). The nano-cluster morphology was transformed to nano-islands by a
post deposition annealing as shown in Figure 8.4(c). In order to investigate the
morphology of the deposited gold nanoparticle, SEM characterization was carried
out. As the proposed convective assembly is not a controlled process, the morphology
of the deposited layer of gold is found to be of nano-clusters as shown in Figure
8.5(a). A closer view of the nano-cluster formed on the waveguide is shown in Figure

8.5(b).
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Figure 8.5 SEM micrograph of gold nano-islands integrated silica-on-silicon
waveguide (a) waveguide with gold nano-cluster (b) closer view of the nano clusters,

(c) the waveguide after annealing and (d) closer view of waveguide after annealing.

The plasmonic property of the nano-cluster formed on the glass substrate was already
measured [61, 91], which showed that the nano-cluster morphology has a wide LSPR
band and it was found not good for the biosensing. By using a post deposition
annealing process the morphology of the deposition was transformed to nano-islands.
During the annealing, the nano-cluster melts and due to high surface tension of the

molten metal, a nano-island morphology is formed as shown in Figure 8.5(d).
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8.5 Fabrication of the gold nano-island integrated LOC

In order to fabricate the proposed device, the SOS optical chip with nano-islands was
bonded with microfluidic chip. The microfluidic chip was fabricated on the PDMS
using soft lithography technique. The microfluidic chips consist of a microchannel of
width 200 um and length 1 cm with two liquid reservoirs at the ends of the
microchannel as shown in Figure 8.6. The schematic of the microfluidic chip is

shown in Figure 8.6.

Figure 8.6 Schematic of the microfluidic chip.

The PDMS chip was fabricated by soft lithography. A mold for casting the PDMS
was fabricated by using SU8 photoresist. The mold is the negative pattern of the chip

shown in Figure 8. 6. During the bonding of the SOS chip with PDMS chip, the core
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of the waveguide must be inside the microchannel, hence the width of the channel
was chosen to 200um to simplify the aligning task during the bonding. The depth of
the channel was chosen to 125 um to avoid the possible collapsing of the channel to
the core during the bonding. The mold for the microfluidic chip was fabricated by
UV- photolithography on SU8 photoresist. A negative photoresist (SU8-2035
Microchem) was spun twice on a silicon substrate for 30 seconds at 2000 rpm to form
the resist layer with thickness of 125um. The resist was beaked at 80°C for 10
minutes after each spinning. Then the resist was exposed by UV light for 30 seconds
through a mask. After the UV exposure, the resist was baked again and the pattern
was developed in 15 minutes. The mold was silanized before casting the PDMS. The
base and curing agent of the PDMS was mixed and degassed in a vacuum desiccator
to remove the gas bubble and casted in the mold. The PDMS was cured at 80°C for 5
hours and the microfluidic chip was removed from the mold.

The chips were bonded by oxygen plasma techniques. The PDMS chip and the
waveguide were cleaned by DI water and dried and loaded to oxygen plasma
instrument. The samples were exposed to the oxygen plasma for 35 seconds. The
bonding was carried out under a microscope to align the microfluidic channel with
the waveguide. The fluidic tubes are inserted to the reservoirs and fixed to pump the
bio-liquids to the device. PDMS was put on the SOS-PDMS interface to prevent the
leakage through the etch gap of SOS waveguide, and immediately baked in an oven
to prevent the flow of PDMS into the microchannel. Figure 8.7 shows the gold nano-

island integrated LOC.
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Figure 8.7 Gold nano-islands integrated LOC

8.6 FDTD simulation of the device

In order to investigate the effects of nano-islands on the propagation of light through
the SOS optical chip, a simplified model of device is simulated by using FDTD
technique. The FDTD method solves the Maxwell’s differential equations by
discretizing using central difference in space and time followed by solving them
numerically by computers. The simulation domain is discredited into small elements
called grid, and the accuracy of the FDTD computation depends on the size of the
grid elements. As the simulation of real device require large computational resources,
a simplified model of the device with a waveguide having the square cross section of
Ix1um and a gold nano-hemisphere on the core of the waveguide is used for the

FDTD simulation. The FDTD model used for the simulation is shown in Figure 8.8.
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Gold nano-hemisphere

Core of the waveguide

Light

Figure 8.8 FDTD model of the device.

The refractive index of the core was set to 1.46. A gold nano-hemisphere having the
diameter of 70 nm is placed on the surface of the core. In order to assess the
biosensing performance of the device, the refractive index of the cladding, that is, the
region around the core is varied between 1 to 1.4 in the simulation. In order to
compute the absorbance of the light due to the gold nano-sphere a power monitor is
placed around the nano-hemisphere. An optical pulse with wavelength of 500 nm is
used as the excitation source in the simulation. The power monitor placed with the
nano-island can calculate the absorbance spectrum by using Fast Fourier Transform

(FFT) algorithm.
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Figure 8. 9 (a) Refractive index of the model (b) Electric field distribution in the

model

Figure 8.9(a) and (b) shows the refractive index distribution of the model and the
FDTD simulation showing the propagation of pulse through the waveguide. Figure

8.9(b) shows the electric field distribution in the model computed by FullWAVE

during propagation of light pulse.
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Figure 8.10 (a) LSPR spectrum of the gold nano-island integrated on the core of the SOS
waveguide and (b) LSPR peak wavelength against the refractive index of the cladding of the

SOS waveguide.

Figure 8.10 shows the FDTD simulation results of the gold nano-islands integrated
device. Figure 8.10 (a) shows the absorbance spectra of the gold nano-island with
diameter of 70 nm located on the surface of the core of the waveguide. As the
evanescent filed of the light propagating through the waveguide is extending to the
cladding, the gold nano-island located at the core-cladding interface are excited by
the evanescent field, which results in a collective oscillation of electrons of the gold
nano-island at certain wavelengths and the absorption of light. This phenomenon is
referred to as localized surface plasmon resonance (LSPR). The Figure 8.10 (a) shows
the LSPR spectrum of the gold nano-islands by the excitation of evanescence field.
The LSPR peak was measured at 560 nm when the cladding index was 1. The LSPR

is sensitive to the local refractive index of the gold nano-island. The simulations
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carried out by changing the cladding index to 1.2, 1.3 and 1.4 showed that LSPR peak
is shifting to higher wavelength and also the band is becoming wider as shown in
Figure 8.10(a). The intensity of the LSPR band is also found increasing with the
refractive index. A linear trend in the shift of LSPR peak against the refractive index
is observed as presented in Figure 8.10(b).

The FDTD simulation demonstrates that the nano-island integrated waveguide is
useful for the biosensing applications. During the biosensing, the bio-species are
adsorbed to the gold nano-islands and the local refractive index changes, hence the
spectrum of the propagating light modifies, is the basic mechanism of the proposed

device.

8.7 Experimental setup for nano-islands integrated LOC

The schematic and photograph of the experimental setup of the device is shown in
Figure 8. 11. The setup includes an UV-visible source, device under test (DUT) and
spectrometer as shown in Figure 8.11(a). Light from the UV-visible source (Ocean
optics LS-1) is coupled to the SOS waveguide through a fiber using a high precision
micropositioners. The device is fixed in single axis controllable stage between the
two 5 axis controllable micropositioner stages. Similarly, spectrometer (Ocean Optics
USB 2000) is coupled to the output side of the waveguide using a multimode fiber as

shown in Figure 8.11(b).
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Figure 8.11 Testing setup for nano-enhanced evanescence measurement (a)

Schematic of the experimental setup (b) Photograph of the experimental setup.

Before starting the bio-sensing experiments in the device, a device without nano-
islands was fixed in the setup and a reference spectrum corresponds to the source
signal was recorded by the spectrometer. This reference spectrum was used for
measuring the transmittance spectrum of the nano-islands integrated LOC. PBS
solution was pumped to the device during all the measurements. After taking the

reference spectrum, the nano-island integrated LOC was fixed to the measurement
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setup. The transmittance spectrum recorded from nano-island integrated LOC is

shown in Figure 8.12.
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Figure 8.12 Transmittance spectrum recorded in the nano-island integrated LOC.

Figure 8.12 shows the transmittance spectrum of the light propagating through the
device. When the UV-visible light was coupled to the device, due to interaction of
evanescent waves with gold nano-island, certain wavelengths are absorbed by the
localized surface plasmon resonance of the gold nano-island. Minimum transmittance
was observed in the transmittance spectrum at 535 £10 nm for the measurements
taken in 10 devices. The transmission minimum corresponds to the absorbance peak

due to the LSPR of the gold nano-islands.
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8.8 Biosensing

Biosensing experiments are carried out by pumping the reagents and rbST solutions
to the device. Figure 8.13 illustrates various steps in the detection of recombinant
growth hormone. Before starting the experiments de-ionized water was pumped to the

device for 1 minute to clean the device.
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Figure 8.13 Steps used in the detection of tbST in the nano-islands integrated LOC.
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Figure 8.13(a) represents gold nano-islands on the silica-on-silicon waveguide in the
microfluidic device. Then the linker solution, mercaptoundecanoic acid in ethanol
was pumped to the device and kept for 1 hour and washed by passing PBS for 10
seconds. Figure 8.13(b) shows sample after passing the linker solution. Then the
cross-linker solution (N, N'-diisopropylcarbodiimide and N-hydroxysuccinimide
(EDC-NHS)) was pumped and kept for one hour and washed by pumping PBS
solution for 10 seconds. The linker and cross-linker modify the surface of the gold so
that the biomolecules can be attached to the gold. Figure 8.13(c) shows the gold nano-
island after pumping the cross-linker. Then the antibody (ant-rbST) was pumped to
the device and kept for 1 hour followed by washing in PBS. Figure 8.13(d) represent
the sample after anti-rbST was adsorbed to the gold nano-hemisphere. Then the
transmittance spectrum was measured after anti-rbST was adsorbed to the gold nano-
island. During the measurement of transmittance spectrum, PBS solution was filled in
the microchannel. In order to prevent the non-specific binding of rbST to the gold
nano-islands, a blocker solution prepared from the non fat milk powder was used. The
milk solution (1%) was pumped to the device and kept for 1 hour and washed with
PBS. Figure 8.13(e) represents the sample after the blocker solution was adsorbed to
the sample. Finally the rtbST was pumped to the device and kept for 1 hour and
washed with PBS (Figure 8.13(d)). Then the transmittance spectrum was recorded
with PBS filled in the microchannel. The red shift of the transmittance minimum from
the step (d) to (f) is estimated as a measure of the antigen-antibody interaction of the

rbST. The sensitivity of the device was investigated for various concentration of

rbST.
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8.8 Results and discussion

The antibody-antigen interaction of rbST that occurs on the gold nano-islands and
waveguide change the refractive index and/or the thickness of the biolayer absorbed
on the gold nano-island. The change of local refractive index modifies the plasmonic
band of the gold nano-islands. The shift of the plasmonic band is used as a measure of
the antibody-antigen interaction of rbST. In the present work, the transmittance
spectrum of the light propagating through the device is analyzed to detect rbST.
Figure 8.14 shows the transmittance spectrum recorded at various steps of the

biosensing process.
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Figure 8.14 Change of transmittance spectrum against the antibody-antigen
interaction of tbST (a) Spectrum with gold nano-islands on the waveguide (b)
spectrum after antibody (anti-rbST: 100 ng/ml) is adsorbed to the gold nano-islands

and (c) spectrum after antigen (rbST: 800 ng/ml) is adsorbed to gold nano-islands.
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Figure 8.14 (a) shows the transmittance spectrum recorded before starting the
biosensing process. The spectrum with minimum transmittance recorded at 535 nm
corresponds to the absorbance peak of the gold nano-islands integrated on the
waveguide. The spectrum was shifted to 540 nm after the antibody of a concentration
of 100 ng/ml was immobilized to the gold nano-islands. The band is found to become
wider as shown in Figure 8.14 (b). Figure 8.14 (¢) shows the spectrum recorded after
bST at a concentration of 800 ng/ml interacted with antibody immobilized on the
gold nano-islands. The band became wider and also the transmittance minimum was
further red shifted to 546 nm. A red shift of 6 nm in the transmittance spectrum is due
to the modification of LSPR property of the gold nano-islands due to the interaction
of the anti-rbST and rbST.

The suitability of the sensor for the quantitative measurements of rbST is investigated
with various concentration of rbST. The concentration of the anti-rbST was kept at

100 ng/ml and concentration of rbST is varied between 10 to 800 ng/ml.
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Figure 8.15 Effect of concentration of rtbST on the shift of minimum transmittance

due to antibody-antigen interaction of rbST.

Figure 8.15 shows the tested variation of the shift of minimum transmittance against
the concentration of the rbST. Variation of shift in the transmittance spectrum can be
observed as shown in Figure 8.15. The sensor response is found slightly saturating
after 500 ng/ml. A shift of 1 nm is observed when the concentration of rbST was
reduced to 80 ng/ml. A trend line is fitted to the data in Figure 8.15 and the limit of

detection of the device is found to be as low as 20 ng/ml.
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The concentration of bST in milk is reported to be of the order of 1-10 ng/ml [100].
The tbST may be found in the milk of the cattle treated with[61][59][58][58] rbST,
and concentration of rbST present in the milk may be of the order of hundreds of
ng/ml [101], depending on the quantity of the rtbST used for the production of milk.

Hence the proposed device is suitable for the detection of tbST in milk.

8.9 Conclusions

A lab-on-a-chip is developed by integrating gold nano-islands on the silica-on-silicon
waveguide and PDMS microfluidic chips. The device works based on the
modification of transmittance spectrum due to the absorption of light by the enhanced
evanescence due to the gold nano-islands. The transmittance spectrum is modified
due to the interaction of evanescent field of the propagating light with the gold nano-
island. The device is demonstrated for the detection of recombinant growth hormone.
The effect of concentration of rbST on the shift of transmittance spectrum is
investigated and the detection limit of the device is estimated. The detection limit of

the device is found to be 20 ng/ml.
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Chapter 9: Detection of recombinant bovine growth
hormone (rbST) in milk using gold nano-
islands biosensor

9.1 Introduction

The bovine growth hormone (BGH), also known as somatotropin (bST) is a
polypeptide chain of 191 amino acids naturally produced in mammals, which
influences the growth and the reproductive systems[13]. The bST has been frequently
used as a growth promoter in dairy farming to increase the production of milk [180].
The bST increases the milk production by partitioning the nutrients absorbed to the
cows. The increase of production of milk has been widely reported in literature by the
bST treated animal animals. The commercialization of the use of bST became
possible with the discovery of recombinant DNA technology which could produce
artificial hormone in a large amount [181]. The use of rbST for the milk production is
allowed in some countries including Unities states, however many countries including
Canada and European Union banned rbST. The use of tbST is controversial mainly
due to its potential effects on the health of animal and consumers [14].

Typically, a 100g of cow milk contains water (88.9g), proteins (3.1g) fat (3.5g) sugar
(4.4g), cholesterol (10mg) calcium (100mg) saturated fatty acids (2.3g),
monounsaturated fatty acids(0.8g) and Polyunsaturated fatty acids (0.1g). The milk
contains a large variety of proteins and majority of the proteins in milk is Caseins and
the remaining types of proteins in milk includes array of enzymes, proteins required
for transporting nutrients, proteins required for resisting the diseases that is antibody

and protein which controls the growth. It is reported that the concentration of natural
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growth hormone in milk is 1-10ng/ml [100] however the milk of the animal treated
with rbST may contains rbST traces and the amount of rbST in the milk may be in the
range of 100ng/ml depending upon the usage of rbST in animal [101]. Therefore,
separation of proteins from the milk is a common sample pre-treatment in the
detection of growth hormone in milk.

A large variety of separation process are used in analytical chemistry, however, solid
phase extraction (SPE) is the most powerful method as it is faster and accurate.
Traditionally, SPE systems were used with chromatographic system for the
quantitative and qualitative analysis of bio-molecules. Recently M.H Le Barton et
al[101] proposed a detection method of rbST in milk using Liquid chromatography
combined with mass spectroscopy (LC-MS)[13], in which a solid phase extraction
(SPE) method is used to separate rbST from the rbST spiked milk. Various other
methods of detection of proteins have already been demonstrated for the detection of
growth hormone. The traditional approaches of detection of growth hormone are
ELISA (enzyme-linked immunosorbent assay)[22], radio immunoassays (RIA)[84],
bio-assay methods and surface plasmon resonance (SPR) based immunoassays[26].

In this chapter, the detection of tbST separated from the milk by SPE is carried out by
the plasmonic property of the gold nano-islands. The gold nanoparticles are
extensively used for the label-free detection of the proteins due to its strong optical
absorbance properties in the ultra-violet and visible regions of the electromagnetic
spectrum. The plasmon band, also called localized surface plasmon resonance (LSPR)
is due to the collective oscillation of electrons at certain frequencies. LSPR is

sensitive to change of refractive index of the surrounding environments hence they
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have been useful for immunoassays. The gold nano-islands are formed on the glass
substrates by convective assembly as explained in ref [61] and used for the detection
of tbST separated from the milk.

The SPE process essentially removes the proteins like casein from milk and gives the
solution of mixture of other proteins and the rbST. A known amount of rbST was
added to the skimmed milk and the protein mixture was separated. The SPE
experiments were repeated for milk with various amounts of rbST. Then the
concentration of rtbST in the milk and the shift of LSPR property of the gold nano-
islands were investigated. In order to make sure that the other proteins in separation
mixture are not adsorbed to the gold nano-islands, the gold nano-islands were

functionalized with the anti-rbST prior to the detection process.

9.3 Materials

Acetomitrile, Trifluoroacetic acid (TFA), phosphate buffered saline (PBS), N,N’-
diisopropylcarbodiimide N-hydroxysuccinimide and SPE C4 cartridge (500mg/6ml)
were purchased from Sigma-Aldrich Canada. Hydrogen tetrachloroaurate (III)
trihydrate (HAuCl4.3H20) was purchased from Alfa Aesar. Recombinant bovine
somatotropine and corresponding anti-rbST was received from Cedarlane, ON,

Canada.
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9.3 Solid phase extraction (SPE)

Known amount of rtbST was added to the milk and separated by solid phase extraction
(SPE) technique. Figure 9.1 shows the SPE column technique for the separation of

bST from milk. SPE C4 column was used.

Figure 9.1 SPE C4 column setup

The SPE C4 column was conditioned with 10ml of methanol and 10 ml of water.
Then the mixture of rbST and milk was added to the column. The washing of the
column is a step by step process, first with Sml of water with 0.1% of trifluoroacetic
acid and followed by the mixture of 5Sml of water and acetomitrile in 70:30(v/v) with
0.1% TFA. During this process casein is washed away from the column. The next

step in the SPE is the collection of sample containing mixture of protein in the milk.
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The column was eluted with 7 ml water/acetonitrile mixture 20:80 (v/v containing
0.1% TFA). The absorbance spectrum of the sample containing various amounts of

bST was measured by using UV-visible spectrometer.

9.4 Results and discussion
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Figure 9.2 Absorbance spectrum of the protein mixture separated from milk.

Figure 9.2 shows the UV-visible absorbance spectrum recorded for the SPE samples.
As most the protein has an absorbance peak at 280nm, it is impossible detect a
specific protein from a complex mixture by measuring absorbance spectrum.
However, it can be seen from Figure 9.2 that the absorbance peak is increasing with

the concentration of tbST spiked in milk.
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For the specific detection of tbST in the SPE samples, a galss substrate with gold
nano-islands was used. The manufacturing process of the gold nano-islands and the
biosening process are explained Chapter 5 and Chapter 6, respectively. For the
biosensing, the anti-rbST was functionalized initially with the gold nano-islands. In
order to attach anti-rbST, mercaptoundecanoic acid (in ethanol) is used a linker
molecules. The mercaptoundecanoic acid was placed on the gold and kept for an hour
and the samples were washed in ethanol. Then cross linkers are added to the samples
(N’-diisopropylcarbodiimide N-hydroxysuccinimide) and washed in phosphate
buffered saline. The antibody was absorbed and washed in PBS. The change of LSPR
spectrum of gold nano-islands was measured after absorbing the anti-rbST. Then a
blocker solution, nonfat milk powder solution was added to the sample and blocked
the non-specific sites of gold nano-islands as explained in Section 7.4. Finally the
SPE samples was adsorbed to the gold and kept for one hour. The LSPR spectrum

recorded at various steps of biosensing is shown in Figure 9.3(a).
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Figure 9.3 (a) Change of LSPR property of the gold nano-island structure in the
various stages of the immunoassay ((1) before the starting the immunoassay, (2) after
anti-rbST was adsorbed to the gold and (3) after rbST was adsorbed to the gold). (b)
The sensing experiments carried out for various concentration of the rbST; shift of

LSPR as a function of concentration of tbST (ng/ml).

Figure 9.3(a) shows the shift of LSPR spectrum of the gold nano-islands due to the
adsorption of antibody and antigen. A shift of 5Snm was obtained with the SPE sample
containing 25ng/ml of rbST. The concentration of the antibody was 100 ng/ml. The
sensing was repeated with the SPE samples having various concentration of rbST as

shown in Figure 9.3(b).
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9.5 Conclusions

Separation of rbST from milk is carried out by solid phase extraction for the
detection. The skimmed milk samples spiked with rbST of various concentrations
were found to have an absorbance peak in the UV-visible absorbance spectrum, and
intensity of the absorbance peak was found increasing with the concentration. Since
most of the protein molecules have absorption at 280nm wavelength, the detection of
bST by measuring the absorption spectrum of the SPE sample is not possible, hence
the specific detection of rbST in the SPE samples was demonstrated with the

plasmonic property of the gold nano-island formed on the glass substrate.
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Chapter 10:  Monolithically integrated lab-on-a-chip on
silica-on-silicon platform

10.1 Introduction

Spectroscopy is a commonly used technique in analytical chemistry to detect a
substance though the electromagnetic waves emitted or absorbed by them. Hence, the
spectrometer is a major component needs to be miniaturized and integrated with the
lab-on-a-chip. In literature, there are few attempts reported for the fabrication of
micro-spectrometers. Arrayed waveguide gratings (AWG) [182, 183], grating
spectrometers [184], super prism based spectrometers [185] are some of the micro-
spectrometer configurations reported in literature. A diffraction grating spectrometer
with a thermally tunable micro-ring resonator is also developed recently [186]. Planar
waveguide Echelle grating micro-spectrometers have been implemented for optical
communication applications [187].

Dispersive elements are generally used in the micro-spectrometer because of they are
easy to miniaturize. A major drawback of the miniaturization of dispersive element is
that the spectral resolution will be decreasing with the size. Hence a trade-off between
the size and the spectral resolution must be established in design.

The advantages of the integrated photonics platform for the miniaturization of lab-on-
a-chips were discussed in previous chapters. Optical and microfluidic components
required for the bio-detection can be monolithically integrated on the silica-on-silicon

platform. In this chapter, monolithic integration of optical waveguides, microfluidics
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and a micro-spectrometer is discussed for the fabrication of a monolithically

integrated lab-on-a-chip.

10.2 Monolithically integrated lab-on-a-chip

Grating

Micro-spectrometer
Fluorescence collection waveguide\

~ Output

Excitation waveguide waveguides

Microfluidics channel

Figure 10.1 Schematic of monolithically integrated lab-on-a-chip

Figure 10.1 shows the schematic diagram of the monolithically integrated lab-on-a-
chip, in which a microfluidic channel, waveguides and a spectrometer are
monolithically integrated on silica-on-silicon platform. This chip is designed for the
detection of tagged rbST. The tagged rbST can be pumped to the micro channel and
the light can be coupled to the micro channel through excitation waveguide. The
fluorescence signal from the tagged rbST can be collected through the collection
waveguides and guided to the micro-spectrometer. The concave grating in the micro-
spectrometer separates the emission and excitation wavelengths and couples to the

output waveguides.
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10.3 Basics of diffraction grating

Grating normal

d, sinB;

ds sinBy

Figure 10.2 Diffraction on grating surface, showing the relation between the rays

diffracted from the adjacent grooves.

Figure 10.2 shows the illumination of a diffraction grating surface and the diffraction
of light from the grating surface. Each grooves in the grating acts as tiny source of
reflected light. The grating can diffract the incident light into clearly distinguished
directions and a unique set of angles exists at which the light diffracted from all facets
is in phase. The relation between the incident and diffracted angle can be estimated
by grating equation that can be derived by tracing the rays on a grating surface. In
Figure 10.2, let, 6; and 6, are the incident and diffracted angle of the rays measured

from the normal to the grating, respectively. Then, it can be seen that the geometrical
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path difference (Al) between the light diffracted from successive grooves in the
direction 6y is:

Al = d,sin(0;) — d sin (6,) (10.1)

where d; is the groove spacing. As per the principle of diffraction, the diffracted rays
will be in phase only when the path difference is equal to or integral multiple of
wavelengths. The rays diffracting in phase will be constructively interfered. This
wavelength dependent constructive and destructive interference leads to separation of
wavelength is space angularly.

Therefore the Equation 10.1 can be written as:

sin(6,,) = sin(6;) + m% (10.2)
where order of diffraction, m=1, 2, 3.... and A is the wavelength of light.

For m=0, all wavelengths will be superimposed and hence the grating acts as a
reflecting surface. For m#0, diffraction is wavelength depended so that the
wavelengths of incoming light are specially separated.

In 1883, Rowland demonstrated the advantages of concave diffraction gratings.
Concave grating has the self focusing ability. Typical configuration of Rowland circle
spectrograph is shown in Figure 10.3. Herein, the source and detectors (D1, D2, and
D3) are arranged in an imaginary circle called Rowland circle. Radius of curvature of
the diffraction grating is double of the Rowland circle. Depending upon the order of
diffraction used in the spectrograph, and using the grating equation, the position and

spacing between the detectors can be calculated.
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Figure 10.3 Rowland spectrograph configuration.

10.4 Modeling of concave grating based micro-spectrometer by
FDTD

Modeling of concave spectrometer is carried out by using Frequency Difference Time
Domain Method (FDTD) using a commercial tool called Rsoft FullWAVE. The
parameters used for the simulation are given in Table 10.1. Configuration of the
grating spectrometer modeled in Rsoft FullWAVE is shown in Figure 10.3 (a) and the

efficiency of light received in each detector is shown in Figure 10.5
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S1 | Parameter Value
no

1 Rc 25um
2 |m 1.45

3 n 1

4 | B 150°

5 |a 90"

6 | Diffraction order (m) 2nd

7 Grating period (d;) 0.5um
8 Number of facets 26

Table 10.1. Parameters used for the simulations.

Figure 10.4 FDTD model of the concave spectrometer
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Figure 10.4 shows the configuration of the FDTD model simulated by Rsoft
FullWAVE. In simulation, the concave grating was illuminated with an optical pulse
with center wavelength of 600nm. Three power monitors (D1, D2, and D3) are placed
on the Rowland configuration as shown in Figure 10.4. The spectrum of the light
received on each power monitor is computed by Fast Fourier Transform (FFT)
algorithm of the Rsoft FullWAVE. Perfectly matched layer (PML) boundary
conditions are used on the walls of simulation domain for the FDTD simulation [135].
The efficiency the concave grating calculated is presented in Figure 10.5. The
efficiency of the concave grating was in the range of 1 to 5% as shown in Figure 10.5.
In order to increase the efficiency of the spectrometer, aluminum coating on the
grating surface was reported in ref. [187]. The FDTD simulation carried out with
aluminum coating on the present spectrometer configuration shows that the efficiency

of the spectrometer has been increased 35 to 40% as shown in Figure 10.5.
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Figure 10.5 Efficiency calculated for the configuration shown in Figure 10.4,

Aluminum coated grating facet is shown to be enhancing the efficiency.

10.5 Fabrication of monolithically integrated lab-on-a-chip

The monolithically integrated LOC was fabricated on silica-on-a-silicon platform by
single step lithography and etching. A single mask including the patterns of the
microfluidic channel, waveguide and micro-spectrometer was designed in L-edit as
shown in Figure 10.1.

The first step in the fabrication of device is deposition of silicon dioxide layers. Two
layers namely bottom cladding and core of the waveguide was deposited by plasma

enhanced chemical vapor deposition. The pattern designed in L-edit was directly

236



written on wafer by direct write lithography (DWL). The detailed fabrication and

characterization of the device are given in Chapter 4.

[ séecm — — —!

Microfluidic channel

Multiple waveguide
and Y couplers

Spectrometer-on-chip

Single waveguide

(b)
Figurel0.6 (a) Photograph of the lab-on-a-chip (b) SEM image taken at different
regions of Lab-on-a-chip: (A) At waveguide microfluidic intersection, (B) 8 Y

Couplers (C) final Y coupler (D) Photograph of the grating.
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Figure 10.6 (a) shows the photograph of the optical Lab-on-a-chip (LOC) etched on
the silica-on-silicon platfrom. Figure 10.6 (b) shows the SEM image taken on the
device. In the Figure 10.6 (a), Close up (A) shows the multiple waveguide-
microfluidic intersection reagion, herein, 32 tapered waveguide are placed acros the
microfluidic channel. Close up (B) shows eight Y couplers which combines the light
collected through the multiple waveguide. Close up (C) shows the final Y coupler and
(D) shows the the grating imaged through a microscope. As the resolution of the
DWL laser writer with the write head of 2mm is 500nm and the minimum feature size
of the grating of the spectrometer is 500nm, the grating structure could not be written
on and etched. The irregular shape of the grating after reactive ion etching is shown

Figure 10.6(b) (D).

10.6 Conclusions

A monolithically integrated lab-on-a-chip is fabricated on silicon-on-silicon platform.
A micro-spectrometer is designed by FDTD simulation and the efficiency of the
spectrometer with and without and aluminum coating on the grating facet illustrated
that the aluminum coating enhanced the efficiency by 10 to 15 times. Using a novel
single step lithography and reactive ion etching, micro fluidic channel, waveguides
and micro-spectrometers are monolithically integrated. However, the grating features
could not be fabricated precisely due to its small size. By using the electron beam

lithography, grating patterns can be transferred to the wafer precisely in future.
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Chapter 11: Conclusions and future scope of the works

11.1 Conclusions

The objective of this thesis is to develop lab-on-a-chip devices for the detection of
growth hormone is milk. Two types of detection method such as labeled and label-
free detection methods are investigated for the detection of the growth hormone. For
the labeled detection of the recombinant somatotropin (rbST), the tbST was tagged
with two types of fluorophores such as Alexa Flour-647 and FITC. Both of the
detection methods are implemented in lab-on-a-chip platforms.

A low cost lab-on-a-chip was fabricated by integrating silica-on-silicon waveguide
with a PDMS microfluidic chip for fluorescence detection experiments. This lab-on-
a-chip was a hybrid integrated optical microfluidic system, which utilizes the
advantages of PDMS for the microfluidic circuits and the silica-on-silicon waveguide
for the optical detection. A novel microfluidic assisted chemical polishing (LCP) of
microchannel wall is proposed in this work. The main advantage of proposed hybrid
integration approach is that any complex microfluidics circuits required for the micro
total analysis system (¢ TAS) can be fabricated on PDMS and a low cost uTAS can
be realized by integrating the SOS waveguide. Fluorescence detection ability of the
lab-on-a-chip was initially investigated with quantum dots.

The detection of fluorophore-tagged rbST was carried out in the SOS-PDMS lab-on-
a-chip. The detection limit of the device was found to be 240ng/ml and 312ng/ml for
the Alexa-647 and FITC tagged rbST, respectively. The degrees of labeling were 10

and 1 for the FITC and Alexa-647, respectively and found that sensitivity of the
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tagged FITC is lower than the unbound FITC due to higher degree of labeling and the
associated decays in the quantum yield of FITC.

In order to have lower detection limit and the specificity to the detection, a novel
evanescent wave sensor using a cascaded waveguide coupler (CWC) is modeled and
implemented. The CWC was designed with optical power splitters and combiners
made up of s-bends couplers and tapered waveguide. In CWC configuration, a large
surface area to bind the tagged rbST is achieved and hence the sensitivity is greatly
enhanced by splitting a single waveguide into multiple paths by s-bend splitters and
subsequently combining them back to a single waveguide by s-bends combiners.
Anti-rbST was functionalized on the waveguide to achieve the specificity to the
detection. The detection limit of the CWC system is as low as 25ng/ml.

A novel process of manufacturing gold nano-island morphology is developed for the
label-free detection of growth hormone. 3D FDTD simulation of gold nano-islands
and its bio-sensing potential was carried out. A simple and low cost deposition
method by using an angled convective assembly resulted in nano-cluster morphology.
Due to the interparticle coupling effects, the nano-cluster morphology had a wide
absorbance spectrum. By using a simple post deposition annealing, the nano-cluster
morphology was transformed to nano-island morphology due to the lower melting
point of nano-structure. The nano-island morphology has a wide distribution of nano-
islands with size raging from 10-100nm. The effect of near field coupling and its
effect on the absorbance spectrum were observed in both the simulation and
experiments. It is observed in the simulation that the smaller particle has less

influence on the LSPR spectrum due to its weaker near filed coupling. Gold nano-
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islands were approximated with a gold hemisphere and simulated by using FDTD,
which gives the results comparable with experiments when the diameter of the
hemisphere was at 70nm. A dielectric layer equivalent to the bio-layer was placed
covering the whole surface of the hemisphere and simulation results shows that the
LSPR spectrum is strongly influenced by the thickness and refractive index of the
dielectric layer. The LSPR spectrum is found to be insensitive to the thickness when
the thickness of the dielectric layer was above 60nm, which shows that nano-island
was highly suitable for the detection of events taking place very close to the surface
of the nano-islands.

Refractive index sensitivity of the annealed and non-annealed platform investigated
with known refractive index solution shows that the annealed platform has a
refractive index sensitivity of 62.879nm/RIU compared to the lower sensitivity of
33.291 nm/RIU for the non-annealed platform. The nano-island deposited on the
glass substrate was investigated for the label free detection of growth hormone (bST)
and detection limit of the nano-islands was as low as 5ng/ml. As the manufacturing
process of gold nano-islands was compatible with the microfabrication process, a
nano-islands integrated lab-on-a-chip is developed with PDMS microfluidic chip.

The feasibility of using silver-PDMS nanocomposite for the detection growth
hormone is investigated. The morphology and optical absorbance property of the
silver-PDMS was tuned by heat treatment. It is observed the increase of the annealing
temperature resulting in a narrow absorbance peak. The bio-sensitivity of sample
annealed at higher temperature is less, as the higher annealing temperature lead to the

migration of silver nanoparticles into the PDMS and hence it is less accessible for the
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adsorption of biospecies. Subsequently a novel method of integration of silver-PDMS
nano-composite in a PDMS microfluidic device is carried by in situ synthesis of
silver-PDMS nanocomposite in a PDMS microfluidic chip and a lab-on-a-chip device
is fabricated. Label free detection of growth hormone is demonstrated with the silver-
PDMS nanocomposite integrated lab-on-a-chip. The sensitivity of the detection
process was carried out by silver-PDMS substrate and the silver-PDMS integrated
lab-on-a-chip. The sensitivity of the lab-on-a-chip was much higher.

A novel nano-island integrated evanescent wave based lab-on-a-chip was developed
by adopting the manufacturing process of nano-islands on the glass explained in
Chapter 5. Gold nano-islands were integrated on silica-on-silicon waveguide for a
nano-enhanced evanescence sensor. The SOS chip with nano-islands was integrated
into a PDMS microfluidics chip and a lab-on-a-chip was developed. The lab-on-a-
chip was demonstrated for the label-free detection of rbST.

The separation of tbST from the milk is carried out by using the solid phase
extraction (SPE) and detected by using the gold nano-islands.

Finally a monolithically integrated lab-on-a-chip was fabricated by integrating a
micro-spectrometer, microfluidic channel and optical waveguide for the simultaneous
detection of multiple analytes by tagging with different flurophores having various
optical properties.

The micro-spectrometer was modeled for operating in the range of 500-700nm by
using FDTD techniques. Use of an aluminum coating on the grating facet is found to
have enhanced the efficiency of the spectrometer. A novel method of monolithic

integration of micro-spectrometer, microfluidic channel and waveguides was
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proposed and implemented with single step lithography and etching. This process was
carried out by a single mask composed of the features of the micro-spectrometer,
microfluidic channel and optical waveguide. The patterns were etched in a single step
micromachinig. As the size of the grating was 500nm, a precise fabrication of the
spectrometer was not successful. It is possible to fabricate the micro-spectrometer by
using high resolution lithography such as e-beam lithography.

Table 11.1 illustrates comparison of various lab-on-a-chip platforms developed in this

thesis

Device Method of Advantages Limit of
integration detection(LOD)

SOS-PDMS Lab- | Hybrid Simple fabrication

1 | on-a-chip method, 240ng/ml
(Chapter 2 and 3) Labeled detection
Cascaded coupler | Monolithic Higher sensitivity

2 | waveguide (CWC) and specificity, 25ng/ml
(Chapter 4) labeled detection
Nano-islands Hybrid Higher sensitivity,

3 | integrated LOC specificity and label | 5Sng/ml
(Chapter 5 and 6) free detection
Silver-PDMS Lab- | Monolithic Good adhesion of

4 | on-a-chip nanoparticles with 20ng/ml
(Chapter 7) the PDMS, easy

fabrication

Nano-island Hybrid Label free detection

5 | integrated SOS- of silica-on-silicon 20ng/ml
PDMS lab-on-a- platform
chip
(Chapter 8)

Table 11.1 Comparison of Lab-on-a-chips developed in this thesis.
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Following are the major contributions of this thesis:

1.

A low cost lab-on-a-chip is developed on silica-on-silicon and PDMS hybrid
platform and the coupling of light from the microchannel to the waveguide is
enhanced by a novel microfluidic assisted chemical polishing of microchannel
wall.

Fluorescence tagging and detection of growth hormone in SOS-PDMS lab-on-
a-chip.

Novel method of enhancing the detection sensitivity by a cascaded waveguide
coupler.

A novel method of deposition of gold nano-islands on glass and a glass-
PDMS lab-on-a-chip for label free detection of growth hormone.

Integration of silver-PDMS nano-composite in a PDMS lab-on-a-chip for the
label free detection of growth hormone.

Integration of gold nano-islands on silica-on-silicon waveguide and in a
PDMS microfluidics channel for the development of a novel nano-enhanced
evanescence based lab-on-a-chip.

Separation of growth hormone from milk by solid phase extraction and
detection by gold nano-islands.

Fabrication of a monolithically integrated lab-on-a-chip on silica-on-silicon
platform by the integration multiple waveguides, microfluidics channel and

micro-spectrometer.
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11.2 Future works

Various methods of fabrication of lab-on-a-chip for the detection of tbST are carried
out in this thesis. In present work, a commercial spectrometer is used for the
spectroscopy tasks. To miniaturize the spectrometer and to develop a standalone
device, a monolithically integrated sensor platform having micro-spectrometer,
microfluidic channel and optical waveguide is attempted, however, it was not
successful mainly because it needs high resolution lithography to fabricate the
gratings. With the developments of processes to fabricate the grating, a multi analytes
detection platform in a compact form could be possible.

The separation of rbST form milk was carried out by solid phase extraction. It would
be good to miniaturize this module and integrated with lab-on-a-chip platform for the
rapid detection of growth hormone in milk for the point of need (PON) applications.
Different separation process needs to investigate to test the performances and

feasibility of integration with the lab-on-a-chip.
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Appendix A:  Low resistive silicon substrate as an etch-
stop layer for drilling thick SiO, by Spark
Assisted Chemical Engraving

Appendix A is reproduced from the paper published in Journal of Microsystems
technologies [ref 66]: Jayan Ozhikandathil, Andrew Morrison, Muthukumaran
Packirisamy, Rolf Wuthrich, "Low resistive silicon substrate as an etch-stop layer for
drilling thick SiO2 by spark assisted chemical engraving (SACE),"” Journal of
Microsystem Technologies, pp. 1-8, 2011.

Spark Assisted Chemical Engraving (SACE) is a used for the micromachining of
silica layer deposited on silicon substrate for the fabrication of lab-on-a-chip in the
beginning of the project. LOC could not be realized by SACE due to the high
roughness of the micromachining process. However, in this work, it is demonstrated
that the low resistive silicon can be used as good etch stop layer for the

micromachining of silica layer by using SACE.

Abstract

Controlling precisely the drilling depth in Spark assisted chemical engraving (SACE)
remains challenging, particularly for low depths. The possibility of using an
electrically conductive material as an etch-stop layer for SACE gravity-feed drilling
is investigated in this paper. Micromachining of 30-35um thick SiO2 layers made on
low resistive silicon substrate using constant DC and pulsed DC voltage demonstrated
the etch-stop function of the conductive silicon layer. Measurements of etch rates and

hole profiles along with scanning electron microscope (SEM) imaging reveal the
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mechanism underlying the etch-stop mechanism. Low resistive silicon is
demonstrated to be a good etch-stop layer for SACE gravity-feed drilling.
Demonstration of machining of SiO2 layer on silicon as a substrate and an etch-stop
layer opens up new possibilities to adapt SACE for developing devices on silicon

platform.

Al. Introduction

Micromachining of thick silicon dioxide layer is an important requirement for
fabrication of optical BioMEMS. Typically, Lab-On-a-Chip (LOC) devices based on
optical detection techniques require the integration of microfluidic channels,
micromixers, microreactors, and microphotonic elements together on silicon dioxide
[71]. Presently, this requirement can be met by Deep Reactive lon Etching (DRIE).
DRIE requires complicated thin film deposition and photolithography techniques
which make the process long and expensive. Also, mask/SiO, selectivity is an
inherent issue which limits the machining of high aspect ratio structures. Though wet
chemical based SiO, etchants (e.g. Buffered Hydrofluoric Acid) are well established
for the machining of thin oxide films, they cannot be used for machining thick oxide
because of the selectivity issues and the formation of curved sidewalls due to
isotropic etching behaviour. Other possible technologies are laser machining and
mechanical (ultra-sonic machining and power blasting) machining which are
expensive and can seriously damage the material with micro cracks. In this work, we
report the micromachining of thick SiO, using Spark Assisted Chemical Engraving

(SACE) with low resistivity silicon substrate as etch-stop layer.
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SACE is a non-conventional low cost micromachining technique based on
electrochemical discharge phenomena [188, 189] which is well known in the
literature as electrochemical discharge machining (ECDM) and electrochemical spark
machining (ECSM), . The basic setup for SACE includes an electrochemical cell in
which, in general, the cathode acts as a tool-electrode and the anode as counter-
electrode. When the voltage applied across the electrodes is higher than a critical
value, so that the current density on the tool-electrode is typically above 1A/mm? (for
30wt% NaOH electrolyte), bubbles forms vigorously on the tool-electrode and
coalesce into a continuous gas film across which electrical discharges take
place[190]. Bringing the tool-electrode close enough to the work-piece allows
machining. This technology has been successfully employed for micromachining of
non-conducting materials[188] such as glass[191, 192], quartz [193, 194] , and
ceramics. Even though SACE is a low cost process and suitable for high aspect ratio
machining, a serious issue which prevents its industrial adaptation is the non-
repeatability of machining rate. As machining rate of glass is very fast, typically
about 100pum/s down to an etch depth of around 50um[195], precise machining of
structures with less than 50um thickness is a challenging issue requiring precise
online measurement of machining depth and fast shutdown of the process. A rapid
shutdown of the process is difficult because the machining does not stop quickly as
soon as machining voltage is switched off due to ongoing chemical etching. This
demands an alternative etch-stop mechanism for SACE micromachining. A
mechanism proposed here uses an electrically conductive layer as an etch-stop layer.

This is based on the idea that once the tool electrode contacts with the conductive
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etch-stop layer, the current density is reduced well below the critical value of 1A/mm?
required to form a gas film around it, due to the increase in surface area. Inhibiting
the formation of the gas film at the current density below the critical value stops the
electrical discharge activity around the tool-electrode leading to the stopping of
machining.

This etch-stop mechanism is investigated by drilling microholes in a silicon dioxide
layer of 30-35um on a silicon substrate using constant DC and pulsed DC voltages.
SACE micromachining of such a thin material layer on silicon was never reported
before and it is not obvious that it will withstand SACE machining. A low resistivity
silicon (100) substrate was used to investigate the possibility to employ it as an etch-
stop layer for the SACE micromachining. This is the first report of employing SACE
for micromachining of silicon dioxide deposited as a layer on silicon and the
demonstration of using low resistivity silicon substrate as an etch-stop layer. This
opens up new possibilities to adapt SACE for developing opto-microfluidics devices

compatible for silicon platform.

A2. Experimental details

A layer of 30 to 35pum thick silicon dioxide on silicon substrate was used as a sample
which is shown in Figure 1(a). Schematic of the sample with micro holes drilled at
different places is shown in Figure 1(b). A variation of 5 um in the thickness of oxide
layer is observed. This sample was fabricated by CVD (Chemical Vapour Deposition)
deposition of SiO, on a (100) silicon wafer. The resistivity of the silicon wafer was
found to be varying between 2-4Q-cm. The sample was attached to a standard

microscope glass slide and fixed in the processing cell filled with a 30wt% NaOH
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solution prepared from deionised water. The processing cell was mounted on a XY
micro-positioning stage which is arranged underneath the tool electrode. The SACE
machining was carried out using a setup similar to the one explained in the reference

[195].

Si0,~ 35um

f

Silicon

Silicon

(a) (b) (c)
Figure A1 (a) SEM micrograph illustrating the SiO, layer on Silicon substrate (b) An
illustration of the microholes on different places of SiO, Layer, (c) Tool electrode

used for the SACE micromachining.

The tool-electrode, a cylindrical needle of stainless steel having a tip diameter of
~40um (Figure 1c), was mounted on a machining head designed for gravity feed
drilling and monitoring the progress of machining. A voice coil actuator embedded in
the machining head ensures the necessary force for the gravity feed drilling (0.8N in
the present work). A commercially available optical sensor (SFH 9201 reflective
optics) incorporated in the machining head monitors the progress of drilling with an
error of less than +/- 1um. Sensor data was acquired with a commercial DSP system

using an AD interface at 1 kHz sampling rate. The machining head was attached to a
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micro-stage which helps to position precisely the tool electrode in the XY-plane.

A 40V/4A power supply, based on a PA92 MOSFET amplifier which is capable of
stabilizing the output voltage from the possible fluctuations due to the discharge
activity, was used. Current during machining operations was measured with a current
probe (Hall sensor) and recorded simultaneously to the drilling evolution at 1kHz
acquisition rate.

In the experiments for each set of parameters seven holes were made. Drilling was
done for 7 seconds in all the experiments. SEM pictures were taken to evaluate the
geometrical profile of the holes. A Mitutoyo SJ-400 surface roughness tester

(0.00025um resolution on 8um range) was used to investigate etch profile of holes.

A3. Results and discussion

A3.1 Machining on (100) Silicon substrate

In the first series of experiments the possibility of using a conductive substrate as an
etch-stop layer for SACE gravity-feed drilling is investigated. Drilling on a (100)
silicon wafer of 2-4Q-cm resistivity was carried out.

Figure 2 shows the variation of the relative movement z(¢) of the tool and the
corresponding electrode current as function of time during the drilling of silicon using
SACE at 30V supply. From the current signal, one can see that the power source is
attempting to supply a high current (7A spike) before limiting itself to 3.5A (internal
limitation of the device). As expected, due to the high electrode surface, no gas film
can be formed and no discharge activity is observed in the current signal. In this

interval, tool will be slightly pushed upward due to the bubbles formation and the
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thermal expansion of the tool. After about 2 seconds, the power supply shuts down
automatically by switching to its overload mode. The process restarts periodically as

the power supply leaves the overload mode.
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Figure A2. Relative movement of tool Z (¢) and current signal in SACE machining of

Silicon

Silicon is found to be slightly etched due to thermal induced chemical phenomenon
during the time of high current (3.5A). An effective gas film formation required for
the SACE machining is not observed in this experiment. This concludes that the low
resistivity silicon act as a good etch-stop layer for SACE gravity-feed drilling.

A3.2 DC micromachining of thick SiO; layer on low resistivity silicon

Micro-holes were drilled with DC voltage of 27, 28, 29 and 30V. Machining was
carried out for the duration of 7 seconds. For each voltage, 7 holes were drilled to

check the repeatability of machining characteristics. Figure 3(a) shows the material
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removal rate of SACE with voltage from 27 to 30V. Only the first 1.7 seconds are
shown as no further increase in the drilling depth was observed from 1.7 to 7 seconds.
Etching begins about 100ms after the machining voltage is switched on as seen in
Figure 3(a). During this interval, gas bubbles are vigorously formed around the
electrode and they slightly push the electrode upward. After this interval, one can
identify two different regions in the evolution depending up on the martial removal
rate. In the first region, from 150 to 250ms, machining is fast and almost independent
of voltage until the etch depth of about 20um. In the second region, i.e. after 250ms
of machining, the machining was found to be slowly progressing at different etch
rates and eventually stops at different etch depths for different voltages. The drilling

evolution in the first region is similar to the previously reported glass machining
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Figure A3 (a) Progress of drilling depth Z(z) (Mean over 7 drillings) for different

voltages (b) Maximum drilling depth Z,,. after 7 seconds for various voltages.

271



Maximum etch depth reached of all the seven holes for different voltages is illustrated
in Figure 3(b). The variation of the maximum reached depths for a given voltage is
within the variation of the thickness of the deposited SiO, layer. However, there is a
clear dependence of the maximum depth with machining voltage. Further, contrary as
in the case of the experiments reported in section 3.1, no inhibition of the formation
of the gas film is observed in the current signal. To investigate the mechanism

responsible of the etch-stop, micro-hole profiles were also studied.
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—_—29V

— 28V

(a) (b)
Figure A4 (a) SEM micrograph of drilled holes under different DC voltage, (b)

Profile of etched holes under different DC voltages.

Figure 4 shows representative sample of micro-hole entrance (SEM micro-graphs)
and profiles obtained after drilling for 7s. Even the SiO; is quite thin, it remained
bonded to the silicon substrate. Machining voltage has a significant influence on the
entrance diameter and the etch profile. For 27V, the entrance diameter is measured at

209um and increases by 30um when voltage is increased for one volt increase as
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shown in Figure 5. It can be seen further from Figure 5 that the difference between
entrance and bottom diameter (measured at 30pum depth) is also increasing when the
voltage increases from 27 to 30V.

In summary, etch profiles of higher machining voltage (30V) are more V shaped
whereas for lower machining voltages, they are more U shaped as seen from Figure
4(b). Also an irregular micro-bump in the bottom parts of the hole is observed. The
bump is larger for lower voltages than for high machining voltages. Hole entrance is
also more irregular (Figure 4a) for low voltages. From these etch profiles, it is
apparent that the difference in the etch-stop at different voltages is due to the micro-
bumps formation. The profiles also provide an indication about the mechanism of the

etch-stop.

O Entrance diameter
O Diameter measured at 30um depth

Hole Diameter (jum)

26.5 27 275 28 285 29 29.5 30 30.5

Machining Voltage(V)

Figure AS Illustration of verticality of the hole as a function of voltage
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Figure 6 shows a schematic of the micro-hole together with the tool-electrode based
on the latest model for gravity-feed SACE drilling[196]. Most likely the tool-
electrode is touching on the bump formed at the bottom part of the hole or maybe in
direct contact with the silicon. The bottom surface of the micro-hole, of surface area
of about 0.002 mm?, is electrically conductive and is in contact with the tool-
electrode. This surface becomes an extension of the tool-electrode electrically
resulting in the formation of gas film on the surface that prevents further machining.

Besides the etch-stop mechanism, the profiles of the drilled structures show the
formation of V or U shaped holes. This aspect was already observed by Kim et
al.[197] in the context of pulsed voltage drilling of glass. We propose here the
following mechanism to be responsible of this effect. Recently the mean life-time of
the gas film formed around the tool-electrode was investigated as a function of
voltage [198]. It was found that gas film life-time increases with the voltage.
Therefore, when low machining voltage is used, the short life-time of gas film allows
frequent and smooth flow of electrolyte into the hole leading to more vertical or U
shaped hole. To further verify this mechanism, experiments using pulsed voltage
allowing controlled formation and detachment of the gas film on the tool-electrode

are conducted.
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Figure A6 Schematic of SACE drilling of SiO, deposited on Si by gravity-feed.

A3.3  Drilling using pulsed DC voltage

The gas film forming around the tool electrode can be controlled by the ON and OFF
duration of pulsed voltage. The pulse signal used is shown in Figure 7(a). Pulse ON
time voltage was kept at 28V and OFF time voltage was kept at 6V[199]. ON time of
the pulse was kept at 2ms while OFF time was varied as 0.5ms, 1ms, 1.5ms and 2ms.
According to [Error! Reference source not found.], the gas film formation time and mean
life time of the gas film is 2.4ms and 1.6ms respectively for the machining voltage of
28V. With the selected parameters, the presence of the gas film was controlled by the

pulse OFF time.
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Figure A7 (a) Pulse voltage used for SACE machining, (b) Progress of etching for

pulses with various OFF time and constant ON time of 2 ms at 28V.

Figure 7(b) shows the variation of material removal rate for different OFF times (for
the constant DC (with 28V) is also included for comparison). Material removal rate
increases when the pulse OFF time reduces. Further, the maximal reached depth
decreases with increasing pulse OFF time reaching the same maximal depth as in the
case of DC drilling at 28V. Analysis of the etch profiles (Figure 8 and Figure 9)
shows how the profile progressively changes from a V to a U shaped profile as pulse
OFF time increases. This result demonstrates clearly that the shape of the drilled hole
is not a function of the machining voltage but of the mean gas film life time. The
absence of the gas film promotes flow of electrolyte into the hole, making the sharp

side walls.
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Figure A8 (a) SEM micrographs of drilled hole with different pulse OFF time, and
constant ON time. (b) Etch profile of hole with different pulse OFF time and constant

ON time.

Diameter (pum)
o))
e

O Hole entrance diameter
© Diameter measured at 20um depth

O 1 | 1 1 | 1 | 1 | 1 | | 1 | 1 | 1 | | 1
0.5 1 L5 2 25

Pulse OFF time (ms)

<

Figure A9 Variation of verticality of the hole against of pulse OFF time.

A4. Conclusions
SACE micromachining of amorphous silica layer is presented. Microholes on 35um
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thick silica layer on a silicon substrate were made using constant DC and pulsed DC
machining voltages. The utilisation of silicon as an etch-stop layer for SACE gravity-
feed drilling was demonstrated. Two mechanisms leading to this result could be
identified as:

J For bulk silicon, machining stops due to inhibition of electrical discharge
activity around the tool-electrode due to its contact with the conducting substrate;

. For buried silicon, machining stops because the silicon acts as a prolongation
of the tool-electrode on which a gas film is formed protecting it from further etching.
Further a mechanism, based on the gas film life-time, responsible for the formation of
V- or U-shaped micro-holes was proposed.

Demonstration of machining a SiO, layer on silicon substrate and utilisation of the
silicon substrate as an etch-stop layer would open up new possibilities to adapt SACE

for developing devices compatible with the silicon platform.
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